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Background: Epigenetic modifications, such as DNA methylation and histone acetylation, play a
critical role in the regulation of gene expression during facial development. These changes are crucial
for the proper morphogenesis of craniofacial structures, which are primarily derived from neural crest
cells.

Objective: This study aimed to explore the impact of epigenetic modifications on the expression of
key genes involved in craniofacial development, including MSX1, PAX9, and FGF8, using both in
vitro and in vivo models.

Methods: This study investigated the role of epigenetd. Mouse neural crest cells were cultured and
treated with 5-aza-2'-deoxycytidine (2 uM) to inhibic modifications in facial development, focusing
on DNA methylation and histone modifications. Facial tissue samples from mouse embryos (E9.5—
E12.5) and human fetal tissues were collecteit DNA methylation and Trichostatin A (0.5 pM) to
increase histone acetylation. DNA methylation levels were quantified using an ELISA-based 5-
methylcytosine Kit, while bisulfite sequencing was used for site-specific analysis of key craniofacial
genes (MSX1, PAX9, FGF8). Gene expression levels were assessed by gPCR, normalizing to GAPDH.
Results: DNA methylation was reduced significantly in treated cells, with increased expression of
key genes (MSX1, PAX9, FGF8). TSA treatment led to enhanced histone acetylation, promoting
higher expression of these genes. Statistical analysis confirmed significant differences (p<0.05)
between treated and control groups, highlighting the impact of epigenetic changes on facial
morphogenesis.
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Epigenetic Modification In Facial Development

Conclusion: Epigenetic modifications, particularly through DNA methylation and histone
acetylation, play a vital role in regulating the expression of genes crucial for craniofacial development.
These findings provide new insights into the mechanisms of facial morphogenesis and may have
implications for understanding craniofacial malformations.

Keywords:Epigenetic modification, Facial development, DNA methylation, Histone acetylation,
Craniofacial morphogenesis

Introduction:

Epigenetic modifications play a crucial role in the regulation of gene expression during the complex
process of facial development[1]. Unlike genetic mutations, epigenetic changes do not alter the DNA
sequence itself but involve reversible modifications, such as DNA methylation, histone modification,
and non-coding RNA activity, which can influence gene expression patterns[2]. These modifications
are essential for ensuring the proper timing and spatial activation of developmental genes responsible
for craniofacial structures, including the formation of the jaw, nose, and facial bones|[3].

Facial development is orchestrated by a highly coordinated interplay of genetic and environmental
factors. During embryogenesis, neural crest cells migrate to the facial region and differentiate into
various cell types that contribute to facial structures[4]. Epigenetic mechanisms regulate these
processes by controlling the expression of key developmental genes such as SHH, PAX9, and MSX1,
which are critical for facial patterning and morphogenesis[5]. Disruptions in these epigenetic
modifications can lead to congenital craniofacial anomalies, such as cleft lip and palate,
craniosynostosis, and other developmental disorders.

Recent research highlights the role of environmental factors, such as maternal nutrition, exposure to
toxins, and stress, in influencing epigenetic changes during facial development[6]. These external
factors can alter DNA methylation patterns and histone modifications, potentially leading to abnormal
facial development[7]. Understanding the epigenetic regulation of facial development has important
implications for identifying the causes of craniofacial disorders and developing potential therapeutic
interventions[8]. By studying how these modifications control the expression of critical genes,
researchers aim to uncover novel strategies for preventing and treating facial abnormalities that arise
from epigenetic dysregulation.

Literature Reviews:

Ballestar E, (2006) : This review focused on the role of epigenetic regulation in craniofacial
morphogenesis, highlighting how histone modifications and DNA methylation influence the gene
expression patterns that drive facial structure formation. It discussed the regulatory pathways involved
in facial mesenchyme proliferation and differentiation, particularly emphasizing the Sonic Hedgehog
(SHH) signaling pathway[18].

Brook AH. (2009) :This paper examined how mutations in chromatin-remodeling genes contribute
to facial dysmorphogenesis, especially in syndromic cases. The authors reviewed cases of patients
with craniofacial abnormalities, linking these to epigenetic modifiers that regulate the expression of
key developmental genes[17].

Strobl-Mazzulla PH (2013) : This literature review analyzed the role of DNA methylation in cleft
lip and palate (CLP) formation. The review concluded that environmental influences such as folic
acid deficiency and maternal smoking have a direct impact on the epigenetic landscape of developing
facial tissues, particularly in critical windows of embryonic development[9].

Gou Y, Zhang T(2015) : This paper discussed the involvement of microRNAs (miRNAS) in the
epigenetic control of craniofacial development. It highlighted the role of miRNA networks in
regulating the differentiation of neural crest cells into facial bone and cartilage, suggesting that
miRNA dysregulation may be a significant factor in facial malformations[13].

Martin DM. (2014) :This review explored the role of histone modifications in the differentiation of
cranial neural crest cells (CNCCs) and their influence on the formation of the craniofacial skeleton.
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The authors emphasized the importance of histone acetylation in facial bone formation, reviewing
various studies on how these epigenetic changes affect the transcription of facial development-related
genes[14].

Tian FY, Marsit CJ(2018) : This comprehensive review focused on the intersection between genetic
mutations and epigenetic dysregulation in craniosynostosis syndromes. The authors highlighted how
altered methylation patterns in FGFR genes can lead to premature fusion of cranial sutures, resulting
in facial deformities[15].

Bearer EL(2018) : This review examined the role of long non-coding RNAs (IncRNAS) in regulating
facial development. The study provided evidence that INCRNASs are involved in the control of neural
crest cell migration and facial cartilage formation. Alterations in these epigenetic regulators were
linked to a range of craniofacial malformations[16].

Aghagoli G, Conradt E, (2020) : This paper reviewed the current understanding of environmental
factors in altering the epigenome during facial development. It explored how maternal factors,
including diet and toxin exposure, modulate DNA methylation and histone modification patterns in
neural crest cells, potentially contributing to orofacial clefts[12].

Garland MA, Sun B (2020) :This literature review explored the epigenetic basis of craniofacial
development in animal models, such as mice and zebrafish. The authors examined how Hox gene
expression is regulated by histone modifications and DNA methylation, affecting the formation of
facial structures in vertebrates[11].

Alamer OB, Jimenez AE (2021) :This review focused on epigenetic influences in fetal alcohol
spectrum disorders (FASD), with a particular focus on facial dysmorphologies associated with
prenatal alcohol exposure. The authors discussed the role of DNA methylation changes in SHH and
FGFR gene regulation, leading to characteristic craniofacial anomalies seen in FASD[10].

Materials and Methods:

Study Design:

This study focused on exploring the role of epigenetic modifications, particularly DNA methylation
and histone modifications, in the regulation of gene expression during facial development. A
combination of in vitro and in vivo models was used to investigate the epigenetic mechanisms that
control craniofacial morphogenesis[9].

Sample Collection:

Facial tissue samples for the study of epigenetic modifications in facial development were collected
from both mouse embryos and human fetal tissues. Mouse embryo samples were harvested at key
developmental stages E9.5, E10.5, E11.5, and E12.5 capturing critical phases of craniofacial
morphogenesis[19]. These samples specifically included neural crest cells, which are pivotal in the
formation of craniofacial structures. In addition, human facial tissue samples were obtained from
elective fetal tissue donations, with all procedures conducted in accordance with ethical approvals and
institutional guidelines, ensuring compliance with the highest ethical standards for human tissue
research. These carefully timed and ethically sourced samples were crucial for investigating the role
of epigenetic modifications in facial development across species[20].
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Cell Culture:

Mouse neural crest cells, essential for craniofacial development, were isolated and cultured under
controlled laboratory conditions to study epigenetic modifications affecting facial development[21].
The cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) enriched with 10% fetal
bovine serum (FBS) for optimal growth, along with 1% penicillin-streptomycin and 1% L-glutamine
to prevent contamination and support cellular metabolism[21]. The cells were seeded into 6-well
plates at a density of 1 x 10”6 cells per well and allowed to proliferate for 24 hours. After this initial
growth period, the neural crest cells were treated with specific epigenetic modulators—such as 5-aza-
2'-deoxycytidine (5-aza-dC) to inhibit DNA methylation or Trichostatin A (TSA) to block histone
deacetylation—to investigate their role in regulating gene expression involved in facial
morphogenesis. This controlled in vitro model allowed for precise manipulation and observation of
epigenetic mechanisms impacting craniofacial development[22].

Epigenetic Modulation:

Epigenetic modulation plays a crucial role in understanding the regulation of gene expression during
facial development. In this context, two primary agents were used to manipulate epigenetic marks: 5-
aza-2'-deoxycytidine (5-aza-dC) and Trichostatin A (TSA). 5-aza-dC, a DNA methyltransferase
inhibitor[23], was applied at a concentration of 2 pM for 48 hours to reduce DNA methylation,
allowing the investigation of how DNA hypomethylation affects key genes involved in facial
morphogenesis, such as MSX1 and PAX9. Meanwhile, TSA, a histone deacetylase inhibitor, was used
at 0.5 uM for 48 hours to increase histone acetylation, thereby promoting a more open chromatin
structure and enhancing gene expression. These treatments were conducted on neural crest cells,
which play a pivotal role in craniofacial development, providing insights into how epigenetic changes,
specifically through the modulation of DNA methylation and histone acetylation[24], influence the
expression of genes critical for craniofacial morphogenesis. The combination of these approaches
highlights the dynamic role of epigenetic modifications in regulating the developmental pathways that
shape facial structures.
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Analysis:

Epigenetic modulation in facial development was assessed by extracting DNA from treated and
untreated cells using a Qiagen DNeasy Blood & Tissue Kit, following the manufacturer's
instructions[25]. Global DNA methylation levels were quantified with an ELISA-based 5-
methylcytosine detection kit from Zymo Research. Additionally, site-specific methylation analysis of
critical craniofacial development genes, such as MSX1, PAX9, and FGF8, was performed via bisulfite
sequencing, wherein DNA was treated with bisulfite to convert unmethylated cytosines to uracil,
followed by PCR amplification and sequencing for methylation pattern assessment. For gene
expression analysis, RNA was extracted using TRIzol reagent (Thermo Fisher Scientific), and cDNA
synthesis was conducted with a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems)[26]. Quantitative PCR was performed using SYBR Green master mix on an ABI
StepOnePlus system, normalizing gene expression levels of MSX1, PAX9, FGF8, and TWISTL1 to the
housekeeping gene GAPDH, with fold changes calculated using the 2"—-AACt method. All
experiments were conducted in triplicate, with results expressed as mean * standard deviation.
Statistical analyses were performed using GraphPad Prism software, employing one-way ANOVA
followed by Tukey's post-hoc test to compare treatment group differences, considering a p-value of
<0.05 as statistically significant[26].

Results and Discussion:

This study aimed to elucidate the impact of epigenetic modifications, particularly DNA methylation
and histone modifications, on gene expression during craniofacial development[27]. Through a
combination of in vitro and in vivo approaches, we demonstrated that specific epigenetic alterations
significantly influence the expression of key genes involved in facial morphogenesis, such as MSX1,
PAX9, FGF8, and TWIST1.

The study included facial tissue samples from mouse embryos at critical developmental stages (E9.5,
E10.5, E11.5, and E12.5) and human fetal tissues, which provided a comprehensive view of the
epigenetic landscape during craniofacial development.

Table 1: Sample Collection and Characteristics

Sample Type Developmental Stage | Number of Samples | Source

Mouse Embryos E9.5 10 Animal Model
Mouse Embryos E10.5 10 Animal Model
Mouse Embryos E11.5 10 Animal Model
Mouse Embryos E12.5 10 Animal Model
Human Fetal Tissue | 1st Trimester 5 Elective Donations

Epigenetic Modulation Effects
The application of 5-aza-2'-deoxycytidine (5-aza-dC) and Trichostatin A (TSA) led to distinct
changes in global DNA methylation and histone acetylation, respectively.

Results from the ELISA-based 5-methylcytosine detection assay indicated significant reductions in
global DNA methylation levels upon treatment with 5-aza-dC compared to untreated controls.
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Table 2: Global DNA Methylation Levels

Group Global DNA Methylation (% 5mC) | p-value
Control 832+21 -
5-aza-dC 65.4+1.9 0.001
TSA 78624 0.01

Gene-Specific Methylation Analysis
Site-specific methylation analysis via bisulfite sequencing revealed differential methylation patterns

in key craniofacial genes.

Methylation percentages of critical genes before and after treatment were assessed.

Table 3: Methylation Status of Craniofacial Development Genes
Gene Control 5-aza-dC TSA
Methylation (%) | Methylation Methylation (%)
(%)
MSX1 725+35 452141 66.8 £2.9
PAX9 784+ 27 50.1+34 73.0+£3.2
FGF8 69.7+4.2 41.8+39 63.5+4.0

Histone Modification Analysis
The ChIP assays confirmed that TSA treatment significantly increased histone acetylation at the
promoters of MSX1 and PAX9, correlating with enhanced gene expression.
Quantification of histone acetylation levels at gene promoters demonstrated the effect of TSA

treatment.
Table 4: Histone Acetylation Levels
Gene Acetylation Level (H3K9ac) | p-value
MSX1 45.6 £2.3 0.001
PAX9 50.2+3.1 0.001
FGF8 40.1+15 0.05

Gene Expression Analysis
The effects of epigenetic modifications on gene expression were evaluated through quantitative PCR.
Changes in gene expression levels of MSX1, PAX9, FGF8, and TWIST1 were normalized to GAPDH.

Table 5: Gene Expression Levels of Key Craniofacial Genes

Gene Control Expression | 5-aza-dC Expression | TSA Expression
(Fold Change) (Fold Change) (Fold Change)
MSX1 1.0 25%£0.3 1.8+0.2
PAX9 1.0 32104 2.4+0.3
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FGF8 1.0 21+0.3 15+0.2

TWIST1 1.0 28+04 1.9+0.3

Statistical Analysis
Statistical evaluations confirmed that the observed differences were significant.
Statistical significance of results analyzed via one-way ANOVA followed by Tukey's post-hoc test.

Table 6: Statistical Analysis Summary

Comparison Statistical Significance

Control vs. 5-aza-dC Significant (p < 0.001)

Control vs. TSA Significant (p < 0.01)

5-aza-dC vs. TSA Not significant
Discussion:

The findings highlight the crucial role of epigenetic modifications in regulating gene expression
during facial development. The significant reduction in global DNA methylation levels following
treatment with 5-aza-dC indicates that DNA hypomethylation may activate the expression of key
craniofacial genes such as MSX1 and PAX9, essential for proper facial morphogenesis[28].
Additionally, the increased histone acetylation observed with TSA treatment correlates with enhanced
expression levels of these genes, supporting the hypothesis that histone modifications facilitate a more
accessible chromatin structure, thereby promoting transcription[29]. These results underscore the
dynamic interplay between DNA methylation and histone modifications in controlling gene
expression patterns crucial for craniofacial development[30].

Conclusion:

In conclusion, epigenetic modifications play a pivotal role in regulating gene expression during facial
development, particularly through mechanisms like DNA methylation and histone modification.
These epigenetic changes are critical in controlling the activation of key developmental genes such as
MSX1, PAX9, and FGF8, which guide the formation of craniofacial structures. This study has
demonstrated how both DNA methylation inhibitors and histone deacetylase inhibitors can
significantly influence facial morphogenesis, leading to changes in gene expression patterns.
Furthermore, environmental factors such as maternal nutrition and toxin exposure may alter these
epigenetic mechanisms, potentially contributing to congenital craniofacial anomalies. Understanding
these complex processes not only advances our knowledge of facial development but also opens
pathways for developing therapeutic interventions to address epigenetically-driven craniofacial
disorders.
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