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Highlights

What are the main findings?

• Genes linked to midfacial hypoplasia have been identified in mouse models.
• MicroRNAs specific to midfacial hypoplasia have been identified in mice.

What are the implications of the main findings?

• Support the development of strategies to prevent and treat midfacial hypoplasia.
• Improve understanding of midfacial hypoplasia mechanisms.

Abstract

Midfacial hypoplasia is a developmental defect caused by insufficient growth of the nasal
placodes and maxillary prominences. While genetic studies in mice have identified key genes
involved in midfacial development, the regulation of these genes during craniofacial devel-
opment remains poorly understood. In this study, we demonstrate that microRNAs, short
non-coding RNAs, play a crucial role in regulating genes involved in midfacial development.
We identified 224 genes associated with midfacial malformations in mice. Through bioinfor-
matics analyses, we predicted that several microRNAs, specifically miR-129-5p, miR-381-3p,
miR-124-3p, miR-136-5p, miR-448-3p, miR-374, miR-96, and miR-882, could regulate the
expression of these genes. Among these, we experimentally focused on the top four candidate
microRNAs: miR-129-5p, miR-381-3p, miR-124-3p, and miR-136-5p. Our findings revealed
that the overexpression of these microRNAs inhibited cell proliferation and osteogenesis in
nasal process mesenchymal cells. These microRNAs regulated genes associated with midfa-
cial malformations in a dose-dependent manner. Taken together, our results emphasize the
significance of pathogenic microRNA–gene networks in the cause of midfacial malformations.

Keywords: microRNA; midfacial hypoplasia; bioinformatic analysis

1. Introduction
Midfacial malformations, including midfacial hypoplasia, maxillary hypoplasia, and

hypotelorism, result from underdevelopment of the midface and maxilla. The sever-
ity of midfacial hypoplasia can vary significantly in humans, leading to features such
as a concave facial appearance, bulging eyes, a depressed nose, a short philtrum, and
an underbite (class III malocclusion). This condition is often observed as a secondary
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dysmorphism associated with other craniofacial malformations, such as craniosynos-
tosis, cleft lip with or without cleft palate, and syndromes including Apert, Crouzon,
Pfeiffer, and Down syndrome [1–3]. After adolescence, individuals with midfacial hy-
poplasia often express concerns related to their aesthetic appearance, malocclusion, and
difficulties with speech, chewing, breathing, and sleep apnea. Severely affected indi-
viduals may require multiple surgical corrections, such as Le Fort I, II, or III maxillary
osteotomies, sagittal split ramus osteotomies of the mandible, orthodontic treatment for
malocclusions, and additional aesthetic surgeries as necessary [4–7]. However, clinically
determining the degree of midfacial hypoplasia considered abnormal can be challeng-
ing, as factors such as race, genetic background, gender, and body size can influence
facial shape [8,9].

Genome-wide association studies (GWAS) have identified several genetic loci that
impact typical facial morphology. Single-nucleotide polymorphisms (SNPs) at these loci
can result in variations in size and shape within the normal range [10–13]. Understanding
the genetic and developmental mechanisms behind midfacial malformations is essential
for developing effective treatments and improving patient outcomes. Advances in human
genetics have identified mutations associated with syndromic midfacial hypoplasia, includ-
ing FGFR2 mutations linked to Apert syndrome, Crouzon syndrome, and Beare–Stevenson
syndrome. In addition, mutations in FGFR3 are associated with Muenke syndrome [14],
while mutations in CDH11 are linked to Elsahy–Waters syndrome, characterized by hy-
pertelorism, maxillary hypoplasia, and brachycephaly [15]. Sweeney–Cox syndrome and
Saethre–Chotzen syndrome result from mutations in the TWIST1 gene [16,17].

Cranial neural crest (CNC) cells are key mesenchymal cells in the craniofacial region
that differentiate into various cell types, including those crucial for the development of the
frontonasal process, the medial and lateral nasal processes, and the maxillary processes [18].
The frontonasal prominence (FNP) contributes to several essential facial features, includ-
ing the forehead, nasal bridge, tip of the nose, philtrum (which is unique to humans), and
primary palate—all vital components of the facial midline [19,20]. CNC cells migrate from
the diencephalon and both anterior and posterior mesencephalon into the FNP [21]. Sonic
hedgehog signaling (SHH) is critical for the development of the frontonasal region [22];
at the onset of frontonasal development, SHH is secreted from the forebrain and stimu-
lates the expression of Shh in the frontonasal ectodermal zone (FEZ), which serves as a
key signaling center for the specification of CNC cells [22–24]. In addition, retinoic acid
signaling plays an essential role in FNP morphogenesis and patterning by regulating the
expression of Fgf8, Shh, and Bmp4 [21]. While various genetic factors related to craniofacial
anomalies have been identified through mouse and human genotype–phenotype associ-
ation studies [25–27], the specific roles of these genes in midfacial development remain
largely unclear.

Recent studies indicate that environmental factors, including maternal conditions and
chemical exposure, influence gene expression through epigenetic regulation [28]. MicroRNAs,
short non-coding RNAs, are among the epigenetic factors that play a crucial role in regulating
gene expression during embryogenesis [29]. Each miRNA can regulate multiple genes at the
same time because of its accessibility to the target mRNAs. Under such conditions, some genes
can be regulated by multiple miRNAs [30]. In this study, we test the hypothesis that several
microRNAs may function as candidate master regulatory molecules, potentially regulating
these genes spatially and temporally during midfacial morphogenesis.
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2. Materials and Methods
2.1. Search for Genes Related to Midfacial Hypoplastic Malformations in Mice

To identify genes associated with midfacial hypoplastic malformations in mice, we
conducted a collaborative search. We utilized the Mouse Genomic Informatics (MGI)
database (https://www.informatics.jax.org, accessed on 10 September 2023) with search
terms such as “midfacial hypoplasia,” “maxillary hypoplasia,” “short snout,” and “short
maxilla” to identify candidate genes. Each gene was manually assessed using relevant
literature to confirm its association with the phenotype.

2.2. Bioinformatic Analysis for Predicting miRNAs

The miRNA–target gene regulatory mechanisms were predicted using a comprehen-
sive approach that included miRTarBase [31], miRanda [32], PITA [33],
and TargetScan [34,35]. We predicted miRNAs based on the conservation of the miRNA-
specific binding sites in the 3′ untranslated region (UTR) of the genes. To assess the
significance of the overlap between miRNA targets and genes associated with mouse
midfacial hypoplastic malformations, we employed Fisher’s exact test. The Benjamini–
Hochberg procedure was used for multiple test correction, ensuring thorough analysis.
We conducted Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
(http://www.genome.jp/kegg, accessed on 1 October 2023) and Gene Ontology (GO)
enrichment analysis (http://www.geneontology.org, accessed on 1 October 2023) using
ShinyGO 0.82 (http://bioinformatics.sdstate.edu/go/, accessed on 1 October 2023). These
analyses focused on biological processes, cellular components, and molecular functions to
explore relevant biological pathways. We filtered the significantly enriched gene categories
using a false discovery rate (FDR)-adjusted p-value of less than 0.05, requiring at least
four genes to be associated with midfacial hypoplasia. The p-value was computed using a
hypergeometric test. To avoid overly general GO terms, we applied a hierarchical level 4 as
a cutoff. This comprehensive approach improved our understanding of gene regulation in
mouse malformations.

2.3. Cell Culture

The O9-1 cell line, a murine neural crest cell line (SCC049, Millipore Sigma, Burlington,
MA, USA), was maintained in embryonic stem cell medium (ES-101-B, Millipore Sigma,
Burlington, MA, USA) at 37 ◦C in a humidified atmosphere with 5% CO2.

2.4. Isolation of Primary Mesenchymal Cells from the Developing Mouse Nasal Process

The animal protocol (PRO00011979) for this study received approval from the Animal
Welfare Committee (AWC) and the Institutional Animal Care and Use Committee (IACUC)
at the University of Michigan. Mice were maintained under pathogen-free conditions,
and euthanasia was conducted using CO2 inhalation. Primary embryonic mesenchymal
cells were isolated from the nasal process (NP) of E11.5 C57BL/6J mice (000664, The
Jackson Laboratory). For each sample, tissues from two embryos were pooled. The NP
was dissected in sterile Dulbecco’s Phosphate-Buffered Saline (D-PBS) and dissociated into
single-cell suspensions using 0.25% trypsin and 0.05% EDTA for 10 min at 37 ◦C. Primary
NP mesenchymal cells were cultured in Advanced Dulbecco’s Modified Eagle’s Medium
(DMEM) (12491015, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with
10% fetal bovine serum, penicillin and streptomycin, and L-glutamine. All miRNA mimics
and inhibitors were obtained from Thermo Fisher Scientific (4464066 and 4464084).
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2.5. Cell Proliferation Assay

Primary NP mesenchymal cells and O9-1 cells were seeded on 96-well plates at a den-
sity of 5000 cells per well and treated with either a negative control mimic (4464061), miR-
129-5p mimic (MC10195), miR-381-3p mimic (MC10242), miR-124-3p mimic (MC10691), or
miR-136-5p mimic (MC12334), as well as a negative control inhibitor (4464079), miR-129-5p
inhibitor (MH10195), miR-381-3p inhibitor (MH10242), miR-124-3p inhibitor (MH10691),
or miR-136-5p inhibitor (MH12334). Cell proliferation was assessed using the Cell Count-
ing Kit 8 (Dojindo Molecular Technologies, Inc., Rockville, MD, USA) at 24, 48, or 72 h
post-treatment, with six replicates per group.

2.6. Bromodeoxyuridine (BrdU) Incorporation Assay

Primary NP mesenchymal cells were plated onto an ibidi 4-well slide at a density
of 1000 cells per well and treated with a mimic of either a negative control, miR-129-5p,
miR-381-3p, miR-124-3p, or miR-136-5p. After 72 h, the cells were incubated with BrdU
for 1 h. Incorporated BrdU was detected using a rat monoclonal antibody against BrdU
(ab6326; Abcam, Waltham, MA, USA, 1:1000). A total of nine fields, randomly selected
from three independent experiments, were used for quantifying BrdU-positive cells.

2.7. Osteogenic Differentiation

Primary NP mesenchymal cells and O9-1 cells were cultured in osteogenic differenti-
ation medium: MEM-α supplemented with 10% FBS, 100 µg/mL penicillin/streptomycin,
50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, 0.1 µM dexamethasone, and 100 ng/mL
mouse recombinant BMP2 (R&D Systems, Minneapolis, MN, USA) for 6 days. Total RNAs
were extracted on days 0, 3, and 6 of differentiation.

2.8. Immunocytochemical Analysis

Primary NP mesenchymal cells were plated onto an ibidi 4-well slide at a density of
1000 cells per well and treated with a mimic for a negative control, miR-129-5p, miR-381-3p,
miR-124-3p, or miR-136-5p. Immunocytochemical analysis was performed using a rabbit
monoclonal antibody against Ki-67 (ab16667, Abcam, 1:600), counterstained with hematoxylin.

2.9. Terminal 2′-Deoxyuridine, 5′-Triphosphate (dUTP) Nick-End Labeling (TUNEL) Staining

Primary NP mesenchymal cells were plated onto 35 mm glass-bottom dishes at a
density of 10,000 cells per dish and treated with a mimic for a negative control, miR-129-5p,
miR-381-3p, miR-124-3p, or miR-136-5p. The Click-iT Plus TUNEL Assay with Alexa 594
(C10618, Molecular Probes, Eugene, OG, USA) was used to detect apoptotic cells. A total
of 4 fields, randomly selected from 2 independent experiments, were used to quantify
TUNEL-positive cells.

2.10. Quantitative RT-PCR

Total RNA was extracted from the NP of C57BL/6J embryos at E10.5, E11.5, and E12.5,
as well as from primary NP mesenchymal cells, which were treated with either a mimic or
an inhibitor for miR-129-5p, miR-381-3p, miR-124-3p, miR-136-5p, or a negative control. Af-
ter 24 h of transfection, total RNA was extracted using the QIAshredder and the miRNeasy
Mini kit (QIAGEN, Germantown, MD, USA) following the manufacturer’s protocol (n = 6
per group). The extracted total RNAs were converted to cDNA, and gene expression was an-
alyzed by quantitative real-time PCR (qRT-PCR) using the CFX96 Touch Real-Time PCR De-
tection System (Bio-Rad, Hercules, CA, USA). The PCR primers used in this study are listed
in Supplementary Table S1. Genes that were commonly targeted by more than two miRNAs
were selected for further investigation. The gene expression was normalized to that of Gapdh.
miRNA expression was measured using TaqMan Fast Advanced Master Mix and the Taq-
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Man Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA)
or the All-in-One miRNA qRT-PCR Reagents Kits (Gene Copoeia, Rockville, MD, USA),
according to the manufacturer’s protocol. U6 was used as a housekeeping miRNA. Probes
for miR-129-5p, miR-381-3p, miR-124-3p, and miR-136-5p were purchased from Thermo
Fisher Scientific.

2.11. Statistical Analysis

Statistical analysis between the two groups was conducted using a two-tailed multiple
unpaired Student’s t-test. For multiple comparisons, a one-way analysis of variance (ANOVA)
was performed, followed by the Tukey–Kramer post hoc test. Cell proliferation assays were
analyzed using a two-way ANOVA. Proliferation assays were derived from three independent
experiments. qRT-PCR was performed in six independent experiments. The experimental
data were analyzed using Prism software version 10.6.1 (GraphPad Software). A p-value of
less than 0.05, the standard threshold for statistical significance, was considered significant.
All data are presented as mean ± standard deviation (SD) in the graphs.

3. Results
3.1. Curation and Bioinformatic Characterization of Genes Associated with Midfacial
Hypoplasia in Mice

To gather information on genes related to midfacial hypoplasia in mice, we con-
ducted a database search focusing on terms such as “midfacial hypoplasia,” “maxillary
hypoplasia,” “short snout,” and “short maxilla.” We validated our findings using the
literature, ultimately identifying 224 unique genes associated with midfacial hypopla-
sia. This total includes 44 genes linked to maxillary and midfacial hypoplasia, 153 genes
related to short snouts, short noses, and short faces, 43 genes associated with short max-
illa, 19 genes related to single nostril and proboscis, 14 genes associated with a pointed
snout, and one gene linked to bifid nose (Figure 1A and Supplementary Table S2). Sin-
gle nostril, proboscis, pointed snout, and bifid nose are not considered forms of mid-
facial hypoplasia and were therefore excluded from further bioinformatic analyses in
this study. First, we confirmed the curated genes associated with midfacial hypopla-
sia by MGI clustering (Figure 1B). We then analyzed the KEGG pathways to categorize
these genes by cellular function and pathway. Our results indicated that the genes were
enriched in several key areas, including central carbon metabolism, resistance to epider-
mal growth factor receptor (EGFR) tyrosine kinase inhibitors, microRNAs, and signaling
pathways that regulate stem cell pluripotency (Figure 1C). Subsequently, we performed
Gene Ontology (GO) analysis to identify the primary biological processes (Figure 1D),
cellular components (Figure 1E), and molecular functions (Figure 1F) associated with
these genes. In agreement with current knowledge of midfacial development [25–27],
our findings revealed that the most enriched categories for genes related to midfacial
malformations included skeletal system morphogenesis and development in the bio-
logical processes, collagen-containing extracellular matrix and chromatin in the cellu-
lar components, and DNA-binding transcription activator activity and protein domain-
specific binding in the molecular functions. Next, we assessed miRNA–target gene regu-
lation and found that the following miRNAs may potentially regulate the expression of
genes related to midfacial hypoplasia: miR-129-5p, miR-381-3p, miR-124-3p, miR-136-5p,
miR-448-3p, miR-374b-5p, miR-96-5p, and miR-882 (Table 1). Among them, we selected
miR-129-5p, miR-124-3p, miR-381-3p, and miR-136-5p based on their higher significance
levels (Figure 1G).
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Figure 1. Bioinformatic analysis of genes and miRNAs linked to midfacial hypoplasia. (A) The
schematic shows the developing frontonasal region in mice at E11.5 and E18.5, highlighting malfor-
mation types and the number of associated mouse genes. (B–F) Lollipop graphs present results for
MGI MP (B), KEGG pathway (C), and GO analyses for biological process (D), cellular component (E),
and molecular function (F). Circle size indicates the number of genes, and color reflects the −log10
False Discovery Rate (FDR), from low (blue) to high (red). (G) The network visualization integrates
genes and predicted microRNAs related to midfacial hypoplasia. Diamonds (light green) represent
predicted miRNAs, and blue circles represent associated genes.
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Table 1. Candidate miRNAs linked to midfacial hypoplasia-associated genes in mice.

Pathway Fold Enrichment Adjusted p-value Number of Genes Genes

miR-129-5p 2.03 1.32 × 104 48

Apaf1, Asph, Bmp2, Cbfb, Col2a1, Col27a1, Dlx5, Dnmt3b,
Ednra, Fgf18, Fgfr1, Fgfr3, Fos, Fuz, Gata3, Gnas, Gusb,
Hapln1, Hesx1, Hoxa3, Jag1, Kmt2a, Lpar1, Lmna, Lrig3,

Mdga2, Nek1, Nipbl, Nisch, Npr2, Opa3, Otx2, Pax6, Pax7,
Pkdcc, Pdgfra, Pds5b, Rreb1, Satb2, Serpinh1, Sh3pxd2b, Sirt1,

Slc7a7, Sos1, Sox9, Tiparp, Tnfsf11, Xylt1

miR-381-3p 1.88 4.79 × 104 49

Adamts2, Adamts6, Apaf1, Arid1a, Asph, Bcl11b, Bmp2,
Bpnt2, Cbfb, Cdc42, Col11a2, Dicer1, Dlg1, Dnmt3b, Dyrk2,
Ednra, Fgfr2, Frem1, Gas1, Gata3, Gli2, Golgb1, Gtf2i, Hesx1,

Idua, Irf6, Jag1, Kmt2a, Kras, Lmna, Mapk1, Myc, Nek1,
Nipbl, Pdgfrb, Pds5b, Phex, Prickle1, Ror2, Rspo2, Serpinh1,
Sh3pxd2b, Sirt1, Slc35d1, Sos1, Sox9, Tiparp, Trps1, Wnt5a

miR-124-3p 2.01 5.54 × 104 40

Acan, Adamts6, Alkbh1, Alx1, Apaf1, Arid5b, Cbfb, Chuk,
Dlx5, Ednra, Foxc1, Frem1, Gas1, Golgb1, Gphb5, Gtf2i,

Gtf2ird1, Gusb, Hbs1l, Hic1, Jag1, Lmna, Nipbl, Opa3, Otx2,
Pfas, Phex, Raf1, Rit1, Ror2, Rreb1, Rspo2, Slc35d1, Sos1,

Sox9, Srsf3, Tnfsf11, Trps1, Vdr, Wwp2

miR-136-5p 2.02 5.54 × 104 40

Adamts6, Arid5b, Asph, Bmp2, Bpnt2, Cbfb, Cdc42, Chst11,
Col27a1, Fam20c, Gli2, Gnas, Golgb1, Gtf2ird1, Lpar1, Mapk1,
Mdga2, Nipbl, Nisch, Opa3, Pdgfra, Pds5b, Pfas, Phex, Pkdcc,
Prdm16, Prickle1, Rreb1, Rspo2, Serpinh1, Sos1, Sox9, Sox11,

Srsf3, Tmem107, Tnfrsf11a, Trpm6, Trps1, Vdr, Wwp2

miR-448-3p 1.99 5.77 × 104 39

Apaf1, Arid5b, Arsb, Asph, Bcl2, Bmp2, Bmp5, Bpnt2, Cbfb,
Fbln5, Fos, Foxo1, Frem1, Gas1, Gphb5, Hapln1, Irf6, Kmt2a,

Kras, Mapk1, Mbtps1, Mmp2, Nipbl, Otx2, Pax6, Pkdcc,
Prdm16, Rai1, Spry2, Ryk, Sirt1, Slc35d1, Sos1, Sox11,

Tmem107, Tnfrsf11a, Tnfsf11, Wdr19, Wiz

miR-374 1.77 5.77 × 104 51

Acan, Adamts6, Alx1, Arid1a, Arsb, Asph, Bcl2, Bmp2, Bmp5,
Bpnt2, Cbfb, Col11a2, Col27a1, Dlg1, Ednra, Fgfr2, Foxc1,

Foxo1, Frem1, Gata3, Hapln1, Hbs1l, Hoxa3, Irf6, Itgb1bp1, Jag1,
Lpar1, Ltbp1, Mia3, Msx1, Nek1, Nipbl, Nisch, Otx2, Pax6,

Pdgfra, Pds5b, Pfas, Rai1, Rreb1, Rspo2, Sirt1, Slc35d1, Sos1,
Sox9, Tmem107, Tnfrsf11a, Tnfsf11, Trip11, Trps1, Wnt5a

miR-96 2.13 9.84 × 104 32

Adamts2, Adamts6, Apaf1, Bpnt2, Col11a2, Col27a1, Ednra,
Foxc1, Foxo1, Frem1, Gli2, Gnas, Hbs1l, Irf6, Itgb1bp1, Jag1,
Kmt2a, Kras, Lrp2, Nipbl, Pax6, Pax7, Pds5b, Pkdcc, Prdm16,

Prkar1a, Rspo2, Ryk, Sh3pxd2b, Stk11, Tnfrsf11a, Trpv4

3.2. The Overexpression of miR-124-3p, miR-129-5p, miR-136-5p, and miR-381-3p Inhibits Cell
Proliferation in Mesenchymal Cells Derived from the Developing Nasal Process Region

To evaluate the functional significance of these candidate miRNAs in cell proliferation,
we conducted cell proliferation assays using specific mimics for each miRNA in primary
NP mesenchymal cells and O9-1 cells. The overexpression of miR-129-5p, miR-124-3p,
miR-381-3p, and miR-136-5p significantly reduced cell proliferation (Figures 2A and S1A).
In contrast, we found that none of the inhibitors targeting these miRNAs affected cell
proliferation (Figures 2B and S1B). In addition, we confirmed these results using BrdU
incorporation assays (Figure 2C,D) and Ki-67 immunocytochemical analyses (Figure 2E,F)
to assess cell proliferation in primary NP mesenchymal cells. Consistent with our cell
proliferation assay results, the numbers of BrdU- and Ki-67-positive cells were significantly
lower in the miRNA mimic-treated groups than in the negative controls. Importantly, we
observed no difference in the number of TUNEL-positive cells between the miRNA mimic
and control groups (Figure 2G). Taken together, these results suggest that the reduced
growth of the NP is primarily due to decreased cell proliferation. Notably, except for
miR-381-3p, the expression levels of the other miRNAs were relatively low compared to the
expression of housekeeping miRNAs in developing NP tissues (Figure 2H). This suggests
that inhibiting these miRNAs would not affect cell proliferation, whereas their upregulation
under certain pathological conditions would inhibit cell proliferation (Figure 2F).
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Figure 2. Effects of mimics and inhibitors of candidate miRNAs on cell proliferation and cell death in
primary cells derived from the developing nasal process. (A,B) Cell growth was measured in NP
mesenchymal cells treated with each miRNA mimic (A) and inhibitor (B). (C) BrdU incorporation
assays in NP mesenchymal cells after treatment with each miRNA mimic. Scale bars represent 50 µm.
(D) Quantification of the BrdU incorporation assays. n = 10 images per group. (E) Immunocytochem-
istry for Ki-67 in NP mesenchymal cells treated with each miRNA mimic. Scale bars represent 50 µm.
(F) Quantification of Ki-67 immunocytochemistry. n = 10 images per group. (G) TUNEL assays in
primary NP mesenchymal cells treated with each miRNA mimic or a positive control. DAPI was
used to stain nuclei. Scale bars represent 50 µm. (H) Relative levels of the indicated miRNAs in the
developing NP region in C57BL/6J mice at E10.5 (light blue), E11.5 (pink), and E12.5 (light green).
U6 was used as a control for normalization. Six samples from different litters were analyzed. ns–not
significant. *** p < 0.001. * p < 0.05.
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Next, we analyzed whether and how these miRNA mimics and inhibitors affect
osteogenesis by measuring osteogenic markers, including Runx2, Col1a1, Bglap, Sp7, Sparc,
and Spp1 in primary NP mesenchymal cells isolated from E11.5 mouse embryos and
O9-1 cells (Figure 3 and Supplementary Figures S2 and S3). We first confirmed that
all the osteogenic genes were elevated at Day 3 (corresponding to E14.5) and/or Day
6 (corresponding to E17.5) compared to Day 0 in cells treated with a negative control
(Supplementary Figure S2). Interestingly, osteogenic genes crucial at the initial stage of
osteogenesis, Runx2 and Col1a1, were drastically suppressed at Day 3 in cells treated with
mimics of miR-129-5p, miR-124-3p, miR-381-3p, or miR-136-5p. In contrast, Sp7 expression,
crucial for osteoblast maturation, was suppressed only at Day 6 in these cells (Figure 3,
left panels). On the other hand, treatments with miRNA inhibitors for either miR-129-5p,
miR-124-3p, miR-381-3p, or miR-136-5p upregulated all the osteogenic genes in primary
NP mesenchymal cells at Day 6 (Figure 3, right panels). These changes in gene expression
were conserved in O9-1 cells (Supplementary Materials Figure S3). These results indicate
that the modulation of miRNAs associated with midfacial hypoplasia can alter osteogenesis
in primary NP mesenchymal cells and O9-1 cells. Taken together, midfacial hypoplasia
may result from a combination of reduced cell proliferation and impaired osteogenic
differentiation during midfacial growth and bone formation.

3.3. The Overexpression of miR-124-3p, miR-129-5p, miR-136-5p, and miR-381-3p Downregulates
Genes Associated with Midfacial Hypoplasia in NP Mesenchymal Cells

To validate the predicted miRNA regulation of gene expression, we analyzed expres-
sion levels of genes related to midfacial hypoplasia in primary NP mesenchymal cells
treated with specific miRNA mimics. We found that these mimics significantly down-
regulated the expression of several target genes. For miR-129-5p, the downregulated
genes included Asph, Bmp2, Col27a1, Dnmt3b, Gnas, Gusb, Hesx1, Kmt2a, Lmna, Lpar1,
Mdga2, Nek1, Nipbl, Nisch, Otx2, Pdgfra, Pds5b, Pkdcc, Rreb1, Sh3pxd2b, Sirt, Sos1, Sox9,
and Tnfs11 (Figure 4A). For miR-381-3p, the affected genes included Apaf1, Asph, Bmp2,
Cbfb, Ednra, Gli2, Colgb1, Hesx1, Kmt2a, Lmna, Nipbl, Pds5b, Serpinh1, Sh3pxd2b, Sirt1, Sos1,
Sox9, and Tiparp (Figure 4B). In the case of miR-124-3p, the downregulated genes were
Adamts6, Arid5b, Cbfb, Dlx5, Ednra, Gas1, Gft2ird1, Jag1, Nipbl, Opa3, Otx2, Rreb1, Rspo2,
Slc35d1, Sos1, Sox9, Tnfsf11, Vdr, and Wwp2 (Figure 4C). Lastly, for miR-136-5p, the relevant
genes included Adamts6, Arid5b, Asph, Bmp2, Bpnt2, Col27a1, Gtf2ird1, Lpar1, Mdga2, Pdgfra,
Pkdcc, Prickle1, Rreb1, Serpinh1, Sox9, Srsf3, Trps1, Vdr, and Wwp2 (Figure 4D). To evaluate
the dose-dependent effects of miRNAs on gene expression, we analyzed the expression of
target genes in cells treated with specific miRNA inhibitors. The expression of candidate
genes was upregulated by these miRNA inhibitors (Figure 5). We found that these in-
hibitors significantly upregulated genes downregulated by the mimics. For miR-129-5p, the
upregulated genes included Apaf1, Asph, Col27a1, Dnmt3b, Ednra, Gnas, Gusb, Hesx1, Kmt2a,
Lmna, Lpar1, Mdga2, Nek1, Nipbl, Otx2, Pdgfra, Pkdcc, Rreb1, Sirt, Sos1, Sox9, and Tnfs11
(Figure 5A). For miR-381-3p, the affected genes included Apaf1, Asph, Bmp2, Cbfb, Ednra,
Gli2, Colgb1, Hesx1, Kmt2a, Lmna, Nipbl, Pds5b, Serpinh1, Sh3pxd2b, Sirt1, Sox9, and Tiparp
(Figure 5B). In the case of miR-124-3p, the upregulated genes were Adamts6, Arid5b, Cbfb,
Dlx5, Ednra, Gas1, Golgb1, Gtf2ird1, Jag1, Nipbl, Otx2, Pfas, Rreb1, Rspo2, Slc35d1, Sos1, Sox9,
Vdr, and Wwp2 (Figure 5C). Lastly, for miR-136-5p, the relevant genes included Adamts6,
Arid5b, Asph, Bmp2, Bpnt2, Col27a1, Gtf2ird1, Lpar1, Mdga2, Pdgfra, Pkdcc, Prickle1, Rreb1,
Serpinh1, Sox9, Srsf3, Trps1, Vdr, and Wwp2 (Figure 5D). Among the target genes, Sox9 was
a common target of all four miRNAs, while Bmp2, Nipbl, Rreb1, and Sos1 were common
targets of three of the miRNAs.
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Figure 3. Effect of each candidate miRNA mimic or inhibitor on osteogenic gene expression dur-
ing osteogenic differentiation in primary NP mesenchymal cells. (A–D) Quantitative RT-PCR for
osteogenic genes in primary NP mesenchymal cells treated with a mimic (left panels) or an inhibitor
(right panels) for either miR-129-5p (A), miR-381-3p (B), miR-124-3p (C), or miR-136-5p (D) at Day 0
(blue bars), Day 3 (yellow bars), and Day 6 (red bars). * p < 0.05, ** p < 0.01, and *** p < 0.001. Each
group was compared to Day 0.
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Figure 4. Effects of individual miRNA mimics on predicted target gene expression. (A–D) Quantita-
tive RT-PCR measured target gene expression in NP cells following treatment with miR-129-5p (A),
miR-381-3p (B), miR-124-3p (C), and miR-136-5p (D) for 24 h. * p < 0.05, ** p < 0.01, and *** p < 0.001.
Each treatment group was compared to the negative control.
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Figure 5. Effects of individual miRNA inhibitors on predicted target gene expression. (A–D) Quanti-
tative RT-PCR measured target gene expression in NP cells following treatment with miR-129-5p (A),
miR-381-3p (B), miR-124-3p (C), and miR-136-5p (D) for 24 h. * p < 0.05, ** p < 0.01, and *** p < 0.001.
Each treatment group was compared to the negative control.
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4. Discussion
The causes of midfacial hypoplasia are diverse, including CNC-derived cell migration,

proliferation, and apoptosis, as well as secondary effects on brain or calvarial development.
Indeed, the majority of mouse models identified through the MGI search exhibit additional
craniofacial anomalies, including craniosynostosis, midline clefts, cleft lip and/or cleft
palate, and micrognathia, as well as short limbs. Similarly, in humans, craniosynostosis
and cleft lip with or without cleft palate are strongly associated with midfacial hypoplasia,
indicating that the midfacial anomaly may be a systemic issue rather than isolated dysmor-
phology in mice. We have recently reported genes and miRNAs associated with midline
facial cleft [36], frontonasal malformations (frontonasal hypoplasia, frontonasal dysplasia,
and hypotelorism) [37], and hypertelorism [38] in mice. In addition, several miRNAs can be
induced by all-trans retinoic acid, which induces craniofacial malformations in humans and
mice in cultured cells [39]. In this study, we aim to identify potential miRNA–gene regula-
tory candidates involved in midfacial hypoplasia (also known as nasal process hypoplasia)
in mice. We identified four candidate miRNAs: miR-129-5p, miR-381-3p, miR-124-3p, and
miR-136-5p through bioinformatic analyses. The regulation of miRNA–gene interactions
is complex and varies across cell or tissue types and organ conditions, such as embryonic
development. Furthermore, each gene may be regulated by multiple miRNAs, and con-
versely, one miRNA can target multiple genes. It is possible that some miRNA–target genes
were neither suppressed by mimics nor upregulated by inhibitors due to reasons such as
those genes not being expressed in the NP mesenchyme at E10.5, unsuitable predicted
miRNA-binding sequences at the 3’ UTR, or strong effects from other competing miRNAs
that also bind and regulate the gene.

miR-129-5p has been shown to inhibit cell proliferation and migration by target-
ing DNMT3A in glioma [40] and CAMK4 and PAK5 in hepatocellular carcinoma [41,42].
Midfacial development is influenced not only by the mesenchymal cell mass but also by
the process of bone formation. Several target genes, including Bmp2, Asph, Col27a1, and
Dnmt3b, are associated with osteogenesis and regulated by miR-129-5p. For example,
knockdown of the aspartyl/asparaginyl beta-hydroxylase (Asph), which plays a role in
calcium homeostasis, suppresses osteogenic differentiation and mineralization in mouse
bone marrow stem cells (BMSCs) [43]. Col27a1, which encodes type XXVII collagen, plays a
role in calcification of the hypertrophic zone during endochondral ossification [44]. The
expression of Dnmt3b, a catalytic methyltransferase that accelerates chondrogenesis and the
maturation of hypertrophic chondrocytes during bone fracture repair in mice [45] as well as
in embryonic endochondral ossification [46], is also correlated with the osteogenic potential
in mesenchymal stem cells [47]. Overexpression of miR-129-5p downregulates BMP2, a key
gene involved in osteogenic differentiation [48]. Similarly, in a diabetes mellitus rat model,
high levels of exosomes containing miR-129-5p have been observed in mandibular BMSCs,
which suppress Fzd4 expression, a receptor for the WNT/β-catenin signaling pathway,
thereby inhibiting osteogenic differentiation [49]. Interestingly, miR-129-5p expression
in BMSCs under osteogenic induction is significantly upregulated around 10 days after
induction [50]. In addition, grooved porous hydroxyapatite (HAG) promotes osteogenic
differentiation in rat BMSCs and MC3T3-E1 cells by inducing miR-129-5p expression. Treat-
ment with miR-129-5p in these cells enhances cell migration and osteogenic differentiation
but does not affect proliferation, as it suppresses Pkia expression, thereby increasing PKA
activity [51]. Treatment with an miR-129-5p mimic in mouse BMSCs promotes proliferation,
osteogenic differentiation, and mineralization by suppressing Dkk3, an inhibitor of the
WNT/β-catenin signaling pathway [50]. Thus, the upregulation of miR-129-5p may inhibit
not only mesenchymal cell proliferation but also osteogenesis.
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MiR-381-3p, identified as a tumor suppressor in various cancer types, inhibits epithelial–
mesenchymal transition and cell proliferation, survival, and migration; it is also involved in
osteogenesis [52–54]. Treatment with miR-381-3p agomir on BMSCs isolated from the femurs
of ovariectomy (OVX)-induced osteoporosis rat models inhibits the expression of osteogenic
differentiation marker genes, such as Runx2, Alp, and Col1a1, as well as mineralization, which
may contribute to the pathology of OVX-induced osteoporosis through modulation of the
KLF5/WNT/β-catenin signaling pathway [55]. Another study showed that osteogenesis
suppression in human BMSCs can be achieved by inhibiting FGF7 expression [56]. Similar to
miR-129-5p, the target genes of miR-381-3p include important osteogenesis factors, such as
Bmp2 and Gli2, which are crucial for embryonic skeletogenesis [57,58].

miR-136-5p, like miR-129-5p and miR-381-3p, exhibits tumor-suppressive effects in
various cancers by being sponged by circRNA and lncRNA. Its expression is also involved
in susceptibility and resistance to chemotherapy [59]. However, there is limited knowledge
about its other effects, such as on cell migration, osteogenesis, and cell fate determination.

Our previous studies on orofacial clefts show that miR-124-3p plays a role in cleft lip,
cleft palate, and midline facial clefts in humans and mice by suppressing proliferation of
CNC-derived mesenchymal cells [60,61]. Thus, miR-124-3p may play a role not only in
midfacial hypoplasia but also in various craniofacial anomalies.

In this study, we show that all four miRNA mimics suppress Sox9, suggesting that
exogenous expression of these miRNAs may indirectly inhibit chondrogenesis while pro-
moting osteogenic differentiation in the frontonasal region. Sox9 is a transcription factor
that regulates skeletogenesis, particularly chondrogenesis and osteogenesis. In the cranio-
facial region, Sox9 is expressed as early as E8.5 in the dorsal hindbrain neural tube, serving
as a source of CNC. By E9.5, Sox9 is detected in the CNC-derived mesenchymal cells in the
frontonasal prominence and the first and second branchial arches, where it contributes to
the development of most craniofacial structures. In studies using a CNC-derived mesenchy-
mal cell-specific conditional knockout mouse model (Wnt1-Cre;Sox9F/F), the migration of
CNC-derived mesenchymal cells to various craniofacial prominences was not affected, nor
was cell death induced in the knockout embryos at E13.5 [62]. Interestingly, osteogenic
differentiation marker genes, such as Runx2, Col1a1, and Osx, are broadly expressed in the
nasal area of the knockout embryos at E15.5.

In contrast, the nasal cartilages are well-developed in the wild-type embryos [63].
Previous studies have shown that the CNC-derived mesenchyme in the branchial arches
and frontonasal prominence co-expresses Col2a1, a key molecule for chondrogenesis after
E9.5 [64]. Thus, Sox9 is regarded as a master transcription factor for Col2a1 expression
and the initiation of chondrogenic differentiation. The phenotype observed in Col2a1-
Cre;Sox9F/F mutant mice indicates that they almost lack cartilage entirely [65]. These
findings suggest that the fate of chondrocytes in Wnt1-Cre;Sox9F/F mice may be misdirected
toward osteoblasts before the development of nasal cartilage begins. Thus, Sox9 targeted by
the identified miRNAs could hinder the longitudinal growth of the front-maxillary region.

5. Conclusions
We identified candidate upstream miRNAs associated with genes implicated in midfacial

hypoplasia in mice. These identified miRNAs could serve as potential epigenetic inducers of
non-genetic midfacial hypoplasia. Further investigation of human genetic studies is essential
to understand the environmental factors associated with facial dysmorphology and variations
in facial morphology across different geographic and racial backgrounds.
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ANOVA A one-way analysis of variance
CNC Cranial neural crest
DMEM Dulbecco’s Modified Eagle’s Medium
D-PBS Dulbecco’s Phosphate-Buffered Saline
FDR False discovery rate
FEZ Frontonasal ectodermal zone
FNP Frontonasal prominence
GO Gene Ontology
GWAS Genome-wide association studies
KEGG Kyoto Encyclopedia of Genes and Genomes
MGI Mouse Genomic Informatics
miRNA microRNA
NP Nasal process
SHH Sonic hedgehog
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UTR Untranslated region
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