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Unbiased transcriptome analysis of human cleft
palate reveals evolutionally conserved molecular

signatures of development: experimental study

Taehee Jo, MD, PhD, Jeonghoon Kim, MD, Jaehoon Choi, MD, PhD, Junhyung Kim, MD, PhD,
Woonhyeok Jeong, MD, PhD*

I Experimental Research

Background: The development of the secondary palate, an essential process for hard palate formation, involves intricate cellular
processes. Here, the authors examined the expression patterns of palatal fusion-associated genes in postdevelopmental human
palatal tissues.

Methods: Mucosal samples collected from the anterior fused (control; n=5) and posterior unfused regions (study; n =5) of cleft
palate patients were subjected to RNA sequencing. Gene Set Enrichment Analysis (GSEA) was conducted to identify consistent
changes in molecular signaling pathways using hallmark (h) gene set collections from the Molecular Signature Database v7.4. The
results of RNA sequencing were validated by epithelial-mesenchymal transition (EMT) assays with suppression of target genes,
including Irp6, shh, Tgfp-3 (Bioneer), and negative control siRNA in a human fibroblast cell line (hs68).

Results: Transcriptome profiling of the cleft mucosa demonstrated that the fully fused anterior mucosa exhibited globally
upregulated EMT, Wnt p-catenin, Hedgehog, and TGF-f signaling pathways in gene set enrichment. This strongly indicates the
evolutionary conserved similarities in pathways implicated in palatogenesis, as previously shown in murine models. In EMT assays
with suppression of Lrp6, Shh, and TGF-B3 in human fibroblast cell lines, suppression of Lrp6 exhibited consistent suppression
effects on EMT markers. This indicates a closer association with EMT compared to the other two signals.

Conclusion: Our study highlights evolutionarily conserved molecular signatures and provides insights into the importance of the
EMT pathway in palatal fusion in humans. Furthermore, intraindividual comparative analysis showed the spatial regulation of gene
expression within the same organism. Further research and animal models are needed to explore the complexities of EMT-related
palatal fusion.
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Introduction

Cleft palate is one of the most common craniofacial birth defects
in humans™+?!. The palate is crucial for sucking, swallowing, and
normal speech production, with the ability to divide the oral
cavity and nasal cavity!®l. Cleft palate is the result of defective
palatogenesis, and it is thought to be caused by multiple envir-
onmental or genetic factors!**). Cleft palate can manifest as either
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HIGHLIGHTS

e Transcriptome analysis reveals conserved epithelial-
mesenchymal transition (EMT), Wnt, Hedgehog, and
TGF-p pathways in human cleft palate.

e Comparative analysis of fused and nonfused mucosa
shows spatial regulation of gene expression.

e Findings support the evolutionary conservation of mole-
cular mechanisms in palatal fusion.

e Lrp6 gene suppression in fibroblasts highlights its signifi-
cant role in EMT pathway regulation.

complete or incomplete, giving rise to a range of diverse
combinations'™ 8!, The secondary palate represents the poster-
ior extension from the primary palate, ultimately forming the
hard and soft palates'*. The development of the secondary palate
commences within the palatal shelves, which initially assume a
vertically positioned configuration on both sides of the tongue!.
Between the seventh and eighth weeks of embryonic develop-
ment, concurrent with mandibular growth, the palatal shelves
undergo caudal movement along with the tongue, transitioning to
a horizontal orientation above the tongue™!. The inner epithelial
border of the palatal shelves is referred to as the medial edge
epithelium (MEE), and the convergence of the bilateral MEE at
the midline results in the formation of the midline epithelial seam
(MES)P 11 Eventually, the epithelial cells constituting the
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midline epithelial seam undergo apoptosis, being replaced by
mesenchyme and culminating in the formation of the secondary

The term employed for this phenomenon is palatal fusion, and
numerous investigations have been conducted concerning the
genetic factors implicated in palatal fusion!*'*~'3!, However, the
majority of these studies have primarily relied on mouse embryo
models, with a dearth of research employing actual human tissue
samples. RNA sequencing (RNA-Seq) is a powerful tran-
scriptomic technique that uses next-generation sequencing (NGS)
technology to profile and quantify the entire transcriptome'*,
These capabilities enable the acquisition of comprehensive data
on entire transcripts at a particular location and time, facilitating
the analysis of transcriptomic variations while eliminating bias.
Furthermore, it is feasible to examine individual genes that show
significant upregulation or downregulation to ascertain their
association with a specific signaling pathway through gene set
enrichment analysis (GSEA) with RNA-Seq data™®!. Instead of
focusing on individual gene expression changes, GSEA considers
aggregate expression changes within predefined gene sets, thus
providing insights into the underlying biological processes
affected by the condition under study.

Therefore, the researchers of this study attempted to identify
disparities in the expression patterns of palatal fusion-associated
genes, as previously observed in murine models, within post-
developmental human palatal tissue through RNA-seq analysis.

Methods

Sampling and RNA extraction

This study enrolled five consecutive patients who met the inclu-
sion criteria among those with cleft palate who visited our insti-
tution between January 2021 and June 2021 (Table 1). The
inclusion criteria were nonsyndromic cleft palate and incomplete
cleft palate. The exclusion criteria were patients with syndromic
cleft palate, adult patients, secondary surgery cases, and patients
with complete cleft palate without any fused palatal region. The
guardians fully understood the purpose and methods of the study
and agreed to participate according to the protocol approved by
the Institutional Review Board (2020-07-034). During the
operation, mucosal samples were harvested from fused anterior
(control group) and unfused posterior (study group) parts of cleft
palates (Fig. 1). The specimens from the anterior served as the
control, while the specimens from the posterior were regarded as
the cleft study groups. In palatal fusion, the region playing a
crucial role is the MEE of the palatal shelves!'®l. The anatomical
location of MEE corresponds to the mucosa of the cleft margin in
patients after birth. In this experiment, the control group con-
sisted of fused mucosa harvested from the midline immediately in
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front of the anterior limit of the cleft palate, while the study group
used the medial edge mucosa of the always unfused uvula from
patients. Each sample was immediately frozen in liquid nitrogen.
The tissues were then homogenized with 1 ml of TRIzol reagent
(Invitrogen) in independent bead-containing safe lock tubes.
After TRIzol/chloroform extraction, the aqueous phase was
mixed with 100% EtOH and then loaded onto an RNeasy col-
umn (Qiagen). The RNA extraction process was continued
according to the manufacturer’s protocol.

RNA-sequencing data analysis

Control samples (7=35) and cleft study samples (n=35) were
subjected to analysis. For RNA sequencing analysis, the libraries
were prepared for 151 bp paired-end sequencing using a TruSeq
stranded mRNA Sample Preparation Kit (Illumina). Namely,
mRNA molecules were purified and fragmented from 1 pg of total
RNA using oligo (dT) magnetic beads. The fragmented mRNAs
were synthesized as single-stranded cDNAs by random hexamer
priming. By applying this as a template for second-strand
synthesis, double-stranded cDNA was prepared. After the
sequential process of end repair, A-tailing, and adapter ligation,
cDNA libraries were amplified with PCR. The quality of these
cDNA libraries was evaluated with the Agilent 2100 BioAnalyzer
(Agilent). They were quantified with the KAPA library quantifi-
cation kit (Kapa Biosystems) according to the manufacturer’s
library quantification protocol. Following cluster amplification
of denatured templates, paired-end (2 x 151 bp) sequencing was
performed using an Illumina NovaSeq6000 (Illumina). The
adapter sequences and the ends of the reads less than Phred
quality score 20 were trimmed, and reads shorter than 50 bp were
simultaneously removed by using cutadapt v.2.8. Filtered reads
were mapped to the reference genome related to the species using
the aligner STAR v.2.7.1a following ENCODE standard options
with the -quantMode TranscriptomeSAM’ option for estimation
of transcriptome expression level”!. Gene expression estimation
was performed by RSEM v.1.3.1"8], To normalize sequencing
depth among samples, transcript per million (TPM) values were
calculated. The TPM values were then processed for principal
component analysis (PCA) and unsupervised hierarchically
clustered heatmap generation. Gene set enrichment analysis
(GSEA) was performed with hallmark (h) gene set collections of
the Molecular Signature Database v7.4!*!, FDR q <0.15 was
considered significant.

Cellular epithelial-mesenchymal transition (EMT) assay

The results of RNA sequencing were validated by EMT assays
with suppression of target genes, including lrp6, shh, and Tgfp-
3119201 The human fibroblast cell line (hs68) was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, penicillin (100 U/ml), and

Characteristics of palates.

Patient No. Sex Age Type of cleft palate Medical history Surgical procedure

1 M 13 mo Veau class | ASD, accessory spleen, microcephaly Double opposing Z-plasty
2 M 12 mo Veau class | RDS Double opposing Z-plasty
3 M 26 mo Veau class |l None Sommerlad’s palatoplasty
4 F 12 mo Veau class Il None Sommerlad’s palatoplasty
5 M 10 mo Veau class |l Hypothyroidism, plagiocephaly, ASD Sommerlad’s palatoplasty
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Figure 1. Harvest of mucosal tissue (A) The nonfused posterior mucosa was collected from the uvula (white asterisk). (B) The fused anterior mucosa was harvested
from the oral-side mucosal flap immediately anterior to the cleft palate after completing the elevation of the oral-side mucosal flap (white arrow). To prevent
excessive tension during mucosal flap closure, the flap was harvested within a width of 1 mm. (C) Depiction of the procedure of overlapping intravelar veloplasty and

buccal fat pad flap. (D) Immediate postoperative appearance.

streptomycin (100 mg/ml). The cells were transfected
with siRNAs using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s protocol. Predesigned siRNAs
targeting the following genes were purchased and used: Irp6,
shh, and Tgfp-3 (Bioneer), and negative control siRNA
(5-GTCAAACGCCTTGTATTTA-3). Cells were harvested 48 h
after transfection. Total RNA was extracted using a TRIzol RNA
extraction kit (Invitrogen) according to the manufacturer’s pro-
tocol. Total RNA was reverse transcribed to cDNA using an
iScript ¢cDNA synthesis kit (Bio-Rad). Then, quantitative real-
time PCR was performed using iTaq Universal SYBR Green
Supermix (Bio-Rad Bio-Rad) and a CFX Connect Thermal Cycler
(Bio-Rad).

36b4 was used as a reference gene, and the results are pre-
sented as relative expression to the control. PCR primers
(OriGene Technologies, Inc.) were used as commercially avail-
able ones, and the list is as follows (5>-3’): 3664 (forward), TGG
TCA TCC AGC AGG TGT TCG A; 36b4 (reverse), ACA GAC
ACT GGC AACATT GCG G; collal (forward), GAT TCC CTG
GAC CTA AAG GTG G; collal (reverse), AGC CTC TCC ATC
TTT GCC AGC A; fibronectin (forward), ACA ACA CCG AGG
TGA CTG AGA C; fibronectin (reverse), GGA CAC AAC GAT

GCT TCC TGA G; n-cad (forward), CCT CCA GAG TTT ACT
GCC ATG AC; n-cad (reverse), GTA GGA TCT CCG CCA CTG
ATT C; fsp-1 (forward), CAG AAC TAA AGG AGC TGC TGA
CG; fsp-1 (reverse), CTT GGA AGT CCA CCT CGT TGT GC;
vimentin (forward), AGG CAA AGC AGG AGT CCA CTG A;
and vimentin (reverse), ATC TGG CGT TCCAGG GACTCAT.

Statistical analysis

The data are presented as the mean +standard error of the mean
(SEM). Statistical differences were compared using a two-tailed,
unpaired #-test, and differences with P<0.05 were considered
statistically significant.

Results

Posterior and anterior mucosal samples exhibited
differentially expressed gene profiles

Ten mucosal samples were subjected to RNA-seq analysis: the (1)
anterior control (z=35) and (2) posterior study (n=35) samples.
The PCA plot, which demonstrates sample clustering based on
similarity, revealed global differences in the transcriptomes of the

6935



Jo et al. International Journal of Surgery (2024)

International Journal of Surgery

_ B
100 ® Anterior
o ® Posterior
.
=
u\o 04 -2 1
)
< ml
hat
~ .
(&)
o 1004
: : : [
-200 T T T | r
-200 -100 0 100 200 1

PC1 (32.5%)

- Anterior 3

— Posterior 1

Anterior 1
Anterior 2

Anterior 4
Anterior 5

Posterior 2
Posterior 3
Posterior 4
Posterior 5

Figure 2. Principal component analysis (PCA) and hierarchically clustered heatmap. (A) The PCA plot displayed noticeable distinctions between the transcriptomes
of the posterior study and the anterior control groups. (B) The heatmap demonstrates the hierarchical clustering of the transcriptomes between the study and
control samples.

posterior study and control samples. The transcriptomes of the
posterior samples clustered with each other in the group (Fig. 2).
The heatmap also demonstrated hierarchical clustering of the
transcriptomes of the samples (Fig. 2). PCA and heatmap results
demonstrated that the transcriptome changes resulting from
grafting were biologically consistent, allowing for further tran-
scriptomic analysis.

The human cleft palate transcriptome revealed evolutionally
conserved molecular signatures

GSEA, a knowledge-based gene set analysis, identified biologi-
cally meaningful gene expression differences among the study
groups. We analyzed the transcriptomes of the anterior control
group by comparing them with those of the posterior study
group. The top-upregulated gene sets in the anterior mucosa were
related to epithelial-mesenchymal transition (FDR g = 0.001) and
angiogenesis (FDR g =0.044) (Figs. 3 and 4). Regarding the
molecular signaling pathways, Wnt p-catenin signaling (FDR
q=0.275), Hedgehog signaling (FDR q=0.548), and TGEF- p
signaling (FDR q =1.000) were downregulated in the posterior
palatal mucosa (Fig. 5); these are the major known molecular
pathways of murine cleft palate development.

The Lrp6 pathway regulates epithelial-mesenchymal
transition-related genes in a human fibroblast cell line

Next, to determine the effect of three relevant pathways on EMT in
human cell lines, we performed a human cell line study. In hsp67
cells, which are a human fibroblast cell line, we knocked down the
lrp6, shh, and tgf-p3 genes, which directly affect the Wnt f-catenin,
Hedgehog, and TGF- p signaling pathways, respectively. We then
performed real-time PCR of EMT marker genes. As a result, the
Irp6 gene exhibited consistent and decreased expression of all
markers of EMT. However, the shh and tgf-$3 genes did not exhibit
consistent effects. This suggests that in humans, the Lrp6 pathway
may more directly affect the EMT (Fig. 6).

Discussion

Our research is pioneering in distinguishing gene expression
differences between mucosa taken from the cleft margin with high

precision during surgery and fused palatal mucosa. We also dis-
covered links to Wnt/B-catenin signaling, impacting EMT. This
underscores the genetic pathways shared across species in palatal
development, further evidenced by the notable influence of Lrp6
on EMT markers in human fibroblast assays compared to Shh
and TGF-p3.

To date, the majority of research on cleft palate formation has
predominantly utilized mouse models. Mice exhibit a develop-
mental process that shares similarities with humans, and their
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the EMT signaling pathway, which is known to be crucial in cleft palate fusion.

Additionally, among the top 10 pathways, the Wnt p-catenin, Hedgehog, and
TGF-p signaling pathways, which are also associated with EMT, were included.

2.0

6936



Jo et al. International Journal of Surgery (2024)

Epithelial mesenchymal transition

. p < 0.0001
“~._  FDRq=0.001
S
\"\1
~
i

8

S

| 1

Enrichment score (ES)

Il

Anterior (positively correlated

Angiogenesis

@ 0-6 f‘v‘ \\\\M%‘\\ p T 0‘05
o d \\‘ FDR g = 0.044
§ 0.4 :; e 8

N .
-— | .
s 02§ e
E NN
S 0.0
c
UML)

fiii
Anterior (positively correlated)

Epithelial mesenchymal transition

Angiogenesis

GAS1 LUM
FZD8 CCND2
THY1 ITGAV
SPARC ] VCAN
D2 ] & JAG
LRRC15 APP
COL5A3 THBD
CDH2 C VIN
LOX JAG2
FMOD LPL
Lum COL3A1
GJAL [ TIMP1
CALD1 POSTN
COL12A1 | | s100a4
COL11A1 [ COL5A2
SERPINH1 ] VAV2
COL7A1 NRP1
TGFBI MSX1
CADM1 PF4
LAMA3 [ PGLYRP1
BGN = FGFR1
PLOD3 NEENE
ITGAV cxcLe
COL16A1 KCNI8
VCAN | 3 PTK2
ECM2 | B PDGFA
SGCB APOH
TNFAIP3 i | | i PRG2
HTRA1 SPP1

MATN2 [ SLCO2A1

Relative expression

Low High

Figure 4. EMT and angiogenesis pathways. EMT and angiogenesis pathways were upregulated in the anterior mucosa in GSEA.

relatively short gestation period enables the study of develop-
mental processes within a condensed timeframe. Furthermore,
extensive molecular mechanisms have been revealed through
previous investigations, rendering mouse models advantageous
for research. However, conducting developmental studies on the
human population presents ethical concerns, particularly in the
context of human palatal development. Consequently, studies on
humans have predominantly focused on the investigation of
genetic abnormalities commonly observed in large cohorts,
revealing a diverse array of genes associated with palatal
development!?'*4, Although studies aiming to identify such gene
mutations have been conducted successfully, the inherent char-
acteristics of the research methodology pose limitations in attri-
buting disease occurrence rates solely to gene mutations.
Furthermore, there are inherent limitations in explaining the
diverse phenotypic manifestations of the diseases themselves!*!.
Therefore, researchers have conducted studies utilizing the pala-
tal tissues of patients, hypothesizing that the observed changes
within the palatal tissues would exhibit a strong association with
phenotypic characteristics.

Indeed, alterations in gene function can manifest without
modifications to the DNA sequence, referred to as epigenetic
regulation. Epigenetic regulation, including DNA methylation,
histone modifications, and microRNA, contributes to the process
of epigenetic inheritance®!!, Epigenetic features, such as DNA
methylation, are maintained even after development is com-
pleted, and previous studies have analyzed DNA methylation in
the blood and tissues of individuals with cleft palate!*—28],
It is well-established that DNA methylation represses

transcription®”), We also know that DNA methylation can

endure beyond cellular division and exhibit transgenerational
heritability. In 2017, Sharp et al.*®! identified DNA methylation
patterns within genes of interest, such as TBX1, COL11A2,
HOXAZ2, and PDFRA, which are implicated in palate develop-
ment across distinct subtypes of cleft palate in blood specimens.
Notably, an association between DNA methylation patterns in
blood and those in lip tissue has also been established.
Consequently, we became interested in the potential disparities in
mRNA expression levels within the palatal tissues, given the
persistent nature of DNA methylation. To address this query, we
employed an unbiased technique known as RNA sequencing to
compare the transcriptome profiles of the cleft mucosa and the
mucosa immediately anterior to the cleft palate that is fully fused.

Several theories have been proposed to explain the develop-
ment of cleft lip and palate, such as inadequate migration and
proliferation of mesenchymal tissue due to enzymatic activity in
the amniotic fluid and an inherent metabolic myopathy of the
orbicularis oris muscle***!1, Especially, EMT plays an important
role in palatal fusion, along with various phenomena occurring in
MEE cells related to palatal fusion, such as cell apoptosis and
migration'®!, This fundamental cellular phenomenon was initi-
ally elucidated by Elizabeth Hay!®?!. EMT is a biological process
characterized by the phenotypic transformation of epithelial cells
into mesenchymal cells, accompanied by alterations in mor-
phology, cytoskeleton, adhesion, and migration capacity>®!. The
fusion of MEE cells results in the formation of MES, which ulti-
mately undergoes the process of EMT, transitioning into
mesenchymal cells. Evidence supporting this phenomenon
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Figure 5. Wnt p-catenin, Hedgehog, and TGF-p signaling pathways. Wnt p-catenin, Hedgehog, and TGF-$ signaling pathways, which are the major known
molecular pathways of murine cleft palate development, were downregulated in the posterior palatal mucosa.

includes the use of fluorescent dyes, such as Dil and CCFES, to
track MEE cells. MEE cells labeled with these dyes prior to
palatal fusion continue to exist in the mesenchyme even after
palatal fusion has occurred™®?!, Our research revealed a sta-
tistically significant attenuation of the EMT signaling pathway in
the nonfused cleft mucosa, in contrast to the fully fused anterior

mucosa. Moreover, a discernible diminishing trend was observed
in the cleft mucosa concerning the EMT-associated factors Wnt -
catenin and TGF-p compared to the control group. Interestingly,
Alvizi et al.®®! also reported that DNA methylation exhibited a
prominent elevation of the EMT pathway, ranking it as the most
significantly enriched among the top five pathways in cleft
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Figure 6. EMT assay. When Lrp6, shh, and Tfgp3 were inhibited in human keratinocytes using siRNA, only Lrp6 consistently suppressed the EMT pathway. This
suggests that in humans, the Lrp6 pathway may more directly affect the epithelial-mesenchymal transition.
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patients. Furthermore, concurrent enrichment of the Wnt/B-
catenin signaling pathway was observed in cleft patients. Our
research findings provide compelling evidence for the evolu-
tionary conserved similarities in pathways implicated in palato-
genesis, as previously studied in murine models. Furthermore, we
demonstrate the sustained maintenance of transcription factor
expression differences even after the completion of palate devel-
opment, thereby substantiating the existence of postnatal epige-
netic influences on cleft pathogenesis. Indeed, Raposio ef al.l>!
reported differences in the mitochondrial structure of the orbi-
cularis oris muscle between the cleft side and the noncleft side in
patients with unilateral cleft lip. This also provided a clue that
alterations in the cleft side tissue exist even in patients with fully
developed cleft lip, like our study. Remarkably, our study stands
out as the pioneering investigation to comparatively analyze gene
expression within the same individual, delineating spatial differ-
ences in gene expression by mucosal fusion. This unique
approach not only advances our understanding of the intricate
spatial regulation underlying palate development but also adds a
novel dimension to the field of palatogenesis research by inte-
grating intraindividual comparative analysis, thus enriching its
scientific significance.

We conducted in vitro experiments to validate the RNA
sequencing results we obtained previously. Notably, the EMT
signaling pathway exhibited the most pronounced differential
expression, and intriguingly, the top 10 differentially expressed
pathways included the Wnt B-catenin, Shh, and TGF-p3 signaling
pathways, which are recognized for their relevance to the EMT
pathway. When the Wnt f-catenin pathway is activated, Wnts
bind to the Frizzled protein on the cell membrane and LRP5/6,
resulting in the translocation of p-catenin into the nucleus, where
it becomes active!®*!. The authors used Lrpé6 to inhibit the Wnt f-
catenin signal and examine the effects of inhibiting the Shh and
TGF-p3 signals on EMT signaling. Our results revealed that shh
and TGF-B3 also had an impact on some EMT assay outcomes,
but they did not show consistent results. On the other hand, Lrp6,
which is associated with Wnt/p-catenin signaling, consistently
exhibited inhibitory effects in the EMT assay, indicating a closer
association with EMT than the other two signals. Furthermore, in
the RNA sequencing results, Wnt B-catenin signaling appeared as
one of the top three differentially expressed pathways, which is
consistent with these in vitro findings.

Our research also presents certain limitations. This study
represents the inaugural effort to explore the transcriptomic dif-
ferences between fused and unfused mucosa in patients with cleft
palate, marking a pioneering approach that has not been
undertaken previously. While there have been investigations into
various transcriptomic alterations within the MEE in experi-
mental animals, studies on human tissues are scarce, presenting a
limitation. Previous research did not gather tissue samples
directly related to MEE and actual palatal fusion, such as blood,
lip tissue, or buccal tissue>>%3¢1. Our research stands out for
utilizing mucosa from the palatal margin, a site crucially asso-
ciated with palatal fusion and MEE. Furthermore, the RNA
sequencing technique employed offers an impartial approach at
the transcriptome level, making it a suitable method for providing
evidence in groundbreaking research. To address these limita-
tions in future studies, employing RNA sequencing analysis and
protein metabolism level analysis in a broader population could
reinforce our findings.

Conclusion

Our study demonstrated differential gene expression in response
to spatial variations in the presence of mucosal tissue within the
same postnatal organism. Specifically, in our experiments inves-
tigating palatal fusion in animal models, the well-known EMT
signal was found to be suppressed in cleft mucosa. Furthermore,
the RNA sequencing data and in vitro experiments revealed an
association with Wnt/B-catenin signaling, which is linked to
EMT. This study provides evidence supporting existing findings
in the field of postnatal genetics and contributes to the under-
standing of the significance of the EMT signaling pathway in
palatal fusion in humans. Further research and animal model
development are necessary to explore additional aspects of EMT-
related palatal fusion.
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