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Proteomic analysis illustrates the potential
involvement of dysregulated ribosome-
related pathways and disrupted metabolism
during retinoic acid-induced cleft palate
development
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Shijie Tang#>*"

Abstract

Recent studies have unveiled disrupted metabolism in the progression of cleft palate (CP), a congenital anomaly
characterized by defective fusion of facial structures. Nonetheless, the precise composition of this disrupted
metabolism remains elusive, prompting us to identify these components and elucidate primary metabolic
irregularities contributing to CP pathogenesis. We established a murine CP model by retinoic acid (RA) treatment
and analyzed control and RA-treated embryonic palatal tissues by LC-MS-based proteomic approach. We identified
220 significantly upregulated and 224 significantly downregulated proteins. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that these differentially expressed
proteins (DEPs) were involved in translation, ribosome assembly, mitochondrial function, mRNA binding, as well

as key metabolic pathways like oxidative phosphorylation (OXPHOS), glycolysis/gluconeogenesis, and amino acid
biosynthesis. These findings suggest that dysregulated ribosome-related pathways and disrupted metabolism play
a critical role in CP development. Protein-protein interaction analysis using the STRING database revealed a tightly
connected network of DEPs. Furthermore, we identified the top 10 hub proteins in CP using the Cytohubba plugin
in Cytoscape. These hub proteins, including RPL8, RPS11, ALB, PA2G4, RPL23, RPS6, CCT7, EGFR, HSPD1, and RPS28,
are potentially key regulators of CP pathogenesis. In conclusion, our comprehensive proteomic analysis provides
insights into the molecular alterations associated with RA-induced CP in Kun Ming mice. These findings suggest
potential therapeutic targets and pathways to understand and prevent congenital craniofacial anomalies.

Keywords Cleft palate, Retinoic acid, Proteomic, Metabolic pathway, Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes

*Correspondence:
Shijie Tang
sjtang3@stu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-024-02054-8&domain=pdf&date_stamp=2024-11-27

Zhang et al. BMC Medical Genomics (2024) 17:280

Introduction

Cleft palate (CP) is one of the most prevalent congenital
birth defects in the craniofacial region, affecting approxi-
mately one in every thousand newborns worldwide [1, 2].
Its multifaceted origins have been reported to intertwine
with genetic background and environmental factors [3,
4], yet the comprehensive understanding of CP’s etiology
and pathogenesis remains elusive.

The formation of the secondary palate involves the
growth, horizontal elevation, and fusion of the palatal
shelves. In mice, palate specification occurs at embryonic
gestation day (E) 11.5, and palatogenesis initiates around
E12.5, with the palatal shelves emerging from the lateral
sides of the maxillary processes. From E12.5 to E13.5, the
palatal shelves grow downward vertically alongside the
tongue, then elevate to a horizontal position by E14.0.
After this elevation, the bilateral palatal shelves progress
toward the midline and fuse to form the complete palate
between E14.5 and E16.5 [5, 6].

Retinoic acid (RA), a major metabolic form of vitamin
A in the body, holds a pivotal role in organ morphology,
cell proliferation, and differentiation [7-9]. Researchers
have successfully established CP animal models with RA
[10]. Notably, studies have demonstrated that an excess
of RA can induce CP in mice [11].

Building upon this CP model, comprehensive analy-
ses of differentially expressed genes and proteins have
been undertaken through integrated omics approaches.
For example, the integration of genomic and transcrip-
tomic data identified nine genes as potential biomarkers
for CP [12], while proteomic data illustrated the correla-
tion between peroxiredoxin-1 protein and CP develop-
ment [13]. Additionally, recent studies have implicated
the involvement of abnormal metabolism in CP. For
instance, increased levels of unsaturated triglycerides
were observed in RA-induced CP [14], and modulation
of lipid metabolic defects has shown promise in rescuing
CP in Tgfbr2 mutant mice [15]. Elevated lipid concentra-
tion was also identified in dexamethasone-induced CP
[16]. Moreover, glycolysis has emerged as a key regulator
of palate development [17], and reduced carbon metabo-
lism has been associated with a high risk of CP forma-
tion [18]. Despite these advancements, the involvement
of other metabolic pathways, such as oxidative phos-
phorylation, in palatal development has been largely
unexplored.

In this study, we explored the existence of common dif-
ferentially expressed proteins (DEPs) in RA-induced CP
compared with normal control during the palatal process
growth period at E13.5, using proteomics technology-
specifically, isobaric tags for relative and absolute quan-
titation [19]. This investigation aims to provide valuable
insights for future studies elucidating the mechanisms
contributing to CP formation.
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Materials and methods

Animal and sample preparation

Eight-week-old Kun Ming mice were housed in a temper-
ature-controlled room (22-25 °C, 45% humidity) in the
Center Laboratory Animal Sciences of Shantou Univer-
sity Medical College. Female mice were paired with fer-
tile male mice overnight in a 2:1 females-to-male ratio.
The day of vaginal plug observation was designated as
EO0.5. Six inseminated females were randomly assigned to
two groups. At E10.5, the treatment group received oral
administration of RA (Sigma, MO, USA) dissolved in
sesame oil at a dosage of 70 mg/kg by gavage. For hema-
toxylin and eosin (H&E) staining, the embryos were col-
lected at E13.5, E14.5, or E15.5 and then fixed with 4%
paraformaldehyde overnight at 4 °C. Subsequently, the
fixed embryos were subjected to paraffin embedding and
sectioning, followed by H&E staining.

For proteomic analysis, pregnant female mice were
euthanized and E13.5 embryos were collected. The pala-
tal tissues were dissected by microsurgery. Palatal tis-
sues of embryos from each pregnant female were pooled
together, forming one replicate. Three pairs of control
and RA-treated replicates were frozen and stored in liq-
uid nitrogen for further analysis. All Kun Ming mice used
in this study were placed in a euthanasia chamber and
then 100% carbon dioxide gas was introduced at a flow
rate of 30—70% of the chamber volume per minute. When
there was no corneal reflex, no breathing, and no heart-
beat for more than 5 min, the mice were judged dead.
Every effort is made to minimize animal suffering.

The frozen embryonic palatal tissues were thawed
slowly at 4 °C and homogenized in 200 pL ddH,O. Subse-
quently, 240 pL of precooled methanol was added to the
samples, and they were mixed, followed by the addition
of 800 pL of methyl tert-butyl ether (MTBE). The samples
were then centrifuged at 14,000 x g and 10 °C for 15 min.
The upper organic phase was collected and dried using
nitrogen gas. For mass spectrometry (MS) resolution, 200
uL of a 90% isopropanol/acetonitrile solution was added
to the dried samples. To prepare quality control (QC)
samples, 10 pL from each sample was taken and mixed.
The supernatant was sampled and analyzed by centrifu-
gation at 14,000 xg and 10 °C for 15 min. All animal
experiments are compliant with the ARRIVE guidelines
and are carried out in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
animals (NIH Publications No. 8023, revised 1978), and
the procedures conducted in this study were approved
by the Animal Ethics Committee of Shantou University
Medical College (Approval number: SUMC2020-295).

Proteomics analysis
A total of 100 pg of proteins from each sample solution
were combined with triethylammonium bicarbonate
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(TEAB) containing 0.1% SDS, followed by incubation
with 1 pL of trypsin (40 ng/pL) at 37 °C for 4 h. A second
trypsin addition at the same ratio extended the digestion
for 8 h continuously. Each sample was digested with 1.25
pL trypsin (40 ng/pL). The resulting digestion solution
was frozen, re-dissolved with TEAB (water: TEAB=1:
1), and subjected to incubation with iTRAQ® Reagent-
8PlexMultiplex Kit (AB Sciex Inc., USA) at 25 °C. Each
labeled reagent tube received 70 pL of isopropanol, was
vortexed for 1 min, and then centrifuged to collect at
the tube’s bottom. NP-13-1, NP-13-2, and NP-13-3 were
used for the control group, while RP-13-1, RP-13-2, and
RP-13-3 were used for the RA-induced group. NP stands
for normal palate while RP stands for RA-induced palate.
The labeled samples were mixed, centrifuged at 25 °C for
2 h, and subsequently lyophilized.

Identification of DEPs

The DEPs between normal and RA-induced palatal tis-
sues were identified with the criterion of |log,FC| > 0
and P<0.05. The volcano plot was visualized using the R
package “ggplot2”. The top 20 DEPs were visualized using
heatmap, accomplished by the R package “Pheatmap”

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) database enrichment analysis
were utilized to annotate the function of DEPs [20]. This
analysis was conducted using the R packages, including

” «

“clusterProfiler’, “org.Mm.eg.db’, and “enrichplot” [21].

Western blot

Palatal tissues were lysed with RIPA lysis buffer contain-
ing protease inhibitor (P0013K, Beyotime, China), with
homogenization on ice. After centrifugation, the super-
natants were collected, and their protein concentra-
tion was determined by a BCA kit (P0012, Beyotime).
Samples containing 25 pg protein were separated by 10%
SDS-PAGE and then transferred to 0.22 pm PVDF mem-
brane (Millipore, USA). Next, the membrane was blocked
by 5% non-fat milk for 1 h at room temperature (RT),
followed by incubation with primary antibodies at 4 °C
overnight. After washing with TBST (TBS+0.1% Tween
20), the membrane was incubated with HRP-conjugated
goat anti-rabbit IgG (H+L) (1:3000, A0208, Beyotime) at
RT for 1 h. Finally, the membrane was washed with TBST
again, and the signal was visualized using an ECL kit and
documented using a Bio-Rad ChemiDoc XRS+machine.
The primary antibody information is listed as fol-
lows: anti-NU5M (1:1000, 55410-1-AP, Proteintech,
China), anti-PIGT (1:1000, 16906-1-AP, Proteintech),
anti-MGAT1 (1:1000, 15103-1-AP, Proteintech), and
anti-GAPDH (1:1000, 10494-1-AP, Proteintech). The
band intensity was quantified by Image J (NIH, USA).
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Palatal tissues from three pairs of control and RA-treated
embryos at E13.5 were assayed. Unpaired two-tailed Stu-
dent’s t-test was used to evaluate the significance.

Protein-protein Interaction (PPI) analysis

The PPI of DEPs was first analyzed in the STRING data-
base (https://cn.string-db.org/). The PPI among the top
10 hub proteins was further calculated by cytoHubba
plugins [22] in Cytoscape software (version 3.9.1).

Statistical analysis

R software (v.4.0.5, https://www.r-project.org/) was used
to perform the statistical analyses. Student’s ¢-test was
employed to analyze the significant changes of proteins
between RA-induced and control palatal tissues. Signifi-
cance levels were denoted as * for P<0.05, ~ for P<0.01,
and " for P<0.001.

Results

RA-induced CP in Kun Ming Mouse

Among the embryos exposed to RA, 18 out of 20 exhib-
ited CP phenotype, and 2 embryos died before analy-
sis. While none of the 22 embryos in the control group
showed such malformation. H&E staining revealed that
control animals demonstrated normal palatal frame
development, elevation, and fusion from E13.5 to E15.5
(Fig. 1A-C). In contrast, the RA treatment group showed
a failure in proper elevation and fusion of the palatal
frame (Fig. 1D-F).

Identification of DEPs in CP

To gain a comprehensive understanding of significantly
expressed proteins in RA-induced CP, proteins with
|log,(Fold Change)| > 0 and P value<0.05 were identified
as DEPs between the RA-treated and control groups. The
results showed that there are 220 significantly upregu-
lated proteins and 224 significantly downregulated pro-
teins (Fig. 2A and Supplemental Table 1). A heatmap was
generated to visually represent the top 20 upregulated
and top 20 downregulated DEPs (Fig. 2B). To verify the
accuracy of the proteomic results, we performed West-
ern blot assays to test the expression of a few randomly
selected DEPs associated with metabolism including
NU5M, PIGT, and MGAT1. The results confirmed the
overexpression of NU5M and PIGT and the reduced
expression of MGAT1 in RA-induced palatal tissues
compared to untreated palatal tissues (Fig. 2C and D).

Signaling pathway enrichment of DEPs in CP

To further explore the potential signaling pathways
involved in CP, we employed GO and KEGG enrich-
ment analysis with a significance filter of P<0.05. GO
Biological Process (BP) revealed enrichment in trans-
lation, including mRNA processing and regulation of
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Fig. 1 H&E staining of palatal sections of control and RA-induced embryos. A-C: Control embryonic head at E13.5, E14.5, E15.5. D-F: RA-exposed em-
bryonic head at E13.5, E14.5, E15.5. PS represents palatal shelves, and T represents togue. Control and RA-exposed PS structures are comparable at E13.5.
However, while the control PS structures fuse at E14.5 and E15.5, RA-exposed embryos exhibit CP. Scale bars: 42 um

translation. Cellular Component (CC) illustrated enrich-
ment in ribosome and mitochondrial matrix, while
Molecular Function (MF) analysis indicated enrichment
in mRNA binding, ubiquitin-like protein ligase binding,
and structural constituent of ribosome (Fig. 3A). For a
deeper insight into the key pathways of DEPs involved,
we performed the KEGG analysis, revealing enrichment
in pathways such as ribosome, oxidative phosphorylation
(OXPHOS), HIF-1, glycolysis/gluconeogenesis, and bio-
synthesis of amino acid (Fig. 3B). These findings indicate
that ribosome-related pathways are dysregulated in CP
tissues. Moreover, disruptions in metabolism may occur
within CP tissues, affecting amino acids, OXPHOS, and
glycolysis.

Identification of hub proteins in CP

To comprehensively understand PPIs in CP, we employed
the STRING database for network analysis of DEPs. As
shown in Fig. 4A, the DEPS exhibits complicated inter-
actions. To figure out the PPIs among the core DEPs, we
utilized the Cytohubba plugin in Cytoscape software,
the results revealed PPIs among the top 10 hub proteins:
Rpl8, Rpsll, Alb, Pa2g4, Rpl23, Rps6, Cct7, Egfr, Hspd1,
and RPS28 (Fig. 4B). Among these, RPS11 exhibited
the highest expression, while ALB displayed the lowest
expression in RA-induced palate (Fig. 4C).

Discussion

In this study, we conducted a comprehensive proteomic
analysis to gain insights into RA-induced CP formation
at the vertical growth period of the mouse palatal shelves.
We identified a total of 220 significantly upregulated and
224 significantly downregulated proteins in RA-induced
CP. These DEPs likely play a pivotal role in the etiology of
CP. Notably, many of these proteins are involved in cru-
cial cellular processes, including translation, ribosome
assembly, mitochondrial function, and mRNA binding.
This observation aligns with the finding of reduced mito-
chondria in dexamethasone-induced CP [23]. The dys-
regulation observed in these processes suggests that RA
exposure disrupts the normal cellular activities crucial
for proper palatal development.

The GO and KEGG enrichment analyses provide
deeper insights into the biological processes and path-
ways affected by the DEPs. The GO analysis highlights
significant enrichment in translation-related processes,
encompassing mRNA processing, and regulation of
translation. KEGG analysis also underscores the involve-
ment of the dysregulated metabolism of amino acids and
other metabolites in CP formation. This notion is sup-
ported by the finding that CP patients have abnormal
levels of plasma metabolites compared to normal sub-
jects [24]. Moreover, phosphoglucomutase 1 deficiency,
which impacts glycolysis/glycogen metabolism/protein
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Fig. 2 Identification of DEPs in RA-induced palatal tissues. (A) The volcano plot was utilized to indicate the DEPs. Red dots represent the significant
upregulated proteins, while blue dots represent the significant downregulated proteins. (B) The top 20 upregulated proteins and top 20 downregulated
proteins were visualized by heatmap. Control samples: NP-13-1, NP-13-2, NP-13-3; RA-induced palatal samples: RP-13-1, RP-13-2, RP-13-3. (C) Western blot
data show that the expression of NU5M and PIGT is upregulated, while MGAT1 expression is decreased in RA-induced palatal tissues compared to control
palatal tissues. (D) Quantification result of the Western blot data. The experiment was repeated three times independently. Unpaired two-tailed Student'’s

t-test was used to evaluate the significance

glycosylation, can also cause CP [25]. Therefore, our find-
ing hints at the likelihood that RA-induced CP entails
aberrant metabolic processes, with potential ramifica-
tions for palatal morphogenesis.

The identification of hub proteins through PPI analy-
sis is crucial for elucidating the principal regulators
within CP. Enumerating the top 10 hub proteins, includ-
ing Rpl8, Rpsll, Alb, Pa2g4, Rpl23, Rps6, Cct7, Egfr,
Hspdl, and RPS28, provides a foundational platform
for unraveling the intricate network of PPI pertinent to
CP. Among these, RPL8 and RPS28 are associated with

Diamond-Blackfan anemia, a condition featuring CP [26,
27]. CCT7 is also a candidate gene for increased CP risk
[28]. EGFR is required for normal palate closure [29]. The
function of other hub proteins in CP formation remains
to be determined.

In summary, these proteins emerge as potential focal
points in the dysregulation of cellular processes contrib-
uting to CP development. Therefore, our findings suggest
that the occurrence of CP may be attributed to disturbed
metabolic processes, potentially leading to abnormal
behaviors of embryonic palatal cells.
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