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Craniofacial development: genetics,
signaling pathways, teratogenic mechanisms,
and clinal significance

Xinli Lv' and Juan Du'*

Abstract

Craniofacial development is a highly coordinated and stage-specific process involving neural crest cell migration, pro-
liferation, differentiation, and epithelial-mesenchymal transition. Genetic mutations, signaling pathway abnormalities,
and exposure to environmental teratogens can disrupt normal development. These anomalies can lead to cleft palate,
craniosynostosis, and other common congenital craniofacial malformations. Although significant progress has been
made in understanding craniofacial development in recent years, the systematic integration of these factors remains

and management of craniofacial disorders.

mechanisms

limited. Here, we provide a comprehensive review of the cellular and molecular mechanisms underlying normal
craniofacial development, focusing on the coordinated regulation of cranial neural crest cells by transcription fac-
tors, signaling pathways and epigenetic programs. We further summarize major pathogenic mechanisms implicated
in craniofacial disorders. Additionally, the teratogenic mechanisms underlying maternal endogenous and external
environmental exposures are explored, with particular emphasis on their interactions with genetic factors in reshap-
ing developmental trajectories. We emphasize the central role of gene-environmental interactions in craniofacial
pathogenesis by integrating evidence from developmental biology, multi-omics studies and clinical studies. Sub-
sequently, we outline current clinical diagnostic techniques and management strategies for craniofacial malforma-
tions, pointing out the existing challenges and future directions. This review establishes a comprehensive framework
linking gene regulation, metabolic environment, and clinical implications. It is expected to facilitate deeper insights
into disease mechanisms and promoting the translation of basic research findings into clinical diagnosis, prevention,
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Introduction

Craniofacial development commences during early
embryonic stages, representing a complex, meticu-
lously orchestrated, and evolutionarily conserved
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morphogenetic event. Its formation originates from a
unique population of pluripotent stem cells known as
neural crest (NC) [1]. The coordinated growth of crani-
ofacial components relies on the migration, proliferation,
and differentiation of neural crest cells (NCCs). Cranial
neural crest cells (CNCCs) start at the edge of the neu-
ral plate, go through epithelial-mesenchymal transition
(EMT), move to the facial prominences and pharyngeal
arches, and then make craniofacial bone, cartilage, con-
nective tissue, teeth, and other neural structures around
them [2, 3]. Craniofacial development is highly con-
trolled. Genetic, environmental, or metabolic disruptions
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that lead to imbalances at any point can cause congenital
anomalies, including cleft lip and palate, craniosynos-
tosis, and jaw dysplasia [4]. The occurrence of crani-
ofacial deformities can have adverse effects on patients’
breathing, eating, speaking, and mental health, and it
also imposes a heavy economic burden on families and
society [5]. Therefore, figuring out how molecules control
craniofacial development and looking into all the things
that can cause craniofacial deformities are still impor-
tant scientific questions in developmental biology and
oral medicine. Such research has the potential to enhance
clinical prevention and treatment of craniofacial deform-
ities, consequently decreasing the prevalence of congeni-
tal craniofacial anomalies.

Research on craniofacial development has evolved
from descriptive embryology to the genetic and molec-
ular mechanism levels [1]. With the advancement of
multi-omics and high-throughput technologies, numer-
ous key genes, signaling pathways, and pathogenic muta-
tions associated with craniofacial development have been
identified, significantly advancing our understanding of
its genetic basis [6]. Moreover, classical signaling path-
ways including fibroblast growth factor (FGF), bone mor-
phogenetic protein (BMP), wingless-type (WNT), and
sonic hedgehog (SHH) have been shown to play major
roles in NCCs fate determination, epithelial-mesenchy-
mal interactions and bone tissue formation [7]. However,
malformations are often associated with environmental
factors and variations in a single gene or signaling path-
way which cannot always fully explain their occurrence
[8]. This suggests that normal craniofacial development
relies on the complex interplay of a genetic-molecular
regulatory network composed of key genes, regulatory
factors, signaling pathways, and many environmental
factors [8]. However, existing literature predominantly
focuses on exploring individual genes, pathways, or spe-
cific disease types. While such studies are rapidly accu-
mulating, they often lack clear theoretical frameworks
and comprehensive systematic reviews. Therefore, it is

(See figure on next page.)
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essential to summarize current research, construct a
multi-level, multidimensional framework integrating
developmental biology, molecular genetics, and clinical
pathological phenotypes, and further explore its clinical
translational significance.

Based on the above background, this review focuses
on the genetic and molecular mechanisms that jointly
drive craniofacial morphogenesis, including key patho-
genic genes and complex regulatory factors, key signaling
pathways and their interactions, important environmen-
tal teratogenic factors and their genetic mechanisms. We
finally discussed the pathological significance, clinical
application value and potential intervention strategies of
craniofacial malformations, so as to lay a foundation for
the formulation of prevention-oriented and precise treat-
ment strategies.

Genetic and epigenetic regulation of craniofacial
development

The genetic regulation of craniofacial development
should be regarded as a multi-level, dynamically inte-
grated molecular regulatory system (Fig. 1). Core tran-
scription factors, non-coding RNAs, and epigenetic
modifications collectively act upon key developmental
genes [9, 10]. By precisely controlling the timing, inten-
sity, and spatial distribution of gene expression, they
ensure the orderly development of CNCCs and crani-
ofacial structures [11]. Unraveling these regulatory layers
and their interactions provides the logical starting point
for understanding craniofacial development mechanisms
and linking subsequent signaling pathways to discussions
on teratogenesis.

Transcriptional regulation

The core transcriptional regulators are the central hub of
the gene regulatory network of craniofacial development.
It can regulate the survival, migration, differentiation
and other key processes of CNCCs by directly regulat-
ing target gene transcription or mediating chromatin

Fig. 1 Integrated transcriptional, post-transcriptional, and epigenetic regulatory networks governing cranial neural crest cell function. Craniofacial
development is governed by a hierarchical and highly coordinated system of gene regulatory mechanisms. At the transcriptional level,
evolutionarily conserved transcription factor families exert precise spatiotemporal control over lineage commitment and craniofacial patterning
through dynamic, context-dependent gene expression programs. Post-transcriptionally, non-coding RNAs, including microRNAs, long non-coding
RNAs, and circular RNAs modulate mRNA stability, translational efficiency, subcellular localization, and decay kinetics, thereby adding a critical layer
of regulatory precision. Concurrently, epigenetic mechanisms, including DNA methylation, covalent histone modifications, and ATP-dependent
chromatin remodeling complexes, dynamically regulate chromatin architecture, enhancer promoter interactions, and transcriptional competence
across developmental time windows. Critically, these three regulatory tiers do not operate in isolation. Rather, they engage in extensive crosstalk
and functional interdependence, converging on core CNCCs cellular processes including proliferation, migration, EMT, specification and survival,
to ensure robust execution of morphogenetic processes, which are essential for proper craniofacial morphogenesis. RNAs, Ribonucleic acids;
microRNAs, Micro ribonucleic acids; mRNA, Messenger ribonucleic acid; DNA, Deoxyribonucleic acid; ATP, Adenosine triphosphate; CNCCs, Cranial

neural crest cells; EMT, Epithelial-mesenchymal transition
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remodeling [12]. A research team has established a high-
resolution epigenetic map of embryonic craniofacial
development. This map has found that there are a wide
range of bivalent promoter characteristics in key tran-
scription factors, indicating that the craniofacial gene
regulatory network is in a rapid and staged activation
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state during morphogenesis [13]. Given that craniofacial
development is highly spatiotemporally specific, different
developmental stages rely on the coordinated regulation
of specific transcription factors to precisely orchestrate
key biological processes such as NC formation, migra-
tion, and craniofacial morphogenesis. Therefore, this
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section will base on the developmental stages to sys-
tematically describe the regulatory roles of relevant
transcription factors in craniofacial development. The
representative transcription factors discussed in this sec-
tion and their teratogenic phenotypes are summarized in
Table 1.

Key transcription factors of NCCs specification

During vertebrate embryogenesis, pluripotent cell states
emerge transiently prior to lineage commitment and
morphogenetic patterning. NCCs, which play a central
role in craniofacial development, exemplify this plasticity
through their capacity to differentiate into diverse ecto-
dermal and mesodermal derivatives [54]. The signaling
networks governing pluripotency maintenance and line-
age specification are highly conserved across vertebrates;
accordingly, the transcription factors VENT homeobox/
Nanog Homeobox (VENTX/NANOG) and octamer-
binding transcription factor 4 (OCT4), identified as
vertebrate-specific developmental potential guardians
(vsDPGs), have been functionally characterized as key
regulators of cellular potency [55]. During neurulation,
vsDPGs confer dual developmental competence upon
ectodermal cells at the neuroepithelial border (NEB):
they sustain pluripotency while simultaneously enabling
acquisition of extraembryonic mesenchymal identity
via an endogenous reprogramming mechanism, thereby
specifying the NCC lineage. Furthermore, vsDPGs are
expressed in bipotent neural mesodermal progenitors
(NMPs), a population essential for posterior body axis
elongation and formation. Besides, Transcription factor
AP2 (TFAP2) and Pax belong to the neural plate bound-
ary-specific factors, which are mainly involved in the def-
inition of the neural plate boundary region and the early
induction of the NC lineage [56, 57]. The homeobox tran-
scription factors (TFs) are key factors in the regulation
of the first branchial arch (BA1) pattern formation [58].
TFAP2a and TFAPP are highly expressed in early NCCs,
and are involved in cell differentiation and survival in
the facial ectoderm and induce bone formation [14].
Two craniofacial malformations associated with TFAP2
abnormalities, human branchiofacial syndrome and Char
syndrome, show defects in NCC derivatives in the face,
heart and skin [15, 16].

The Paired Box (Pax) family transcription factors are
important regulators involved in NC induction, crani-
ofacial patterning, and lineage differentiation during
embryonic development [59]. A variety of Pax proteins,
such as Pax3,7,9, are considered to be able to rely on their
transcriptional activation characteristics to fine-tune cell
proliferation, migration and differentiation in a variety of
NC derived lineages [60]. Among them, Pax3 and Pax7
are primarily expressed at the neural plate border during
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early embryogenesis [17]. During craniofacial develop-
ment, Pax3 is involved in the migration and specification
of embryonic muscle progenitor cells, while Pax7 keeps
the balance between proliferation and differentiation of
myogenic precursor cells [18]. They also interact with
myogenic regulatory factors to influence the formation
of the facial skeletal muscles of the jaw [18]. Studies have
shown that Pax3 deficiency impairs neural tube closure
and NC development, leading to severe developmental
defects and embryonic lethality [19]. In addition, Pax9
has been shown to be mainly expressed in craniofacial
bones and teeth, and it can regulate the proliferation of
palatal mesenchymal cells and participates in the mor-
phogenesis of the palate [20]. Its functional loss can lead
to craniofacial malformations such as cleft palate forma-
tion, skeletal abnormalities, tooth loss or hypoplasia [21].

The SRY-Box (Sox) protein family is an important
regulatory factor in the transcription factor family that
responds to NC induction signals and is expressed at the
boundary of the neural plate [61]. Studies have shown
that Sox10 can be directly activated by TFAP2 to pro-
mote the emergence and evolution of NCCs [22]. Sox2,
Sox3, Sox8, Sox9, Sox11 and Sox15 are expressed in the
boundary of neural plate, which can participate in the
formation of NC and non-neuroectoderm [23]. In addi-
tion, Sox transcription factors are important for con-
trolling the developmental potential of NC progenitor
cells and their subsequent lineage determination. SoxC,
SoxG, SoxD and SoxE family members are expressed in
the NC before migration, while Sox8, Sox9 and Sox10
are required for normal migration [23]. It is worth not-
ing that there is functional redundancy between different
Sox factors. When individual factors mutate, other fac-
tors will compensate to maintain regulatory functions. In
addition, Sox9 and Sox10 play a key role in maintaining
the stemness of NC and promoting the differentiation of
cartilage lineage. When the gene is deleted, cartilage for-
mation will be inhibited, resulting in severe craniofacial
deformity [24].

Another important regulator of NCCs migration and
pluripotency maintenance is FoxD3, the forkhead box D3
[25]. Studies have shown that the transcriptional activa-
tion and function of FoxD3 affect stem cell differentia-
tion and are regulated by the intracellular WNT signaling
pathway [26] This suggests that there are also mutual
feedback and dynamic coupling between transcriptional
regulators and classical developmental signaling path-
ways, forming a complex regulatory network to fine-tune
the pluripotency and lineage differentiation of NCCs.

EMT associated transcriptional regulators
EMT is a well-defined cellular process in which the cells
lose their epithelial features and acquire mesenchymal
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character with migratory potential [62]. EMT plays a
critical role in both developmental and pathological
processes, including embryonic morphogenesis, wound
healing, and cancer progression. In recent years, as the
field of EMT has attracted significant interest, particu-
larly in the context of cancer biology, it has been pro-
posed that the EMT processes involved in embryogenesis
and cancer progression exhibit similarities in terms of
phenotypic changes, molecular mechanisms, and core
transcription factors [63]. Consequently, it is proposed
that the initiation and development of cancer may be
attributed to the abnormal activation of factors required
for normal embryonic development [64]. A focus on the
molecular mechanisms and regulatory networks involved
in EMT during embryonic development has the potential
to both advance our understanding of the complex regu-
latory networks governing craniofacial development and
facilitate the exploration of related mechanisms in fields
such as cancer research.

During the process of EMT, there is a gradual loss of
epithelial markers and an increase in mesenchymal
markers. A hallmark of EMT is the loss of the major
epithelial marker E-cadherin, a tight junction protein
encoded by the cadherin 1 (CDH1) gene [65]. Three dis-
tinct types of transcription repressors, the Snail, TWIST,
and Zinc-finger E-box-binding homeobox factors (ZEB)
families, directly bind to the promoter region of CDH1
and are collectively known as EMT-transcription factors
(EMT-TFs) [66]. Snail and Slug are members of the Snail
family of zinc-finger transcription factors [27]. They are
involved in initiating EMT during the development of the
NC and the mesoderm [27]. The mutation of Snail fac-
tors leads to excessive amounts of E-cadherin remaining
throughout embryonic development, preventing EMT
from occurring correctly and resulting in developmental
abnormalities such as NC malformations and cleft palate
[28, 29]. Studies have shown that snail factors are induced
by the Transforming growth factor-p (TGF-p) family and
both of them jointly regulate the fusion process during
the development of the palate, which are closely related
to the occurrence and development of cleft palate [30].

TWIST acts as a basic helix-loop-helix transcription
factor in a signaling cascade that triggers mesoderm
formation and is essential for normal craniofacial mor-
phogenesis [31]. TWIST1 and TWIST2 are members
of the TWIST family, share a high degree of homology,
and exhibit broad and highly overlapping expression pat-
terns during development. During craniofacial develop-
ment, TWIST1 promotes mesenchymal transition and
enhances the migratory capacity of CNCCs by regulat-
ing cytoskeletal remodeling, cell adhesion, and extracel-
lular matrix-associated gene expression [32]. Moreover,
TWIST1 can influence the patterning of craniofacial
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development by shaping the expression of other pro-
tein molecules, such as Distal-less Homebox 5 (DIx5)
and Heart and Neural Crest Derivatives Expressed 2
(Hand2) [33]. TWIST?2 can interact with environmental
factors such as smoking and jointly influence the normal
fusion process of the palate [34]. Functional studies have
demonstrated that TWIST is indispensable for proper
craniofacial skeletal development and cranial suture for-
mation. Dysregulation of TWIST expression can impair
NC derived mesenchymal development and disrupt
craniofacial morphogenesis [35-37]. Human studies
have demonstrated that mutations in the TWIST1 gene
are responsible for Saethre-Chotzen syndrome (SCS)
[38], while recurrent mutations in the basic domain of
TWIST2 cause Ablepharon Macrostomia and Barber-
Say Syndromes [39]. They are all classified as congeni-
tal embryonic developmental diseases, distinguished by
abnormal craniofacial abnormalities.

ZEB family is comprised of ZEB1 and ZEB2, encoded
by Zthxla and Zthx1b, respectively [67]. ZEB1 is promi-
nently expressed throughout the mesoderm, neural tube,
brain, and NC derived tissues, including the palate [40].
ZEB2 is expressed in multiple tissues, including NC,
heart, palate, and limb buds [40]. Prior research indi-
cates that the ZEB1 knockout mouse has a cleft palate
due to compromised palatal elevation [41]. Additionally,
the ZEB2 mutant mouse is lethal at E9.5-E10.5 due to
abnormal expression of E-cadherin, resulting in develop-
mental defects in NC formation [42]. A mutation caus-
ing ZEB2 haploinsufficiency during embryogenesis is
linked to Mowat-Wilson syndrome, which is character-
ized by intellectual incapacity, dysmorphic facial features,
microcephaly, seizures, and organ anomalies [43, 44].
Collectively, these findings demonstrate that ZEB family
transcription factors are necessary for NC development,
EMT and craniofacial morphogenesis. ZEB proteins con-
tribute to the precise coordination of CNCCs develop-
ment by regulating epithelial plasticity, cell adhesion and
migratory capacity. Dysregulation of these proteins may
ultimately lead to severe craniofacial malformations and
multisystem developmental disorders.

Craniofacial patterning and morphogenesis regulators

During the formation of craniofacial pattern, transcrip-
tion factors such as DIx, Msh homeobox (Msx), T-Box
transcription factor (TBX) and Interferon regulatory fac-
tor 6 (Irf6) are involved in the spatial organization and
partition of craniofacial bones and soft tissues. The Dlx
and Msx families belong to the NKL homeobox gene and
play a decisive role in the facial morphogenesis of embry-
onic development. DIx1 and DIx2 are expressed in the
proximal and distal ends of the first and second branchial
arches, and are involved in the morphogenesis of eyes,
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nose, ears and teeth [45]. Changes in DIx1 or DIx2 influ-
ence the proximal and distal patterns of the gill arch,
which causes the forebrain to grow in an abnormal way.
During embryonic development, the DIx5 gene is active
in the gill arch, certain parts of the brain, long append-
ages, and bones. DIx5 knockout mice die soon after birth,
accompanied by vestibular organ malformations and
craniofacial malformations, including anencephaly, nasal
sac dysplasia and proximal mandibular arch skeletal dys-
plasia [46].

The Msx gene family includes Msx1-3. Msx1 and Msx2
are found in many places where epithelial and mesenchy-
mal cells interact, and they are very active in develop-
ing cranial bones, meninges, jawbones, teeth, and other
structures. The Msx homeotic domain directly interacts
with the TATA-binding protein to repress transcription
[47]. Additionally, heterodimers composed of Msx1 and
other homodomain proteins, including DIx2, DIx5, Lhx2,
and Pax3, demonstrate reciprocal functional antagonism
in vitro [47]. Msx genes are also downstream of BMP
signaling, and their expression is controlled by BMP
activity gradients [48]. This means that the BMP signal-
ing pathway and Msx genes work together to control the
formation of NC. Deletion of Msx genes leads to crani-
ofacial malformations, including cleft lip and palate, as
well as dental anomalies and tooth loss [49].

Irf6, a crucial regulator of epithelial development and
fusion, plays a key role in the differentiation and fusion
of the palatine epithelium. Its dysfunction is closely asso-
ciated with cleft lip and palate as well as mandibular
deformities [50]. Irf6 has been identified to interact with
multiple signaling molecules. Among these, the Smad4-
Irf6 gene interaction and TGFB-mediated Irf6 signaling
cascade are essential for palatal fusion in mice [51]. Anal-
ysis of genome-wide association study data identified two
functional single nucleotide polymorphisms near Irf6,
which account for the majority of cleft lip and palate risk
at this locus [52]. Further studies indicate Irf6 also regu-
lates neural tube development. Overexpression of Irf6
suppresses Tfap2a and Grhl3 expression, both essential
regulators for mouse neural tube formation [53], suggest-
ing these three genes form a genetic pathway synergisti-
cally controlling neural tube formation and development.

In summary, these transcriptional regulators precisely
regulate the key biological processes of CNCCs through
hierarchical and networked interactions, and partici-
pate in the establishment of axial characteristics and
regional specificity of craniofacial structures. The func-
tional imbalance of these key factors not only disrupts
the development process, but also may amplify the devel-
opmental disturbance effect by changing the chromatin
state and transcriptional potential, and ultimately lead to
a variety of craniofacial malformations.
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Post-transcriptional regulation

MiRNA-mediated regulation

In addition to the classical transcriptional regulatory
network and epigenetic regulatory network, microRNA
(miRNA) mediated post-transcriptional regulatory net-
work is also considered to be a key level to maintain the
spatiotemporal accuracy of craniofacial development
[68]. miRNA is a kind of endogenous non-coding RNA
with a length of about 20-24 nt. It mainly regulates
its stability or translation efficiency by binding to the
3’ untranslated region of the target mRNA, and inhib-
its gene expression at the post-transcriptional level
[69]. Compared with transcription factors, the regula-
tion of miRNA emphasizes more refinement, and its
expression usually shows obvious stage changes, which
is particularly important in the process of embryonic
development [10, 70]. Systematic analysis of the maxil-
lary process of E10.5-E14.5 mice showed that miRNA,
as a post-transcriptional regulator, formed a highly
structured regulatory network in craniofacial develop-
ment, and formed a negative feedback loop with target
genes through precise expression timing to maintain
the balance of cell proliferation, differentiation and
morphogenesis [71]. A large number of studies have
shown that miRNAs play a central role in regulating key
biological processes such as cell proliferation, migra-
tion, differentiation and cell fate determination, which
are the basis for craniofacial development [10, 72, 73].
Impaired miRNA biosynthesis can lead to severe crani-
ofacial malformations, suggesting that miRNA is not an
auxiliary regulator, but an important part of the crani-
ofacial development regulation system [74].

It is important to emphasize that miRNAs can only
target downstream effector genes, and can also directly
regulate core transcription factors and key signaling
pathways. A number of studies have shown that the
core components of FGF, BMP, WNT and SHH sign-
aling pathways are important targets of miRNAs, and
these signaling pathways can also reversely regulate
the transcription and processing of miRNAs [75-77].
By constructing feedforward and negative feedback
control loops, miRNAs play a key role in maintaining
the stability of craniofacial development. In addition,
in addition to microRNA-mediated regulation, emerg-
ing evidence suggests that RNA modifications, such as
N6-methyladenosine, N1-methyladenosine, 5-methyl-
cytosine modification and so on, may further regulate
mRNA stability and translation processes during devel-
opment [78]. However, the specific role of these RNA
modifications in craniofacial morphogenesis remains to
be fully elucidated.
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Long non-coding RNAs and circular RNAs in craniofacial
development

Long non-coding RNAs (IncRNAs) are a class of tran-
scripts that are longer than 200 nucleotides in length
without an open reading frame. The expression of
IncRNAs is specific to tissue and developmental stage,
indicating their critical roles in development, differen-
tiation and disease [79]. Technological advances in the
styudy of IncRNA structure, function, and action sites
have improved our understanding of these RNAs. For
instances, studies have used IncRNA microarray analy-
sis to identify 36 IncRNAs specific to human embryonic
stem cells [80]. It was found that their expression is regu-
lated by pluripotency transcription factors, such as SOX2
and OCT4 [80]. This indicates that IncRNAs play a vital
role in the regulation of embryonic development and the
maintenance of stem cell characteristics. LncRNAs serve
as dynamic regulators of pluripotency, tissue differen-
tiation and germ layer specification throughout embryo-
genesis, where precise spatiotemporal control of lineage
commitment is essential [81]. Mechanistically, IncRNAs
regulate gene expression through diverse molecular
mechanisms, including cis/trans regulation, chromatin
epigenetic remodeling, transcriptional and post-tran-
scriptional modulation, and signaling cascade control
[82]. Through these multilayered regulatory mechanisms,
IncRNAs contribute to the coordinated regulation of
CNCCs proliferation, migration, differentiation and epi-
thelial-mesenchymal interactions during craniofacial
morphogenesis.

Emerging evidence further suggests that dysregula-
tion of IncRNAs is associated with craniofacial devel-
opmental abnormalities, particularly cleft lip and palate
[83]. Research has demonstrated that the IncRNA MEG3
suppresses cell growth in 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD) and regulates the retinoic acid (RA)
and Smad pathway, consequently leading to cleft palate
[84, 85]. Besides, IncPSMB1 can activate the apoptosis
pathway in human embryonic palatal mesenchyme cells
and is associated with the risk of NSCL/P [86]. Numer-
ous functions and mechanisms of IncRNAs remain to be
clarified and need further comprehensive investigation in
the future.

Circular RNAs (circRNAs) are a category of endog-
enous non-coding RNAs which are characterized by a
covalently closed-loop structure. The majority of circR-
NAs are evolutionarily conserved among species, stable,
and frequently possess cell-specific and tissue-specific
or developmental-stage-specific expression [87]. Certain
circRNAs can modulate gene regulation by function-
ing as decoys or competing with miRNAs and proteins.
For example, circFOXP1 could stimulate osteogenic dif-
ferentiation by sponging miR-33a-5p in adipose-derived
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mesenchymal stem cells (ADSCs) [88]. Others estab-
lish large networks of ribonucleoprotein complexes
or encode functional peptides which are translated in
response to specific cellular stressors. They influence
intracellular gene expression via distinct pathways, thus
modulating diverse physiological processes, including
embryonic development, immunological responses, and
tumorigenesis [89]. The genome-wide sequencing results
of a rabbit embryo indicate that circRNAs may modulate
embryonic development via signaling pathways, includ-
ing WNT and PI3K-AKT [90]. Through these regulatory
mechanisms, circRNAs participate in the meticulous
regulation of developmental signaling pathways and vari-
ous essential cellular behaviors, including proliferation,
senescence, apoptosis, and osteogenic differentiation of
stem cells, such as embryonic stem cells, periodontal lig-
ament stem cells, and mesenchymal stem cells [91].

Recent integrative omics analyses have identified aber-
rant circRNA expression profiles in tissues associated
with craniofacial malformations, particularly cleft lip and
palate [92]. Certain circRNAs are suggested to modulate
developmental processes via circRNA-miRNA-mRNA
regulatory networks, consequently affecting signaling
pathways associated with cell proliferation, death, and
tissue fusion [93, 94]. While the precise biological func-
tions of many circRNAs in craniofacial development are
not fully elucidated, more evidence indicates that circR-
NAs may be important post-transcriptional regulators
contributing to developmental homeostasis.

Epigenetic regulation

Epigenetic regulation involves mechanisms that modify
gene expression through alterations in chromosomal
architecture rather than DNA sequences, including
DNA methylation, histone modifications, and chromatin
remodeling [95]. This regulation does not directly modify
gene sequences but profoundly affects transcriptional
potential in particular cell types and developmental
stages [96].

DNA methylation
Dynamic histone modifications and DNA methylation
emphasize a dedicated system that maintains and regu-
lates the epigenetic code, which was established to indi-
cate the determinants of gene properties other than DNA
sequence [97, 98]. DNA methylation establishes gene
silencing and provides reinforcement by maintaining
chromatin in a reasonably stable long-term repression
state, whereas histone changes produce reversible local
chromatin structures.

DNA methylation is one of the most extensively studied
epigenetic modification and is predominantly enriched
within CpG dinucleotide-rich regions of gene promoters.
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s. It is often linked to gene silencing and provides rein-
forcement by maintaining chromatin in a reasonably
stable long-term repression state [97]. It is especially
important for controlling gene expression during the
development of an embryo [99, 100]. DNA methylation
patterns can be relatively stable transmitted during mito-
sis, thereby preserving cell type-specific gene expression
states [101]. DNA methylation plays a regulatory role in
embryonic development by undergoing dynamic remod-
eling, which occurs in two main phases: extensive eras-
ure of DNA methylation before embryo implantation
and subsequent reconstruction of methylation patterns
during early embryonic development [102, 103]. The
coordinated action of DNA methyltransferases and DNA
demethylases is what mostly makes this demethylation
and remethylation process happen [104, 105].

Researchers have identified the expression of the cru-
cial DNA methyltransferase enzyme DNMT1 in the epi-
thelium and CNCCs mesenchyme throughout the entire
process of palatal morphogenesis. Conditional Dnmtl
deficiency results in diminished intracellular DNA meth-
ylation, hence impeding the proliferation and differentia-
tion of CNCCs [106]. Furthermore, a team performed a
genome-wide association analysis (EWAS) on blood sam-
ples from children with cleft lip and palate to investigate
the relationship between methylation at each site and
cleft lip and palate subtypes [107]. Results revealed that
varied methylation profiles were present in various sub-
types of cleft lip and palate. These studies further demon-
strated that aberrant DNA methylation within cells can
cause craniofacial congenital abnormalities, particularly
cleft lip and palate [107, 108].

Histone modification

Histone modifications are another major epigenetic
regulation mechanism that dynamically affects chroma-
tin shape and gene transcription throughout embryonic
development [109, 110]. Common histone modifications
encompass acetylation, methylation, phosphorylation,
ubiquitination, and various newly discovered acylation-
related modifications, all mediated by specific epige-
netic enzymes including histone acetyltransferases,
histone deacetylases, methyltransferases, and demethyl-
ases [111]. Among these modifications, histone acetyla-
tion is generally associated with transcriptional activation
through relaxation of chromatin structure [112]. In addi-
tion, research indicates that histone methyltransferases
and demethylases dynamically impact osteogenic dif-
ferentiation in mesenchymal stem cells by epigenetically
modifying lineage-specific transcriptional programs. This
regulatory system, which is mediated by histone changes,
is thought to be necessary for bone growth and crani-
ofacial bone differentiation [113]. Previous study has
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demonstrated that histone methylation controls the gen-
eration of NC during embryonic development. For exam-
ple, PRDM12 enhances H3K9me3 enrichment at the
promoter regions of NC-related genes Foxd3, Slug, and
Sox8, enabling the development of the anterior ectoderm
and NC in Xenopus embryos [114].

In recent years, new histone changes like lactylation
and butylation have also gotten a lot of attention. While
the biological importance of these newly discovered his-
tone modifications in craniofacial development is not
entirely understood, increasing evidence indicates that
abnormal histone modification patterns may interfere
with NCCs development, epithelial-mesenchymal inter-
actions, and craniofacial tissue differentiation, thus con-
tributing to congenital craniofacial anomalies [115].

Chromatin remodeling

Chromatin remodeling is another epigenetic regula-
tory mechanism. Its main job is to change the position,
density, and composition of nucleosomes using energy
from adenosine triphosphate (ATP) [116]. Chromatin
remodeling is different from the other two types because
it directly changes the structure of nucleosomes. This
makes it a faster and reversible way to control gene
expression [117]. Chromatin remodeling frequently
establishes synergistic regulatory networks with his-
tone modifications and transcription factors [118]. His-
tone modifications act as signals to attract chromatin
remodeling complexes, and chromatin remodeling either
increases or decreases the effects of these modifications
on transcription. This way, chromatin remodeling brings
together regulatory information from all over the genome
[119-121].

Mutations in essential enzymes or complexes associ-
ated with these three epigenetic regulatory pathways
interfere with various transcription factor programs
or vital signaling pathways. Mutations in Microrchidia
family CW-type zinc finger 2 (MORC2), a chroma-
tin remodeling-associated ATPase, have been linked to
developmental defects involving craniofacial dysmor-
phism. MORC2 mutations can cause aberrant epigenetic
silencing and transcriptional dysregulation, highlighting
the critical role of chromatin remodeling in embryonic
and craniofacial development [122]. Besides, variations in
BRD4 interacting chromatin remodeling complex associ-
ated protein (BICRA), a subunit of the SWI/SNF-related
non-canonical Brgl/Brm-associated factors (ncBAF)
chromatin remodeling complex, have been associated to
developmental defects and craniofacial dysmorphism.
Functional investigations in zebrafish have shown that
bicra loss causes craniofacial abnormalities, indicating
that chromatin remodeling plays an important role in
craniofacial development [123]. The BAF complex can
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also regulate the migration, proliferation, and differen-
tiation of NCCs by modulating the expression of numer-
ous signaling pathway genes, such as Hippo and Notch
pathway [124]. There are also studies showing that Chro-
modomain helicase DNA-binding protein 7 (CHD7), a
chromatin remodeling factor implicated in CHARGE
syndrome, plays an essential role in NC development and
craniofacial morphogenesis. Dysregulation of CHD7-
associated enhancer activity and transcriptional networks
may disrupt NC gene regulatory programs, thereby con-
tributing to congenital craniofacial abnormalities [125].

Genetic abnormalities in craniofacial disorders

Genetic factors underlying craniofacial malformations
exhibit significant heterogeneity, arising either from
syndromes caused by single-gene mutations or from the
combined effects of polygenic or complex genetic struc-
tures. Current clinical and basic research indicates that
diverse genetic variations, through complex gene regula-
tory networks, ultimately converge on processes such as
the formation, migration, proliferation, and differentia-
tion of CNCCs during craniofacial development, as well
as the growth, fusion, and ossification of facial structures.
Notably, distinct core events affected by gene mutations
result in varied craniofacial phenotypes. Clinically, mul-
tiple congenital malformations involve craniofacial fea-
tures. By cataloging these genetic alterations, we not only
elucidate the molecular pathophysiology of craniofacial
developmental abnormalities but also uncover crucial
clues for understanding common mechanisms across dif-
ferent disorders. Representative genetic mutations asso-
ciated with craniofacial malformations are provided in
Table 2.

Ribosome biogenesis defects

Numerous craniofacial abnormalities arise from het-
erozygous mutations in general regulators of essential
cellular operations, including transcription and ribo-
some synthesis. Disruptions in ribosome synthesis result
in tissue-specific congenital anomalies named ribos-
omopathies, which often affect craniofacial development
[157]. Treacher Collins syndrome (TCS) is a serious birth
defect that affects the face and skull and can be passed
down in both dominant and recessive ways. The main
genes involved in this disease are Treacle ribosome bio-
genesis factor 1 (TCOF1), RNA polymerase I subunit D
(POLR1D), RNA polymerase I subunit C (POLR1C), and
RNA polymerase I subunit B (POLR1B), with TCOF1
mutations being the most common [126, 127]. Loss of
function or truncation of the TREACLE protein due to
TCOF1 mutations, which impairs ribosomal biogenesis
and CNCCs motility [128, 129]. These mutations also
cause abnormal activation of p53 and its transcription
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targets in the early embryonic neural epithelium. The cell
cycle of CNCCs is arrested, resulting in increased cell
death and severe craniofacial malformations [130].

Nijmegen breakage syndrome 1 (NBS1), tradition-
ally acknowledged as a DNA damage repair factor, has
recently been shown to bind to ribosomal DNA loci
within nucleoli and to interact with the RNA polymer-
ase I transcription machinery, including TCOF1. The
absence of NBS1 affects pre-rRNA transcription and pro-
motes nucleolar stress, ultimately hindering ribosome
synthesis. NBS, resulting from mutations in the NBS1
gene, is a craniofacial condition linked to compromised
ribosome synthesis [131]. The NC-specific deletion of
Nbsl in mice leads to craniofacial defects throughout
embryonic development, underscoring the essential role
of nucleolar homeostasis and ribosome synthesis in cran-
iofacial morphogenesis.

Ribosomal RNA (rRNA) transcription by RNA poly-
merase I (Pol I) is an important rate-limiting step in
ribosome synthesis that is indispensable for cell survival
[132]. Acrofacial Dysostosis-Cincinnati type (AFDCIN)
has been linked to ribosomal dysfunction. Studies have
shown that defective Pol I-dependent rRNA synthe-
sis in NCC progenitors impairs ribosome biogenesis
and causes p53 accumulation, resulting in excessive cell
death and craniofacial abnormalities [133]. Mechani-
cally, reduced rRNA transcription alters the equilibrium
between rRNA and ribosomal proteins, favoring the
binding of ribosomal proteins Rpl5 and Rpl11l to Mdm?2
and weakening the Mdm2-p53 connection, eventually
leading to p53 stabilization [132].

As a result, ribosome biogenesis defects frequently
lead to nucleolar stress and p53 dependent apoptosis,
reducing NCCs survival and craniofacial morphogen-
esis. These findings show that dysregulated ribosome
biogenesis is a common pathogenic mechanism in many
craniofacial ribosomopathies and related developmental
abnormalities.

Craniofacial structure formation dysfunction

Craniofacial cells also harbor a solitary sensory organelle
known as the primary cilium [134]. This organelle con-
verts external chemical and physical stimuli into intra-
cellular signaling cascades, mediating multiple signaling
pathways. Primary ciliary dysfunction directly leads to
a series of diseases and syndromes affecting multiple
organs, including the face and teeth [135].

It is reported that the deletion of the CEP295 gene
in the centrosome protein (CEP) family can lead to a
reduction in the number of centrioles and centrosomes,
trigger p53 dependent cell cycle arrest, and cause
ciliary development disorders [136]. These patients
may exhibit severe congenital microcephaly, facial
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Table 2 Genetic mutations associated with craniofacial malformations

Disorders Causative Gene(s) Major Craniofacial Phenotypes Key Molecular Mechanisms References
Treacher Collins syndrome (TCS)  TCOF1, POLR1D, POLR1C, Mandibulofacial Dysostosis, Impaired ribosome biogen- [126-130]
POLR1B malar hypoplasia, periorbital esis, inhibited the migration
soft tissue anomalies, maxillo- of CNCCs, induced p53-medi-
mandibular hypoplasia, and ear  ated stress response and apop-
anomalies tosis
Nijmegen breakage syndrome ~ NBS1 Craniofacial developmental Defective pre-rRNA transcrip- [131]
(NBS) abnormalities tion, nucleolar stress, impaired
ribosome synthesis
Acrofacial Dysostosis Cincinnati  Pol l-associated genes Craniofacial dysostosis Reduced rRNA synthesis, RPL5/  [132, 133]
type (AFDCIN) RPL11-mediated MDM2 inhibi-
tion, p53 stabilization
Ciliopathy-associated craniofa-  Cilia-related genes, CEP295, Facial and dental abnormalities  Defective primary cilium-medi- [134-138]
cial anomalies Sc5d, Dher?, Insig1/2 ated signaling, disrupted WNT/
SHH pathways
Cerebrocostomandibular syn- SNRPB Micrognathia, thoracic anomalies  Splicing factor deficiency, [139]
drome (CCMS) impaired CNCCs development
Nager and Rodriguez syndrome ~ SF3B4 Craniofacial and limb abnormali-  RNA splicing defects, NCCs [140]
ties impairment
FBRSL1-associated syndrome FBRSL1 Craniofacial malformations, Impaired CNCCs differentiation [141]
cartilage defects and chondrogenesis
Hemifacial microsomia (HFM) SF3B2, FOXI3, CTDSP2 Unilateral facial hypoplasia, facial  Abnormal p53 signaling, [142-147]
asymmetry impaired CNCCs development
and RNA splicing regulation
Non-syndromic cleft lip/palate Non-coding variants, IRF6, FOXET  Cleft lip and/or palate Cis-regulatory element disrup- [148-150]

(NSCL/P) enhancers, etc

tion, altered gene dosage

HOXA regulatory defects HOXA Craniofacial clefts, cranial base Long-range chromatin dysrequ-  [151]
anomalies lation, altered HOXA expression

Roberts syndrome ESCO2 Cleft lip/palate, craniofacial Defective chromatid cohesion, [152]
anomalies, limb defects cell cycle dysregulation

Van der Woude syndrome (VWS)  IRF6 Cleft lip and/or palate, lower Loss of transcription factor func-  [153-156]

lip pits

tion, altered TGF-3/SMAD2/3
signaling pathway and epige-
netic dysregulation

TCS Treacher Collins syndrome, TCOF1 Treacle ribosome biogenesis factor 1, POLR1B RNA polymerase | subunit B, POLR1C RNA polymerase | and Il subunit C, POLR1D
RNA polymerase | and lll subunit D, CNCCs Cranial neural crest cells, p53 Tumor protein 53,NBS Nijmegen breakage syndrome, pre-rRNA Precursor ribosomal RNA,
rRNA Ribosomal RNA, AFDCIN Acrofacial dysostosis Cincinnati type, Pol I RNA polymerase |, RPL5 Ribosomal protein L5, RPL11 Ribosomal protein L11, MDM2 Mouse
double minute 2 homolog, CEP295 Centrosomal protein 295, SC5D Sterol-C5-desaturase, DHCR7 7-dehydrocholesterol reductase, Insig1 Insulin induced gene 1, SHH
Sonic hedgehog, CCMS Cerebrocostomandibular syndrome, SNRPB small nuclear ribonucleoprotein polypeptides B and B1, SF3B4 Splicing factor 3b subunit 4, FBRSL1
Fibrosin like 1, HFM Hemifacial macrosomia, SF3B2 Splicing factor 3b subunit 2, FOXI3 Forkhead box I3, CTDSP2 CTD small phosphatase 2, NSCL/P Non-syndromic cleft
lip with or without palate, FOXET Forkhead box E1, HOXA Homeobox A gene cluster, ESCO2 Establishment of sister chromatid cohesion N-acetyltransferase 2

deformities and other craniofacial symptoms [136]. In
addition to ciliary structural proteins, genes associated
with cholesterol metabolism can also interfere with
craniofacial development by impacting primary cilia
function [137, 138]. Researchers have discovered that
changes in the way cholesterol is broken down within
cells can lead to the abnormal development of osteo-
blasts [137]. Primary cilia, which are receptors that
detect signals from outside the cell, control the fusion
of ciliary vesicles that are not working properly and
their transformation into osteoblasts by changing their
number and length. Ciliary dysfunction further alters
the WNT/B-catenin and hedgehog signaling pathways,
consequently affecting craniofacial development [137].

In addition to the aforementioned disorders, various other
genetic mutations can also affect craniofacial development.

Cerebrocostomandibular syndrome (CCMS) results from
heterozygous deletion of the Snrpb gene in brain and
NCCs during development [139]. Pathogenic SF3B4 vari-
ants cause acrofacial disorders such as Nager-Rodriguez
syndrome, also known as SF3B4-related syndromes [140].
Truncating mutations in the fibrosin-like 1 (FBRSL1) gene
impair CNCCs differentiation and cartilage formation, lead-
ing to craniofacial malformations and other abnormalities
[141]. Besides, Hemifacial microsomia (HFM) belongs to
a congenital craniofacial disorder and is characterized by
the hypoplasia of unilateral facial structures [142]. The eti-
ology of HFM is complex and multifactorial with signifi-
cant involvement of genetic factors. In recent years, genes
such as splicing factor 3b subunit 2 (SF3B2) and forkhead
box I3 (FOXI3) have been identified as susceptibility genes
for HFM [143, 144]. Furthermore, a trio whole-exome
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sequencing (trio-WES) study identified a novel rare variant
in CTD small phosphatase 2 (CTDSP2) [145]. Subsequent
research confirmed that its deletion may abnormally acti-
vate the p53 pathway, thereby contributing to HFM patho-
genesis [146]. Notably, this pathway is also implicated in the
pathogenesis of multiple craniofacial syndromes, including
TCS [147], suggesting common underlying mechanisms
among different genetic disorders.

Non-coding regulatory variants and epigenetic dysfunction
Additionally, mutations in non-coding regions of genes
also carry a certain genetic risk for craniofacial malfor-
mations. These variations may involve cis-regulatory
elements (CREs) such as enhancers and promoters,
untranslated regions (UTRs), and a series of non-coding
RNAs (ncRNAs) [148]. Common variants associated
with cleft lip and palate risk are preferentially enriched
in enhancer regions active during craniofacial develop-
ment [149]. Through high-throughput functional genom-
ics studies, researchers further identified dozens of single
nucleotide polymorphisms (SNPs) with allele-specific
enhancer activity. Subsequent validation prioritized a set
of functional variants, most notably those in IRF6 and
FOXE1 [52, 150]. Furthermore, disruption of craniofa-
cial-specific long-range tissue regulatory structures can
also cause severe craniofacial phenotypes. For example,
deletion of the global regulatory region (GCR) of the
HOXA gene cluster induces craniofacial clefts and skull
base abnormalities with high penetrance [151].

Clinically, numerous congenital disorders exhibit crani-
ofacial malformations, exemplified by Roberts-SC cyst
syndrome resulting from Esco2 gene mutations, charac-
terized by growth retardation, limb atrophy, and crani-
ofacial anomalies, including cleft lip and palate [152].
The discussion of these various conditions illustrates
that many disease-causing genes ultimately affect com-
mon cellular and molecular pathways. Besides, stress
responses associated with ribosomal biogenesis and pres-
ervation of transcriptional and chromatin homeostasis
are also involved.

Van-der-Woude Syndrome (VWS) is one of the most
common cleft lip and palate syndromes in people. Its
main symptoms are cleft lip and/or palate and lower lip
pits [153, 154]. We now know that mutations in the IRF6
gene, which is found in the chromosomal region 1q32.2-
q32.3, cause VWS [155]. WES of a three-generation fam-
ily identified a novel acquired stop codon mutation in the
IRF6 gene—c.748C > T:p.R250X—which exhibited com-
plete co-segregation with the clinical phenotype [156].
More research showed that this mutation makes it harder
for IRF6 to bind to histone-modified proteins. This makes
it harder for SMAD2/3 expression and phosphorylation
to happen, which in turn affects the development of the
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face and head [156]. This means that the mutant gene
plays a role in the disease’s development through both
epigenetic and signaling pathways.

Signaling pathways in craniofacial development
During craniofacial development, specific morphoge-
netic events must be translated from key genes and tran-
scriptional regulatory networks through intracellular and
intercellular signaling pathways. Genetic and epigenetic
regulators rarely act in isolation, and signaling pathways
tend to act as the bridge connecting gene regulation and
cellular behavior and precisely coordinate developmen-
tal processes. Extensive research has revealed that path-
ways including SHH, WNT, BMP/TGEF-p3, FGE, NOTCH/
Hippo, and RA constitute the critical signaling networks
governing craniofacial development [158]. These crucial
pathways are laid out in Table 3. Disruption of any step
in these pathways may induce craniofacial malformations
at critical developmental stages. Therefore, it is necessary
to systematically elucidate the functions and interactions
of these signaling pathways in craniofacial development.

Major signaling pathways and the corresponding
craniofacial malformations

SHH signaling pathway

The SHH signaling pathway constitutes the core signal-
ing pathway regulating craniofacial midline morphogen-
esis and facial protuberance growth [159]. During early
embryonic development, the SHH signaling pathway
establishes precise concentrations of morphogenetic fac-
tors through spatially restricted expression in specific
tissue centers. These sites include the forebrain, the fron-
tonasal ectodermal zone (FEZ), and the pharyngeal epi-
thelium [159]. This gradient serves as critical positional
information, directing the proliferation, survival, directed
migration, and lineage fate determination of CNCCs.
Classic SHH signaling is initiated when lipid-modified
SHH ligand binds to the receptor Patched (PTCH1),
that activates downstream molecules such as GLI tran-
scription factors within primary cilia [160]. These tran-
scriptional outputs coordinate epithelial-mesenchymal
interactions, and are essential for midline formation,
facial protuberance growth, and osteochondral differ-
entiation [161]. Notably, the intrinsic dependence of
SHH signaling on lipid modification and sterol transport
highlights the close link between morphogenesis and
cellular metabolism [162]. Thus, changes in lipid homeo-
stasis may indirectly regulate craniofacial morphogenesis
through the SHH pathway.
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WNT signaling pathway
The WNT signaling pathway is a highly conserved and
important signaling pathway in living organisms. It regu-
lates various biological processes from embryonic devel-
opment to adulthood [163]. It is indicated that WNT
signaling modulates neural plate boundary differentia-
tion, CNCCs induction, and proliferation [164]. WNT
signaling pathway can change facial width and protuber-
ance growth in a dose-dependent manner [165]. During
critical stages of early facial morphogenesis, multiple
WNT family members exhibit region-specific expression
in the ectoderm. For example, WNT3 is primarily local-
ized in the maxillary and midnasal ectoderm whereas
WNT9b shows higher expression in the midnasal, max-
illary, and lateral nasal ectoderm [166]. This expression
pattern is useful for regulating the growth of facial pro-
trusions, which keeps the face growing normally.
Numerous studies have validated that mutations in
WNT3 and WNT9b are significantly correlated with
non-syndromic cleft lip [167, 168], underscoring the
essential function of the WNT signaling pathways in
upper lip fusion and facial midline closure. The classical
WNT/B-catenin signaling axis is essential for various cel-
lular processes, including the regulation of cell fate deter-
mination, cell adhesion, and cytoskeletal dynamics. This
affects how CNCCs move and how facial prominences
grow, which controls how the brain and face develop in
embryos [169]. Moreover, the WNT pathway has been
shown to be closely associated with osteoblast differen-
tiation. Recent studies have reported that NELL-1 can
interact with the WNT/B-catenin pathway to promote
osteoblast differentiation [170]. Aberrant upregulation of
NELL-1 is linked to craniosynostosis, while its deficiency
leads to severe skeletal malformations. In zebrafish mod-
els, abnormal activation of the WNT/B-catenin pathway
may also prevent CNCCs from differentiating into chon-
drocytes, resulting in Microtia-atresia [171].

BMP/TGF-B signaling pathways

The BMP/TGEF-f signaling pathways control the sur-
vival, differentiation, and ability of CNCCs to become
bone and cartilage [172]. Disruption of these signaling
pathways may result in craniofacial malformations and
a phenotype resembling suture closure [173]. It sends
signals to both the classical and the non-classical Smad-
dependent signaling pathway, to control how mesen-
chymal stem cells change as bones grow and form [174].
BMP binds to its receptors, inducing receptor phospho-
rylation, which subsequently activates Smad1/5/8. These
Smad proteins then form a dimeric complex with Smad4,
translocating into the nucleus to activate transcriptional
programs [175]. Studies indicate that BMP signaling and
its downstream targeting of Msx2 regulate osteogenesis,
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precursor cell differentiation, and odontoblast formation
during early cranial development [176]. This suggests
the signaling pathways play a critical role in the differen-
tiation of early mesenchymal precursors into osteogenic
and chondrogenic lineages, craniofacial bone formation,
and tooth germ development.

Animal model studies demonstrate that BMP signal-
ing influences the spatial organization and proportional
coordination of facial development. For instance, BMP4
deficiency causes abnormal maxillary and mandibular
development in mice, while BMP5 and BMP7 knockout
mice exhibit reduced branchial arch size and craniofa-
cial disproportion [177, 178]. Notably, the output of this
pathway is regulated not only by ligands but also depends
on receptor homeostasis. Rare NRSN2 variants associ-
ated with non-syndromic cleft lip and palate impair lys-
osome-dependent degradation of TPRI/TPRIL, thereby
increasing SMAD2 phosphorylation levels [179]. This
suggests that disrupted receptor homeostasis may inter-
fere with normal craniofacial development by abnormally
amplifying signaling output.

FGF signaling pathway

The FGF signaling pathway can regulate the survival, pro-
liferation, migration and bone differentiation of CNCCs
by driving facial ectoderm and mesenchymal prolif-
eration, and plays a central role in craniofacial devel-
opment. Its abnormality is associated with premature
closure of cranial sutures and facial growth defects [180,
181]. Genetic analyses of syndromic craniosynostosis
have established aberrant activation of FGF signaling as
a core pathogenic mechanism [182]. Dysregulated FGF
signaling drives premature osteogenic commitment and
terminal differentiation of synovial mesenchymal stem
cells (SMSCs), resulting in pathological suture fusion and
craniosynostosis. This mechanistic model is corroborated
by recurrent gain-of-function mutations in FGFR2 and
FGFR3 identified across multiple craniosynostosis syn-
dromes, including Apert and Crouzon, and Muenke syn-
dromes [183, 184].

FGFs are key developmental regulators involved in
signal transduction cascades through receptor tyrosine
kinases, mainly acting on extracellular signal-regulated
kinases 1 and 2 (ERK1/2) [185]. In mammals, 22 FGFs
have been identified by sequence homology, of which
18 are involved in the regulation of different stages
and regions as secretory ligands of four FGF receptors
(FGFR1-4) [186]. Research utilizing murine models dem-
onstrates that the activation of classical downstream sign-
aling pathways, including ERK1/2, PI3K-AKT, and PLCy,
contributes to craniofacial morphogenesis. However, the
singular loss of function in any one pathway does not suf-
fice to produce severe developmental malformations akin
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to those observed in Fgfrl or Fgfr2 receptor-deficient
models [187]. On the contrary, FGFR kinase-dependent
but independent of signal adaptor functions, especially
those regulating cell-matrix and cell-cell adhesion, are
essential for midfacial growth, palatal closure, and oste-
ochondral differentiation of NC derived mesenchyme
[187]. In addition, FGEF8 is a secreted signaling molecule
that exhibits a highly dynamic gene expression pattern
during embryonic development and is involved in the
development of craniofacial structures, limbs, inter-
nal organs, and brain [188]. Abnormal FGF8 can induce
abnormal embryonic development, resulting in skeletal
abnormalities, cilia, and forebrain cleftless malformations
[189].

NOTCH signaling pathway

Unlike other key intracellular signaling pathways such as
WNT, the Notch signaling pathway is activated by the
interaction between intercellular receptors and ligands,
and is involved in the regulation of physiological pro-
cesses such as tissue growth, embryonic development,
and bone homeostasis [190]. Notch receptors are syn-
thesized in the endoplasmic reticulum and transported
to the cell membrane. When the receptor binds to a
transmembrane ligand on the surface of adjacent cells,
it triggers proteolytic cleavage of the receptor. This pro-
cess is first performed by ADAM metalloproteinase, and
then cleaved by the y-secretase complex [191]. The lat-
ter cleaves and releases the COOH-terminal fragment
of the receptor-Notch intracellular domain (Notch ICD),
which is then transported to the nucleus [192]. When
Notch ICD enters the cell nucleus, it binds to CSL and
controls the transcription of genes that come after it. This
important transcription factor is similar to Rbpj or CBF1
in mammals and works in the same way as the Hairless
repressor protein Su(H) in Drosophila [193]. The result-
ing signal output is diverse and highly dependent on the
cell environment.

Hippo signaling pathway

The Hippo pathway is a highly conserved pathway in
terms of evolution and function. It is widely involved in
cell proliferation, survival, cell fate determination, and
regeneration processes [194, 195]. The core of this path-
way is the kinase cascade. Its key downstream factor
Yes-associated protein (YAP) and its homologous tran-
scriptional co-activator with PDZ-binding motif (TAZ)
are considered to be the classical effectors of this path-
way, which can respond to various internal and external
signals. When the Hippo signaling pathway is activated,
its upstream components Mst1/2 and Salv1 are phospho-
rylated, which in turn activates the Lats1/2 kinase and
ultimately promotes the cytoplasmic degradation of YAP
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and TAZ. Conversely, when the Hippo signaling pathway
is inhibited, YAP and TAZ are transferred to the nucleus
and form complexes with transcription factors such as
the transcription enhancer activation domain (TEAD)
family in the nucleus, thereby mediating various cellular
biological activities regulated by Hippo signaling [196,
197]. During craniofacial development, this pathway can
regulate the proliferation, migration, differentiation and
osteogenesis of NCCs, and its dysfunction can lead to a
variety of diseases [198, 199]. Studies have shown that
patients with heterozygous nonsense mutations in the
Yapl gene exhibit mental retardation and cleft lip and
palate [200], suggesting that YAP-mediated transcrip-
tional regulation is critical for the formation of crani-
ofacial structures. In addition, the loss of UAK2 activity
caused by the weakening of Hippo signaling pathway can
induce anencephaly, and this phenotype is related to the
retention of Yap protein in the cytoplasm [201]. Recent
studies have further demonstrated that Hippo signaling
plays a critical role in cranial suture development and
homeostasis. Mechanical tension promotes osteogenic
commitment of SMSCs via ROCK-mediated stabilization
and nuclear accumulation of TAZ, leading to transcrip-
tional upregulation of Runx2 and other core osteogenic
effectors [202].

In animal model studies, conditional knockout of Yap
and Taz in the embryonic NC of mice leads to decreased
proliferation and increased apoptosis of mandibu-
lar arch cells derived from E9.5 and E10.5 NC [203]. In
addition, YAP also affects the BMP and WNT signaling
pathways. When YAP function is enhanced, these path-
ways will be activated to promote the migration of NCCs
in vivo [204]. On the contrary, its weakened function will
inhibit the activity of the signaling pathway and further
down-regulate the activity of YAP, thereby hindering cell
migration [204], highlighting the key role of the Hippo
signaling pathway in craniofacial development. In addi-
tion to congenital craniofacial malformations, existing
studies have shown that the Hippo signaling pathway
also plays an important role in a variety of oral diseases
such as periodontal tissue regeneration, periodontitis
and odontogenic tumors [196]. These findings enrich the
biological significance of the Hippo signaling pathway in
oral congenital and acquired diseases, and suggest that
there may also be a molecular association between devel-
opmental abnormalities and acquired diseases.

RA signaling pathway

RA is an active derivative of vitamin A, known as reti-
nol, and is an essential morphogenetic signal molecule.
This signaling molecule can regulate the development of
multiple organs and tissues including the body axis, spi-
nal cord, heart, limbs, and craniofacial, and is a major
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regulator of embryonic development [205, 206]. RA
directly regulates the transcription of downstream tar-
get genes by binding to the retinoic acid receptor/reti-
noid X receptor (RAR/RXR), and its signal output is
highly sensitive to time and dose, and both excess or defi-
ciency are teratogenic [207]. Recent studies have shown
that reduced RA signaling caused by Rdh10 deficiency
disrupts CNCCs proliferation and survival, leading to
midfacial clefts and other craniofacial abnormalities,
such as auditory and eye defects [208, 209]. Mechanisti-
cally, impaired RA signaling is associated with expanded
SHH pathway in the developing ventral forebrain, while
partial inhibition of Hh signaling can alleviate RA defi-
ciency-associated craniofacial defects, suggesting func-
tional crosstalk between RA and SHH pathways during
midfacial development [209]. However, excessive RA is
also one of the common factors that induce cleft palate
in offspring, and it is also commonly used to construct
a mouse cleft palate model [210]. It is worth noting that
phenotypes such as RA-induced cleft palate are not
completely irreversible. Studies have shown that the
regulation of specific miRNAs, such as miR-124-3p and
miR-340-5p, can alleviate the cleft palate phenotype
caused by RA overdose to a certain extent [211], sug-
gesting that there is functional coupling between RA sig-
nals and post-transcriptional regulatory networks. This
finding also provides a new molecular perspective for
understanding the interaction between environmental
exposure and genetic regulation.

Interactions between signaling pathways

Based on the complex biological environment in the
body, the signaling pathways do not operate in isolation.
The BMP, WNT, and FGF pathway networks synergisti-
cally regulate cell proliferation and differentiation [212].
The interaction of SHH, BMP, and FGF8 signaling path-
ways forms a highly coordinated molecular regulatory
network to control early facial patterns and growth, while
the SHH pathway is coupled with cholesterol metabolism
and cilia signaling pathways, integrating morphogen-
esis and cell metabolism into a unified regulatory system
[213, 214]. What’s more, studies have shown that SHH
signal and WNT signal jointly regulate upper lip fusion
[214]. With the development of technology, research-
ers have further confirmed that the activation of WNT
signaling can affect facial morphology by affecting the
expression of SHH in the forebrain and frontonasal ecto-
derm regions by using computer tomography and three-
dimensional geometric morphometry [215]. In addition,
an in vitro study of tooth development has shown that
the WNT pathway can regulate the activities of Shh, FGF
and BMP during tooth germination and morphogenesis
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to regulate various stages of tooth development [216]. In
addition, as an important signaling pathway that regu-
lates embryonic development and bone homeostasis,
BMP interacts with the Notch pathway. Some reports
suggest that gap signals can enhance BMP-induced oste-
oblastogenesis. One study found that activation of Notch
signaling in adenovirus-overexpressing NICD in MC3T3-
E1 cells stimulated BMP2-induced osteoblast formation,
which was manifested by increased alkaline phosphatase
(ALP) expressing cells and newly formed calcified nod-
ules [217]. However, other studies about MC3T3-E1 cells
have shown that if cells overexpress BMP2, stimulation of
Notch targets inhibits BMP2-induced osteoblastogenesis
[217]. Therefore, there is a complex relationship between
the BMP and Notch signaling pathways.

However, the highly connected network also has
some problems. The disruption of a singular pathway
can induce nonlinear phenotypic consequences via the
network interaction amplification effect. For example,
genetic model studies have shown that abnormal BMP
signaling during craniofacial development can lead to
coordination disorders with WNT and FGF pathways,
thereby inducing more severe malformations [218].

Teratogenic mechanisms in craniofacial
development

Craniofacial development is not only strictly regulated
by internal genetic factors, but also highly sensitive to
exogenous environmental factors [219]. Environmental
factors can affect craniofacial development in a variety
of ways, including maternal nutritional status, metabolic
balance, drug or chemical exposure, and other exogenous
stress factors [220-222]. It should be noted that differ-
ent developmental time points and disturbance durations
may cause malformations of different severity [223].

Common teratogens affecting craniofacial development

Known craniofacial teratogens include various drugs,
alcohol, smoking, maternal nutritional intake and meta-
bolic disorders, exposure to high temperatures, and phys-
icochemical factors such as ionizing radiation [224, 225].
Various teratogenic factors frequently influence out-
comes via unique, albeit partially converging, molecular
mechanisms. They can directly disrupt essential biologi-
cal processes, including the formation and differentiation
of CNCCs [34]. Besides, they may modify the expres-
sion patterns of essential regulatory genes by triggering
oxidative stress, epigenetic reconfiguration, or disrup-
tions in developmental signaling pathways, consequently
resulting in craniofacial anomalies at particular phases
[224]. Major environmental teratogens and molecular
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mechanisms affecting craniofacial development are
shown in Table 4.

Drug factors

Valproic acid (VPA) is one of the most teratogenic antie-
pileptic drugs in clinical practice, which has been asso-
ciated with 10% of congenital malformations, including
neural tube defects, skeletal malformations and cleft lip
and palate. These side effects are related to drug dose
[226]. Population-based cohort studies have shown that
exposure to VPA during pregnancy can significantly
increase the risk of craniofacial malformations such as
cleft lip and palate [227]. Mechanically, VPA is a his-
tone deacetylase inhibitor, which can regulate chromatin
state and decrease the transcriptive activities of genes
[228]. Animal model studies have also shown that VPA
treatment during pregnancy can influence the expres-
sion patterns of cell cycle-related genes through epige-
netic mechanisms to disrupt the proliferation, migration
and differentiation progresses of stem cells, and thereby
affect the developmental stages [229]. Given that valp-
roic acid has a well-documented teratogenic effect on
neural development, studies have shown that it can also
enhance the expression of WNT1 within cells and acti-
vate the GSK-3[3/p-catenin pathway [230]. Furthermore,
VPA can regulate the protein levels of p53, NF-kB, Pim-1,
c-Myb, Bax and Bcl-2 within cells, and to activate apop-
totic signaling pathways [231]. With regard to the terato-
genic mechanism of craniofacial development, VPA has
been demonstrated to affect the expression of Hoxa2 and
Sox9, thereby reducing the EMT and delimitation pro-
cesses of CNCCs, and consequently leading to abnor-
mal migration [232]. However, there has been a paucity
of research on the specific impact of VPA on craniofacial
development, and the underlying teratogenic mechanism
remains to be elucidated.

Isotretinoin is a retinoid medication derived from vita-
min A and is metabolized into its active form, RA, in vivo,
primarily utilized for the treatment of severe cystic acne.
However, it is currently classified as a teratogen [233].
It is predicted that newborns exposed to isotretinoin in
utero face a 20%—35% risk of developing congenital prob-
lems such as craniofacial anomalies, cardiovascular and
neurological malformations, and thymic diseases [234].
These phenotypes have different traits and are all called
retinoic acid embryopathy [235]. There are many stud-
ies that have been conducted to analyze the mechanism
of action of isotretinoin. It can induce apoptosis and cell
cycle arrest by regulating the expression of apoptosis-
related proteins TNF-related apoptosis-inducing ligand
(TRAIL) and Neutropil gelatinase-associated lipocalin
(NGAL). This mechanism can exert a therapeutic effect
on acne when it acts on sebaceous gland cells. However,
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when NCCs during embryonic development are exposed
to isotretinoin, the increase in cell apoptosis is the main
cause of craniofacial malformations [234]. Isotretinoin
can regulate genes or other signaling molecular through
RA pathway, as mentioned in 3.1.7. This form then con-
trols the transcriptional expression of many genes that
are important for development through the retinoic acid
pathway [236]. Excessive exposure to exogenous isotreti-
noin disturbs the equilibrium of these molecular path-
ways, ultimately resulting in craniofacial and multisystem
structural anomalies.

Thalidomide was originally used as a sedative to treat
the pregnancy response of pregnant women. Subse-
quently, it was found that it can induce severe develop-
mental malformations, such as hemifacial microsomia
of seal limbs [237]. At present, a variety of possible tera-
togenic mechanisms have been proposed. For example,
thalidomide may cause hemorrhage and hematoma in the
craniofacial region by inhibiting angiogenesis, which in
turn causes abnormal development of CNCCs [238]. In
addition, nitric oxide (NO) is considered to be a poten-
tial target for thalidomide, and exogenous NO has been
shown to rescue thalidomide-induced limb and eye
deformities by reducing oxidative stress and promoting
angiogenesis [239]. At the molecular mechanism level,
the thalidomide-binding protein cereblon (CRBN) is
considered to be the main target of thalidomide terato-
genicity, which initiates the teratogenic effect by binding
to it and inhibiting the activity of ubiquitin ligase [240,
241]. In addition, recent studies have identified spalt-like
transcription factor 4 (SALL4) and TBX5 as the targets of
thalidomide [242]. However, due to the complex chemi-
cal properties and mechanism of action of the drug, the
specific teratogenic mechanism remains to be further
explored.

Alcohol or tobacco smoke exposure during pregnancy

Prenatal alcohol exposure causes fetal alcohol spec-
trum disorders, a group of non-hereditary birth defects
clinically manifested as a range of cognitive, behavioral,
emotional, and functional impairments, along with crani-
ofacial abnormalities and other congenital malformations
[243]. Multiple studies indicate that ethanol exposure
adversely affects the formation, migration, differentiation,
and survival of NCCs during embryonic development
[244]. Multiple animal model studies have demonstrated
that exposure to low-concentration ethanol reduces the
number of migrating cells, shortens migration distances,
and impairs symmetrical locomotion, indicating that
ethanol exposure inhibits NCCs migration both in vivo
and in vitro [245, 246]. Ethanol exposure diminishes
H3K4me3 levels in the Snaill promoter region, which
is a key transcriptional factor of EMT. This can result in
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reduced Snaill expression, increased E-cadherin levels,
and diminished wave-like protein expression, thus inhib-
iting EMT [247]. Another critical developmental target
of ethanol is the ubiquitin—proteasome system (UPS).
It reduces proteasome peptidase activity and increases
ubiquitinated protein levels, resulting in craniofacial,
neural, and endodermal phenotypic abnormalities [248].
Furthermore, many signaling pathways involving miR-
NAs, reactive oxygen species (ROS), Nrf2, SHH and
WNT play crucial roles in ethanol-induced NCCs injury,
apoptosis, and Fetal alcohol spectrum disorders (FASD)
development [244, 249, 250]. Particularly, recent studies
have shown that paternal alcohol exposure prior to con-
ception also induces dose-dependent alterations in off-
spring craniofacial morphology and symmetry [251]. The
effects of alcohol on embryonic development go beyond
direct maternal exposure in the uterine environment.
It may also transmit complex transgenerational effects
through mechanisms of sperm epigenetic modification,
which contains DNA methylation pattern remodeling,
covalent histone modifications, and alterations in the
small RNA profile [252]. This highlights the complexity
and long-term risks associated with environmental fac-
tors like alcohol exposure in craniofacial developmental
abnormalities.

Tobacco smoke (TS) stands as one of the most well-
documented avoidable environmental teratogens. Its
association with multiple craniofacial malformations,
particularly non-syndromic cleft lip and palate, has
been consistently validated in both epidemiological and
experimental studies [253, 254]. TS contains multiple
toxic components, including carbon monoxide, nicotine,
polycyclic aromatic hydrocarbons, and heavy metals.
Among these, nicotine is addictive and may be the most
teratogenic substance in TS [255]. Cross-species multi-
omics analysis identified several biomarkers associated
with craniofacial cartilage development, the mitogen-
activated protein kinase (MAPK) pathway, and oxidative
stress [256]. More research showed that tobacco extracts
caused abnormal activation of the MAPK pathway in
human embryonic palatal mesenchymal cells, which
led to growth inhibition, apoptosis, and oxidative stress
[256]. TS also turns on inflammatory pathways that
are driven by NF-«kB, stops the production of extracel-
lular matrix, and lowers the expression of genes that
are related to mitochondria or blood vessels, such as
NOS1/2. This stops complement activation and lowers
macrophage and monocyte signaling, which makes the
placenta not work properly and affects fetal development
in an indirect way [257]. Additional research indicates
that exposure to secondhand smoke inhibits placental
cell survival and facilitates apoptosis. This shows up as
higher levels of proapoptotic markers like Fas/FasL, and
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lower levels of antiapoptotic markers like BCL-2, and
growth regulators like IGF-1 and IGFBPs. At the same
time, the level of cytochrome c, a marker of mitochon-
drial function, goes down [258]. Additionally, maternal
exposure to TS during pregnancy impacts embryonic
development not only via direct toxicological effects but
may also increase the risk of malformations by enhancing
genetic susceptibility [259, 260]. This is a classic example
of how genes and the environment work together. It also
shows how important it is for pregnant women to quit
smoking and stay away from secondhand smoke to pre-
vent craniofacial malformations.

Maternal endogenous factors during pregnancy
Maternal nutrition and metabolic homeostasis during
pregnancy are two important internal environmental fac-
tors that affect the development of the embryo [261, 262].
At the level of maternal nutrition, a lack of folate or its
synthetic form, folic acid (FA), is closely linked to a num-
ber of craniofacial malformations, including cleft lip and
palate, tongue deformities, mandibular abnormalities,
and neural tube defects (NTDs) [263]. Folate serves as
an essential cofactor in nucleotide biosynthesis and one-
carbon metabolism, thereby supporting DNA replication,
repair, and methylation via the production of S-adenosyl-
methionine (SAM), which is the principal cellular methyl
donor critical for epigenetic regulation and embryonic
patterning [264]. Maternal folate supplementation exerts
stage-specific and tissue-selective effects on offspring
DNA methylation patterns and transcriptomic profiles
[265]. Studies have demonstrated that folate deficiency
contributes to NTDs pathogenesis through dysregula-
tion of epigenetic mechanisms, including microRNA
methylation [266]. These findings emphasize the impor-
tance of one-carbon metabolism and DNA methylation
homeostasis in craniofacial development. Furthermore,
maternal vitamin A deficiency (VAD) leads to offspring
malformations of the eyes, nose, palate, parietal bone,
and mandible [267]. This is associated with reduced
retinoic acid receptor (RAR) activity. As RAR-mediated
transcriptional regulation is essential for craniofacial
skeletal development, its dysfunction leads to skeletal
malformations similar to VAD craniofacial defects [267].
At the metabolic state level, numerous studies have
shown that pregestational and gestational diabetes are
both significantly and positively associated with an
increased risk of congenital malformations [268-270].
Notably, maternal diabetes provides strong evidence that
epigenetic modifications and gene regulatory networks
play essential roles in orchestrating craniofacial devel-
opment. Maternal hyperglycemia directly impairs the
survival and migration of CNCCs by inducing oxidative
stress, inflammatory responses, and excessive autophagy
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[271, 272]. Mechanically, hyperglycemic conditions sup-
press the expression of crucial CNCCs marker genes
related to craniofacial osteogenic and chondrogenic dif-
ferentiation. While aberrant activation of the ERK path-
way may cause excessive autophagy and developmental
instability [271, 272]. Recent single cell multimodal anal-
yses have demonstrated that maternal diabetes induces
broad changes in chromatin accessibility and epigenetic
landscapes within embryonic craniofacial progenitor
cells [273]. These changes are accompanied by aberrant
activation of RA signaling and disruption of axial pat-
terning programs. Therefore, they lead to dysregulated
expression of core developmental transcription factors,
such as DLX5, Six2, and Meox1, which are responsible
for craniofacial cell specification, migration, and differ-
entiation. Maternal hyperglycemia initiates a pathological
cascade involving metabolic stress, epigenetic remod-
eling, dysregulation of signaling pathways, and CNCCs
dysfunction, ultimately increasing susceptibility to crani-
ofacial malformations. This integrated mechanism dem-
onstrates the influence of environmental factors on gene
regulatory networks and cellular behavior, leading to spe-
cific developmental defects.

Additionally, chronic low-grade inflammation and lipid
metabolism disorders associated with maternal obesity
can alter the embryonic and placental microenviron-
ments. This affects the expression of regulators govern-
ing energy and lipid metabolism, leading to abnormalities
in placental metabolic status, structural morphology, and
function [274]. This provides a metabolic basis for crani-
ofacial malformations., the placenta is important for the
circulatory systems of maternity and fetus since it can
transport metabolic signals [275]. It dynamically modu-
lates the intake and transport of nutrients based on the
mother’s metabolic state, which changes the metabolic
environment of the embryo [276]. This means that prob-
lems with a mother’s metabolism or nutrition could affect
the structure and function of the placenta, which could
stop the embryo from developing properly [277]. Recent
research also shows that problems with the structure and
composition of the placenta can affect the development
of the brain and face [278]. Placental structural problems,
low oxygen levels, or problems with blood vessel devel-
opment can also throw off the fetal immune system, mak-
ing oxidative stress worse and the fetus more likely to get
sick [277, 279].

Notably, maternal metabolic problems can have more
permanent consequences on development through epige-
netic pathways [302]. Multi-omics studies have revealed
that impaired maternal nutrition can alter embryonic
transcript expression profiles, metabolomic characteris-
tics, and the functionality of various essential metabolic
pathways. The underlying mechanisms of developmental
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programming are now well accepted to be mediated by
epigenetic events, which rely on one-carbon metabolism
and micronutrient supply [303]. Therefore, optimization
of nutritional interventions during pregnancy, making
metabolic monitoring more effective, and standardizing
chronic disease management are important for the health
of mothers.

Physical and chemical environmental teratogenic factors
Maternal hyperthermia exposure during pregnancy is
considered to be an important but often underestimated
physical teratogenic factor [280, 281]. Epidemiological
studies and animal experiments have demonstrated that
elevated body temperature during the early stages of
embryonic development—specifically during neural tube
closure and cranial nerve ridge cell migration—signifi-
cantly increases the risk of craniofacial malformations,
neural tube defects, and cardiac abnormalities [282].
Based on the current research, its teratogenic effect is
not dependent on specific toxic molecules, but by lead-
ing to placental dysfunction, reduced uterine-placental
blood flow, impaired supply of fetal metabolic substrates,
activation of maternal stress response systems, and
other endocrine and immune system disorders, lead-
ing to fetal growth restriction and congenital malforma-
tions [283]. Secondly, high temperature exposure mainly
destroys the fine regulation of development-related
signaling pathways by activating heat shock response,
oxidative stress and mitochondrial dysfunction [284].
Previous studies have shown that high temperature can
induce endoplasmic reticulum stress and down-regulate
the WNT/B-catenin signaling pathway, thereby inhibit-
ing cell proliferation and destroying epithelial integrity
[285]. However, it is not clear whether high temperature
exposure will induce congenital malformations through
the WNT signaling pathway, which remains to be further
explored.

High doses of ionizing radiation, as another impor-
tant physical teratogenic factor, can lead to birth defects,
malformations and mental retardation, and the severity
of such malformations is related to radiation dose and
gestational age [286, 287]. The sources of ionizing radia-
tion are various, including decaying radioactive isotopes,
cosmic rays, and artificial medical devices [288]. At pre-
sent, it is believed that ionizing radiation can indirectly
affect DNA by directly acting or producing free radicals.
Therefore, it is widely believed that its effect on embry-
onic development may be closely related to DNA dam-
age and elevated levels of reactive oxygen species [289,
290]. By in vitro photon irradiation of full-term placental
trophoblast cells, it was found that high-dose radiation
can induce apoptosis of placental cells and inhibit pro-
liferation, indicating that high-dose ionizing radiation
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can also affect the structure and function of the placenta,
which may in turn induce abnormal embryonic devel-
opment [291-293]. It is worth noting that radiation-
induced damage and changes have a trans-generational
effect, even continuing to the F3 generation [294]. Ani-
mal experiments have shown that ionizing radiation can
change the epigenetic modification of developmental
genes, such as DNA methylation status, histone modifica-
tion or chromatin accessibility, to affect the development
of offspring [295, 296]. This suggests that environmental
factors and genetic factors work together to affect embry-
onic development.

In addition to physical teratogenic factors, chemi-
cal environmental pollutants such as dioxins, polycyclic
aromatic hydrocarbons and heavy metals also contribute
significantly to craniofacial developmental abnormali-
ties. In particular, TCDD is a highly toxic environmental
pollutant and a representative dioxin compound [297]. It
has been extensively studied as a model teratogen asso-
ciated with craniofacial defects. TCDD primarily exerts
its biological effects in an aryl hydrocarbon receptor
(AhR)-dependent manner [298]. When binding ligand,
AhR translocates into the nucleus and regulates the tran-
scription of multiple downstream target genes involved
in xenobiotic metabolism, oxidative stress, cell prolifera-
tion, and embryonic development. Studies have shown
that exposure to TCDD during pregnancy disrupts the
development of CNCCs and the morphogenesis of the
palatal shelf, ultimately leading to cleft palate and other
craniofacial abnormalities [299, 300]. Mechanistically,
TCDD-induced teratogenicity has been associated with
abnormal epithelial-mesenchymal interactions, oxida-
tive stress, apoptosis, and dysregulation of developmen-
tal signaling pathways including TGF-$, SHH, RAR and
WNT signaling pathways [298]. What’s more, AhR-
mediated transcriptional alterations may further inter-
fere with epigenetic regulatory networks. Recent studies
further demonstrated that TCDD suppresses the expres-
sion of the Oct4 transcription factor, which is associated
with pluripotency. This is potentially achieved through
hypermethylation of the Oct4 promoter, thereby disrupt-
ing normal palatal development [301]. These findings
provide further support for the involvement of epige-
netic regulation and aberrant signaling pathways in the
development of craniofacial abnormalities in response to
TCDD exposure.

Gene-environment interactions

In fact, non-syndromic birth defects usually show non-
Mendelian inheritance, incompletely explicit or variable
expression. The inconsistency between genotype and
phenotype indicates that exogenous environmental fac-
tors usually affect the severity of genetic diseases, and
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vice versa [223]. Gene-environment interactions (GxE)
refer to the interaction of genetic and environmental fac-
tors in an accumulative or synergistic manner, resulting
in phenotypic effects [304]. Normal craniofacial develop-
ment similarly relies on the intricate interplay and precise
coordination between these two domains. For example,
smoking tobacco is a known risk factor for cleft lip and
palate. In a large-scale study investigating how genes and
smoking affect the risk of cleft lip and palate, research-
ers found that non-functional and inefficient alleles of the
detoxification enzymes GSTT1 and NAT?2 were risk fac-
tors for cleft lip and palate [305]. Candidate gene stud-
ies have also found genetic variants that increase the risk
of cleft lip and palate caused by smoking. These include
genes linked to nicotine dependence, DNA repair, and
cleft formation [306-308]. Prenatal alcohol exposure
causes problems with brain and facial development in
fetal alcohol spectrum disorders. Genetic differences in
some genes make the malformation phenotype worse.
When genes like CDH1 and SLC23A2 have genetic prob-
lems and are in an environment that is pro-inflammatory
or stressful, it can cause problems with NC migration
and apoptosis, which can lead to craniofacial malforma-
tions like cleft lip and palate [309, 310]. Research on ani-
mal models shows that changes that mess up the SHH
pathway make teratogenesis more likely to happen after
drinking alcohol, which means that mutant mice have a
higher chance of having holoprosencephaly-like traits
[311]. GXE analysis can also help researchers find more
disease risk loci, which gives them new ideas for studying
how diseases work and how to stop them from happen-
ing in the first place [34].

Molecular diagnosis and clinical management

Previous sections have summarized the key molecu-
lar and cellular mechanisms involved in craniofacial
development that collectively regulate critical biological
processes such as CNCCs proliferation, migration, dif-
ferentiation, and tissue morphogenesis. Any disruption
ultimately contributes to a broad spectrum of craniofa-
cial anomalies. Importantly, the identification of these
pathogenic mechanisms has been closely associated
with the continuous advancement of molecular genetic
technologies and functional experimental studies. These
mechanistic discoveries have not only deepened the
understanding of craniofacial developmental biology, but
also promoted the clinical translation of molecular diag-
nosis and prenatal screening strategies. Therefore, this
section is designed to elaborate on the clinical and patho-
logical significance of craniofacial development research
which will discuss advances in mechanism-based molec-
ular diagnosis, current prenatal imaging and genetic
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testing approaches, as well as preventive strategies and
clinical risk assessment for craniofacial disorders.

Mechanism-based molecular diagnosis of craniofacial
disorders

Advances in molecular genetic technologies have greatly
accelerated the identification of pathogenic genes and
molecular mechanisms underlying craniofacial disorders.
High-throughput genomic approaches, including chro-
mosomal microarray analysis (CMA), targeted sequenc-
ing, WES, and whole-genome sequencing (WGS) have
enabled rapid detection of disease-causing variants in
patients and their families [312, 313]. These approaches
have significantly increased the effectiveness of discover-
ing potential genes causing craniofacial deformities, par-
ticularly in syndromic and genetically diverse illnesses.
Through comprehensive genomic analyses of affected
families, researchers have continuously identified novel
disease-associated genetic variants, thereby expanding
the pathogenic spectrum of craniofacial disorders and
providing an important molecular basis for accurate
clinical diagnosis and genetic risk assessment [314]. For
instance, researchers have investigated IRF6, GRHLS3,
and TBX22 by Sanger or WES to identify families with
VWS and X-linked cleft palate with or without ankylo-
glossia (CPX), discovering six pathogenic mutations in
IRF6, GRHL3, and TBX22 [315]. Subsequently, functional
validation experiments enable us to identify the related
genetic mechanisms such as p63-IRF6-GRHL3 axis and
key signaling pathway such as TGF-p [316]. Similarly,
the identification of pathogenic genes associated with
TCS, including genes encoding RNA polymerase I and
III subunits, was largely achieved through comprehensive
genetic analyses of affected patients [317]. The clinical
application of genetic testing technology has increased
with the identification of pathogenic genes and their cor-
responding molecular pathways. When risky variants are
identified, targeted molecular screening, prenatal diagno-
sis, genetic counseling, and recurrence risk assessment
can be used more efficiently in the clinical practice.

Current clinical diagnostic methods and risk assessment

The clinical diagnostic approach for craniofacial anoma-
lies currently relies primarily on the combined applica-
tion of prenatal imaging assessments and genetic testing
(Fig. 2). Prenatal ultrasound screening continues to be
a common method for early detection of developmen-
tal abnormalities [318]. Obstetric ultrasound utilizes
grayscale imaging to observe structural morphology,
umbilical cord insertion site, and uterine position, while
Doppler ultrasound is used to evaluate placental blood
flow and functional status [319]. Technological progress
has introduced high-resolution three dimensions (3D)
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prenatal ultrasound and multi-slice spiral CT 3D recon-
struction imaging. This enables clearer visualization of
craniofacial anatomy and its associated soft tissue and
skeletal malformations [320]. Additionally, a prospec-
tive cross-sectional study showed that early pregnancy
ultrasound measurement of fetal facial contours can help
the detection and diagnosis of congenital anomalies,
with good reproducibility of measurement results [321].
Furthermore, fetal magnetic resonance imaging (MRI)
provides more detailed and comprehensive soft tissue
information in complex or challenging clinical cases [322,
323], which further improves the accuracy of prenatal
diagnosis.

With advances of medical technology, genetic testing
has become an important component of clinical diag-
nosis for craniofacial developmental disorders. At the
genetic level, CMA can identify the copy number vari-
ations and has become the primary screening tool for
structural anomalies [324]. For suspected syndromic
cases, exome sequencing or whole-genome sequencing
can detect pathogenic or likely pathogenic mutations
[325]. With decreasing testing costs and enhanced ana-
lytical capabilities, genotype-based stratified diagnos-
tic strategies are progressively integrating into clinical
practice [326]. It has not only enhanced the diagnostic
yield for syndromic craniofacial malformations but also
enabled the identification of novel disease-causing genes
and underlying genetic mechanisms. The integration
of genomic technologies into pediatric care will enable
clinicians to identify novel pathogenic variants, provid-
ing a more accurate picture of the prevalence of genetic
disorders. Many neonatal genetic disorders have no dis-
tinct symptoms and our understanding of these genetic
diseases is still limited. Genomic technology can detect
these abnormalities during infancy. A study that specifi-
cally conducted genetic tests on infants suspected of hav-
ing diseases demonstrated the significant importance of
these genomic-sequencing tests in disease diagnosis and
clinical decision-making [327]. Regarding the aforemen-
tioned detection methods, some researchers have exam-
ined 273 cases of TCS and further confirmed the clinical
value of combining prenatal imaging examinations with
molecular genetic testing [328]. The comprehensive anal-
ysis of TCS patients indicates that prenatal ultrasound
examination combined with whole-exome sequencing
and the detection of TCOF1 variations can significantly
improve the early diagnosis rate of craniofacial abnormal-
ities [328]. Moreover, targeted genetic screening for prev-
alent pathogenic variants associated with nonsyndromic
hearing loss has been integrated into newborn screen-
ing programs across multiple jurisdictions [329]. This
integrated approach allows for early diagnosis of infants
with inherited susceptibility before the presentation of
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Fig. 2 Current clinical diagnostic strategies and risk assessment approaches for craniofacial anomalies. Clinical diagnosis of craniofacial anomalies
relies on the integration of prenatal imaging, genetic testing, and emerging biomarker-based risk prediction strategies. Prenatal imaging screening
includes conventional 2D ultrasonography, 3D ultrasound reconstruction, and Doppler ultrasound for assessment of placental blood flow, which
enable early identification of structural abnormalities during pregnancy. In complex cases, fetal MRI provides additional soft-tissue information,
while 3D CT reconstruction is mainly applied postnatally for detailed evaluation of craniofacial skeletal defects. At the genetic level, CMA is widely
used for detecting copy number variations associated with structural anomalies, WES and WGS facilitate the identification of pathogenic variants

in suspected syndromic cases, enabling genotype-based stratified diagnosis. In addition, emerging risk-prediction approaches incorporate maternal
metabolic status, placental imaging findings, uterine artery Doppler indices, and circulating angiogenic biomarkers such as placental growth factor
and soluble FMS-like tyrosine kinase-1.The integration of these multimodal diagnostic approaches supports early risk stratification, multidisciplinary
clinical management, and the development of periconceptional preventive strategies. 2D, Two-dimensional; 3D, Three-dimensional; MRI, Magnetic
resonance imaging; CT, Computed tomography; CMA, Chromosomal microarray analysis; WES, Whole-exome sequencing; WGS, Whole-genome
sequencing; FMS, Feline McDonough sarcoma; sFlt-1, Soluble FMS-like tyrosine kinase-1; FLT1, FMS-related receptor tyrosine kinase 1

symptoms and mechanism-informed molecular test-
ing allows for prompt diagnosis, evidence-based genetic
counseling, and risk-adapted clinical management.

Apart from disease diagnosis, genetic counseling has
gradually become an important component of clinical
management for craniofacial developmental disorders
[330]. For high-risk families who are clearly carrying
pathogenic mutations or have a family history of inher-
itance, standardized genetic counseling can compre-
hensively analyze the genetic mode, recurrence risk and
severity of the disease [331]. Especially in syndromic cleft
lip and palate and other monogenic hereditary crani-
ofacial diseases, genetic counseling can help patients and
families correctly understand the results of genetic test-
ing [332]. Besides, it can assist in formulating individu-
alized follow-up and reproductive management plans,
thereby improving the management level of the disease
and reducing genetic risks.

In recent years, risk enrichment strategies based on
maternal metabolic status, biochemical markers, or
other molecular characteristics have gained attention.

Development-related biomarkers hold promise in pre-
dicting potential disease risks prior to conventional
imaging modalities. For example, the combination of
placental imaging and uterine artery Doppler ultrasound
with the assessment of angiogenic growth factors, par-
ticularly placental growth factor and soluble fms-like
tyrosine kinase-1, may provide a way to detect develop-
mental abnormalities [333-335]. However, current evi-
dence still remains limited, with most studies confined to
basic experiments. Clinical detection can be confounded
and needs to be validated in prospective cohort studies
and in well-designed clinical trials.

Prevention and treatment strategies for craniofacial
disorders

Primary prevention is one of the most economical and
effective strategies for decreasing the incidence of con-
genital craniofacial malformations. The current clini-
cal treatment of craniofacial anomalies still emphasizes
multidisciplinary collaborative care. However, this
therapeutic strategy is mainly aimed at pre-existing
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structural and functional defects and cannot reduce
the occurrence of clinical anomalies. With deepen-
ing understanding of craniofacial teratogenic factors,
prevention and early intervention during the pericon-
ceptional period have become critical measures for
lowering the risk of craniofacial disorders.

Regarding early intervention, increasing research is
focusing on the role of maternal factors in embryonic
development. The concept of maternal-effect genes
(MEGs), proposed in recent years, offers a new per-
spective for understanding developmental abnormali-
ties originating outside the embryo itself [336]. Studies
indicate that some MEGs are implicated in the develop-
ment of severe embryonic and extraembryonic defects
[336], including craniofacial malformations, neural
tube defects, and congenital heart defects observed
in Nlrp2 knockout models [337]. This indicates that
maternal genetic factors, have a profound effect on
embryonic development and not only the external envi-
ronment. Therefore, enhancing pre-pregnancy genetic
counseling, conducting genetic screening for high-risk
families and researching the molecular mechanisms
related to maternal effects are of great significance for
achieving early prevention of birth defects.

In addition to the genetic determinants, mater-
nal nutritional status and the intrauterine metabolic
environment are critical exogenous factors affect-
ing craniofacial development. Evidence suggests that
maternal—fetal lipid pathways and placental lipid
metabolism affect fetal development, demonstrating
that maternal metabolic status influences embryonic
development via the placenta [338, 339]. This implies
that during embryonic development, it is essential
to eliminate various adverse external factors for the
mother and closely monitor the maternal indicators.
For example, maternal metabolic monitoring, nutri-
tional interventions, and weight management can be
implemented during pregnancy [340, 341]. Besides, risk
indicators should be incorporated into prenatal risk
assessments to facilitate timely identification of risk
factors and corresponding adjustments [342]. Clini-
cally, such preventive measures are expected to prevent
or interrupt the effects of maternal disturbances on
embryonic craniofacial development, potentially signif-
icantly reducing malformation rates and alleviating dis-
ease burden. However, it must be clarified that current
intervention strategies should be regarded as metabolic
optimization measures with potential developmental
benefits, rather than established craniofacial malforma-
tion prevention methods. Their actual impact on crani-
ofacial development remains to be validated through
clinical studies and randomized controlled trials using
craniofacial phenotype as the endpoint [343].
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In recent years, ncRNAs such as miRNA, IncRNA, and
circRNA have been regarded as important molecules
regulating craniofacial development [10, 344]. Their
abnormal expression is closely related to NCCs differen-
tiation, palatal development, and epithelial-mesenchymal
interactions [344]. Small molecule RNAs, antisense oli-
gonucleotides (ASO) and RNA delivery systems based
on RNA interference technology have made positive
progress in various disease studies [345, 346]. It provides
new possibilities for correcting abnormal gene expression
related to abnormal development in the future. In addi-
tion, epigenetic abnormalities such as DNA methylation
and histone modification have certain reversibility [347].
It indicates that epigenetic treatment strategies target-
ing key enzymes such as DNMT or histone deacetylase
(HDAC) are also considered to have potential clinical
application value. However, it still needs to be further
explored.

Furthermore, the development of regenerative medi-
cine has further expanded new directions for the treat-
ment of craniofacial deformities. Mesenchymal stem
cells (MSCs), induced pluripotent stem cells (iPSCs) and
NC-derived stem cells have shown excellent regenerative
potential in bone, cartilage and soft tissue repair [348].
Combined with new technologies such as tissue engi-
neering scaffolds, bioactive materials, and three-dimen-
sional bioprinting, it is expected to achieve functional
repair of complex craniofacial tissue defects [349]. At the
same time, the development of gene editing technologies
such as CRISPR-Cas9 provides new possibilities for pre-
cise treatment of hereditary craniofacial diseases [350].
Although current research is mainly at the experimen-
tal research and animal model stages, these methods are
expected to become important intervention strategies for
hereditary craniofacial deformities in the future.

Overall, the clinical significance brought about by stud-
ies related to craniofacial development is to promote the
development of various clinical diagnoses, intervention
measures and treatment strategies. In the future, by inte-
grating multiple advanced technologies, it is expected to
enhance the accuracy of early screening and treatment
success rates for craniofacial developmental disorders.
Therefore, this will not only further deepen our under-
standing of craniofacial development disorders and its
mechanisms, but also provide more effective theoretical
basis for the clinical prevention and treatment of congen-
ital craniofacial malformations.

Current challenges and future directions

Even though there has been a lot of progress in the last
few years in understanding the molecular basis of crani-
ofacial development, there are still many problems in
this area that make it hard to turn research findings
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into clinical use. Craniofacial malformations are com-
plex multifactorial disorders characterized by intri-
cate interactions at multiple levels. These include gene
regulatory networks, epigenetic mechanisms, mater-
nal endogenous factors, and exogenous environmental
exposures [351]. This complexity makes single-gene or
single-factor studies insufficient for clinical applications.
Craniofacial development is highly susceptible to par-
ticular temporal windows, particularly during the critical
early prenatal phase [352]. In this phase, minor genetic
or environmental perturbations may lead to irreversible
consequences. Current clinical studies based on human
samples are predominantly retrospective analyses of
postnatal phenotypes, which make it difficult to deter-
mine specific teratogenic stages and integrate them with
basic research. Moreover, although many teratogenic fac-
tors associated with craniofacial abnormalities have been
identified, complex genetic-environmental interactions
obstruct the formulation of definitive causal relation-
ships between particular phenotypes and pathways. Fur-
thermore, extensive studies of environmental exposures,
maternal metabolic states, or lifestyle factors primarily
rely on observational population data, which limits the
ability to accurately pinpoint important cellular targets
and molecular mechanisms [353]. Little research has
been conducted on specific factors and the connections
between teratogenic factors are poorly understood. This
makes it difficult to compare results across studies and to
correctly predict the risk of clinical illness by algorithms.

Besides, the increasing use of prenatal genetic testing
and other advanced diagnostic technologies also raises
substantial ethical and clinical concerns. Issues regard-
ing informed consent, data privacy, the psychologi-
cal impact on families and the correct interpretation of
prenatal genetic information require careful considera-
tion during the clinical implementation process [354].
Recent studies about prenatal counselling have further
highlighted the ethical complexities of prenatal decision-
making in situations of prognostic uncertainty, emotional
distress and varying institutional practices [355]. More-
over, the increasing application of genome sequencing
and risk prediction models in prenatal diagnosis may
generate variants of uncertain significance [356], thereby
complicating clinical interpretation and parental deci-
sion-making. In some cases, the limited understanding
of genotype—phenotype correlations and variable disease
expressivity may increase parental anxiety and contrib-
ute to potential overdiagnosis or unnecessary medical
intervention.

To tackle these challenges, forthcoming research
necessitates significant enhancements in study design
and technical methodologies. Future research on the
fundamental mechanism should establish multifactorial
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models of craniofacial malformations to clarify the inter-
actions among complex factors and their teratogenic
mechanisms. At the same time, clinical phenotypes
should be clearly defined and connected to clinical out-
comes. Moreover, time-resolved multiomics studies must
be performed with specified gestational stages to system-
atically delineate dynamic alterations in transcriptomes,
epigenomes, proteomes, and metabolomes during pivotal
developmental phases [357]. Recent advances in spatial
transcriptomics and single-cell sequencing technolo-
gies have further provided new opportunities for under-
standing the spatiotemporal regulation of craniofacial
morphogenesis. Integration of spatial transcriptomics
with high-resolution imaging technologies may facilitate
the construction of spatially resolved molecular atlases
of craniofacial primordia and associated tissues, thereby
accurately identifying pathogenic molecular alterations
within specific cell populations and developmental stages
[358]. Besides, combining single-cell transcriptomics
with spatial transcriptome studies across human devel-
opmental stages have improved our understanding of cel-
lular heterogeneity and lineage specification. Researchers
have identified distinct mesenchymal, epithelial, and
CNCC:s subtypes associated with normal facial morpho-
genesis and orofacial cleft susceptibility [359], highlight-
ing the potential of these two advanced approaches for
linking developmental cell states with human craniofacial
disease risk.

For clinical evaluation, subsequent studies should
develop prospective birth cohorts, improve exposure
assessments, and validate findings through functional
animal models to establish more rigorous causal chains.
To translate fundamental research findings into clinical
application, it is imperative to enhance prenatal risk pre-
dictors and integrate them with postnatal clinical phe-
notypes to ensure the accuracy of the research. This will
help basic science get closer to being used in the clinic.
Additionally, creating Al-assisted imaging detection risk
prediction models and Al algorithms can enhance the
accuracy and efficiency of clinical diagnosis and treat-
ment [360]. For example, deep learning-based platforms
such as U-FISH have demonstrated robust performance
in detecting and decoding spatial transcriptomic signals
across diverse imaging datasets with subcellular resolu-
tion [361]. This clinical approach of early prevention,
diagnosis, and intervention will decrease the occurrence
of craniofacial malformations, improve patient outcomes,
and alleviate the burden on families and society.

Nevertheless, ethical considerations must be carefully
addressed when these screening approaches are applied
in prenatal medicine. It is essential to obtain informed
consent from the prospective parents. Given that pre-
natal genetic testing results may be difficult to interpret,



Lv and Du Molecular Biomedicine (2026) 7:184 Page 27 of 37

Folic acid deficiency Smoking \ ™) Retinoic acid 3 Diabetes Hyperthermia
. \ o ) Ionizing radiation
Vitamin A imbalance Alcohol exposure Antiepileptic drugs Obesity pollutants/TCDD

Disruption of molecular regulation

Key transcriptional regulators

Sox9, Sox10, Pax, etc. Msx1, DIx family, etc. Irf6, TFAP2A, etc.

Major signaling pathways

~
~ M - - - -
< - -
R L L g ST L Relet s SAE L Ll b
Craniofacial morphogenesis
Migration Proliferation EMT Differentiation Survival

Craniofacial malformations

Embryo Neural tube  Facial soft tissue Bone and Palate Tooth
cartilage

Fig. 3 Environmental and molecular mechanisms underlying craniofacial malformations. Multiple maternal environmental factors during early
pregnancy, including nutritional imbalance, adverse lifestyle behaviors, teratogenic drugs or chemicals, maternal metabolic diseases, and physical
factors, can disrupt molecular regulatory networks involved in craniofacial development. These environmental influences affect key transcriptional
regulators controlling neural crest cell specification, craniofacial patterning, and epithelial-mesenchymal interactions, including genes such
as Sox9, Sox10, Pax, Msx1, DIx family members, Irf6, and TFAP2A. Subsequently, multiple conserved developmental signaling pathways, which
include SHH, WNT, BMP/TGF-B3, FGF, Notch, Hippo, and retinoic acid pathways, interact to coordinate craniofacial morphogenesis. Dysregulation
of these signaling networks can impair fundamental cellular processes such as neural crest cell migration, proliferation, differentiation, and survival,
ultimately leading to a spectrum of craniofacial malformations affecting the embryo, neural tube, facial soft tissues, craniofacial skeleton, palate,
and dentition. Sox9, SRY-box transcription factor 9; Sox10, SRY-box transcription factor 10; Pax, Paired box gene family; Msx1, Msh homeobox 1;
DI, Distal-less homeobox gene family; Irf6, Interferon regulatory factor 6; TFAP2A, Transcription factor AP-2 alpha; SHH, Sonic hedgehog; WNT,
Wingless-type MMTV integration site family; BMP, Bone morphogenetic protein; TGF-f3, Transforming growth factor beta; FGF, Fibroblast growth
factor; Notch, Notch receptor signaling pathway

clear and standardized communication between doc-  concepts that should be consistently included during the
tors and families is particularly important [362]. Some counselling process to ensure accurate and comprehen-
researchers have proposed key components of informed  sive information sharing [363, 364]. Therefore, with the
consent for genetic testing and identified essential continuous advancement of prenatal diagnosis technolo-

gies, establishing a standardized ethical framework and a
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multidisciplinary consultation system will be equally cru-
cial for clinical practice and decision-making.

Conclusion

Craniofacial development is a complicated biological
process that requires genetic regulatory networks, sign-
aling pathways, and environmental factors to perfectly
work together at all levels (Fig. 3). Modern research is
progressively transitioning from the examination of sin-
gular components to the exploration of numerous inter-
actions. This change will help us better understand the
basic rules that govern craniofacial development, make it
easier to make early predictions, prevent problems before
delivery, and allow for accurate treatments for congenital
craniofacial defects in clinical settings.
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