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 ABSTRACT 

The cleft lip and/or palate (CLP) is one of the congenital birth defects which has 

complex etiology. In order to accomplish the palatogenesis, precise temporospatial 

cellular and molecular regulation are essential and failure of either step could result 

in cleft palate. The mechanism of posterior palatogenesis is relatively well studied, 

however, the mechanism of anterior palatogenesis is largely elusive. Past study 

reported that Runx1 loss mouse exhibited an anterior cleft palate. Runx1 is one of 

Runx gene family which work redundant and cooperative in several tissues. Cbfb is 

cofactor enhances their DNA-binding capacity and required for Runx dependent 

transcriptional regulation. To reveal Runx1 related cleft etiology and possible 

redundancy between Runx genes, we used Runx1 deficient mouse and Cbfb 

deficient mouse. In this study, both of epithelial-specific Runx1 and Cbfb knock out 

mice demonstrated an anterior cleft with the persistent epithelial layer that disturbs 

the epithelial disintegration with mesenchymal confluence. Runx1/Cbfb deficiency 

resulted in anterior region specific downregulation of Tgfb3 claimed Runx1/Cbfb-

Tgfb3 pathway is region specific. The similarity between Runx1 and Cbfb loss mouse 

phenotypes indicated that Runx1 is the major gene in Runx1/Cbfb signaling 

regulating anterior palatogenesis. Furthermore, Stat3 phosphorylation was 

substantially disturbed at cleft regions in Runx1/Cbfb mutants. Pharmacological 

treatment of Stat3 inhibitor on wild-type palates demonstrated an anterior cleft with 

marked downregulation of Tgfb3. Altogether in this study, we identified Runx1/Cbfb-

Jak/Stat-Tgfb3 as anterior palate specific novel gene network that is critical for 

anterior palate fusion via regulating apoptosis and proliferation functions in fusing 

epithelium. 
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INTRODUCTION 

 

Craniofacial development requires the coordinated accumulation of signals from the 

endoderm, mesoderm, ectoderm, neuroectoderm and neural crest cells. On the 

grounds of this complexity, craniofacial deficiencies are causes of several birth 

defects and lethality in the embryonic stage. The facial processes do not express the 

classical Hox genes which in other regions of the body determine patterning. Several 

growth factors, such as Shh, Fgf8, Tgfb, and Bmp4 or retinoic acid signaling control 

the growth and patterning of the face through epithelial-mesenchymal signaling 

interactions 1. 

Development of head in mammals starts with five facial prominences formation. 

These prominences are the frontonasal prominence at the rostral side, two maxillary 

prominences at two lateral side and two mandibular prominences at caudal side. The 

frontonasal prominence is divided two parts by the formation of nasal pits. As 

development proceeds, these two parts; medial and lateral nasal processes and the 

maxillary prominences form the palate tissue, respectively 2. 

Two maxillary prominences form the posterior part of the palate 3. Anterior part of 

palate is formed by the medial nasal process and two maxillary prominences 2. The 

posterior part of the palate as known as the secondary palate formation incorporates 

outgrowth, which initially grows vertically and subsequently reorients to grow 

horizontally above the dorsum of the tongue in a palatal shelf elevation process. 

After continued horizontal growth two palatal shelves meet at midline. Following the 

contact of palatal shelves, the fusion occurs with formation of the epithelial seam 

which disintegrates later to ensure mesenchymal continuity. This complex fusion 
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process begins from secondary palate middle region continues through anterior and 

posterior directions. Furthermore, anterior edge of secondary palate fuses with the 

primary palate and an anterodorsal edge of secondary palate fuses with nasal 

septum simultaneously 4. During fusion process, the epithelium between the 

secondary palatal shelves, named as midline epithelial seam (MES) must be 

disintegrated to ensure mesenchymal continuity. Recent studies have disclosed the 

mechanisms of fusing epithelium disintegration with some aspects remaining 

controversial 5. Cell death is proposed mechanism for epithelium disintegration from 

several studies that show TUNEL positive and caspase3 positive cells in MES 6-8. In 

addition to this, excessive proliferation activity at fusing epithelium leads to the 

persistent epithelium and further resulted in fusion failure 9. Moreover, there is 

periderm layer which is formed by flattened epithelial layer on fusing epithelial seam. 

Periderm acts as a barrier to prevent premature adhesions during embryogenesis 10. 

Formation and removal of periderm determine the palate fusion fate 11. In mice 

palatogenesis, palate processes first detectable by embryonic day 11.5 and 

complete by E17 after fusion of palate processes. Disruption of any of these 

processes in this interval can be concluded with cleft palate. Cleft lip and palate 

(CLP) is the very frequent congenital birth defect which can be classified as 

syndromic and non-syndromic based on the existence of additional birth defects 12, 

13. Syndromic CLP etiology incorporates chromosomal aberrations. On the other 

hand, non-syndromic CLP etiology is related with the complex interaction between 

genetic and environmental factors 13.  

Palatogenesis is regulated by an extensive and several molecular pathways. Some 

of them; Shh, Tgfb3, Shox2, Msx1, Bmp4, Pax9 and Fgf10 have been intensely 

investigated 14-17. These investigations implicated that several genes demonstrated 
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different expression patterns in region-specific manner 4. Such heterogeneity of 

expressions seems to be related to the regional difference at palate formation. 

Based upon complex development process there are many studies using mouse 

models that have a cleft phenotype. Conditional inactivation of Shh in the epithelium 

leads to a cleft palate phenotype, suggesting the critical role of Shh in palate 

development 18. Conversely, the Shh-expressing transgenic mouse had 

demonstrated a complete cleft resulted from lack of apoptosis in fusing epithelium 14. 

Tgfb3 null mouse exhibited cleft due to the requirement of Tgfb3 for fusion of palatal 

shelves through leading MES to disintegration via periderm layer removal, apoptosis 

regulation 19-21. Strikingly, TGFβ3 exogenous addition in an in vitro culture system 

could rescue the Tgfb3 null mouse cleft 20, 21. In human, reports showed TGFβ3 gene 

variants associated with increased risk of non-syndromic CLP 22-24. These studies 

predominantly investigated the etiology lies under secondary palate cleft which is 

placed at the posterior region. Conversely, there are not many anterior region cleft 

mouse model which might the reason of inadequate information about anterior palate 

fusion mechanism. Few mouse models have been investigated as anterior 

palatogenesis related genes. The Msx1-BMP4 transgenic mouse has demonstrated 

anterior cleft 25. Shox2–/– mice developed a rare type of cleft that is restrained to the 

anterior palate region 16. We previously reported the same type of cleft limited at 

anterior area using Runx1 conditionally rescued mouse 26. 

Runx1 is a member of Runx family genes which work as transcription factors 27. 

Runx family genes play crucial roles at embryogenesis with Runx1 being need of 

hematopoiesis, Runx2 being need of osteogenesis, Runx3 being need of 

neurogenesis. Strikingly, recent studies have spotted on their roles at the adult stage 

such as cancer formation by regulating critical cellular mechanisms 28-30. Runx family 
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genes make a heterodimer complex with Core binding factor beta (Cbfb) which is a 

co-transcription factor enhancing their DNA-binding capacity 31. Cbfb is required for 

Runx related transcriptional regulation. There is only one β subunit which is Cbfb 

while the α subunit is encoded by three genes: Runx1, Runx2, and Runx3. Runx 

genes all require Cbfb for their function 32. Due to this relation, several studies have 

shown the phenotypic similarity between Cbfb mutants and Runx genes mutants. 

Since Runx family genes expression patterns overlap in several tissues, functional 

redundancy and cooperation between Runxs have been studied intensively 33-35.  

Previous studies have shown Runx/Cbfb signaling genes cooperative functions and 

significant roles in morphogenesis of various tissues 36, 37. During lacrimal gland (LG) 

morphogenesis Runx factors are needed for their roles in growth and branching. LG 

treated with combined Runx1, Runx2, and Runx3 siRNAs showed greatly reduced 

branching and irregular bud shape. Thus, Runx1, Runx2, and Runx3 are partially 

redundant in LG morphogenesis 38. Epithelial Cbfb loss leads to the decrease in the 

size of the submandibular gland (SMG) and in the saliva secretion 39. Moreover, 

Runx1 mutant mouse demonstrated similar submandibular gland phenotype 37. 

Runx2 deficiency resulted in the misshapen and severely hypoplastic tooth. During 

tooth formation, Runx2 regulates the molecule expressions to control growth and 

differentiation 40. Other than involvement in morphogenesis stage, Runx/Cbfb 

signaling involvement in stem cells has been implied in the incisor stem cells. Cbfb 

modulates ameloblast differentiation and maintenance of stem cells during tooth 

formation 36. Hair follicle (HF) development is another topic of Runx genes stem cell 

involvement. Runx2 null mice exhibit a significant delay in HF development and a 

noticeable decrease in epidermal and overall skin thickness 41. Runx1 epithelial loss 

leads to impaired HF morphogenesis. Runx1 role at HF development incorporates 
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regulation of the epithelial-mesenchymal crosstalk, differentiation, and proliferation 

42. Both of morphogenesis and stem cell studies claimed Runx/Cbfb signaling 

regulation of various signaling molecules and critical cellular functions. About palate 

morphogenesis, the previous study used Runx1 conditionally rescued mouse 

demonstrated anterior specific cleft 26. However, detailed cellular mechanism and 

molecular mechanism of Runx1 related cleft pathogenesis were not identified.  

In human, RUNX1 mutations were reported with acute myeloid leukemia 43. RUNX1 

microdeletion involved Braddock-Carey syndrome patients reported with congenital 

thrombocytopenia, broad nasal root, thick everted vermilion of the lower lip with an 

inverted U-shaped vermilion of the upper lip, and lack of facial expression with 

enamel hypoplasia and cleft palate 44. CBFB gene is localized to 16q22.1 in human 

45. The case report of a patient with a 16q22 deletion presented a large fontanelle of 

the skull, midface hypoplasia, prominent earlobes, short columella, medial eyebrow 

flare, broad nasal tip, bifid uvula and cleft palate 46. Moreover CBFB 

haploinsufficiency in human reported with delayed cranial ossification, congenital 

heart anomalies, hypertelorism, midface hypoplasia, micrognathia, delayed skull 

ossification and cleft palate 47. Despite many reports claimed Runx/Cbfb signaling 

involvement in palatogenesis, roles of Runx1 or Runx/Cbfb signaling during palate 

formation and either redundancy or cooperativity existence between Runx genes 

was not elucidated yet.  

The Janus kinase-signal transducer and activator of transcription (JAK-STAT) 

signaling pathway is activated in response to cytokines, hormones and growth 

factors 48. This large cascade transduces multitude signals during development by 

regulating critical cellular mechanisms; cell proliferation, differentiation, cell 

migration, and apoptosis. In mammals, there are four members of JAK family; JAK1 
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(Jakus Kinase 1), JAK2, JAK3, and Tyk2 (Tyrosine kinase). JAK activation is 

required for phosphorylation of STATs (Signal transducer and activator of 

transcription). STATs are latent transcription factors placed in the cytoplasm until 

activated. Subsequently activated JAKs phosphorylate STATs. Phosphorylated 

STATs enter the nucleus and then they bind to specific regulatory sequences in 

order to activate or repress target genes. Recent studies have shown STATs role in 

development and homeostasis of several tissues 49-51. Among the Stat proteins, 

STAT3 plays most diverse and crucial roles in a variety of physiological functions 

including growth, anti-apoptosis, apoptosis and cell motility conditional upon the cell 

type and stimulus 52, 53. Physiological functions of Stat3 has been intensely 

investigated in both of cancer formation and hair cycle processes 49, 54. During 

epithelial cancer formation, Runx1-Stat3 activation is needed for regulating 

proliferation and cancer growth 55. Runx1-Stat3 axis also implied in hair cycle 

regulation 42. However, there is no study about Runx1-Stat3 regulation at 

palatogenesis. 

To address these issues we used two different mice carrying conditional knock out of 

Runx1 and Cbfb genetic background. These two mice exhibit anterior specific 

clefting between primary and secondary palate. Before the fusion between primary 

and secondary palates, size similarity of palate processes between control and 

Runx1/Cbfb signaling deficient mice claimed fusion process as etiology of the cleft. 

Fusion region epithelium of Runx1/Cbfb signaling loss mouse demonstrated 

persistent proliferation with decreased cell death. Moreover, Runx1/Cbfb signaling 

loss related anterior region-specific Tgfb3 expression downregulation and decreased 

Stat3 activation were found as responsible molecular deviations of anterior cleft 

pathogenesis. 
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MATERIALS AND METHODS 

 

1. Animals 

Runx1−/− mice are lethal due to hemorrhage at about E12.5 when the palatal 

development is not yet initiated 26. To find out the role of Runx1 in oral epithelium, we 

use epithelial specific knock out mouse created through Cre/loxP system (K14-

Cre/Runx1fl/fl). C57BL/6J mice picked as the genetic background in this study. 

Besides this, to uncover other Runx genes role at palate formation we used epithelial 

specific Cbfb knock out mouse(K14-Cre/Cbfbfl/fl). Cbfb homozygous null mutant 

embryos exhibit hemorrhaging at central nervous system, impaired definitive 

hematopoiesis, and lethal around E12.5 56. 

To generate K14-Cre/Runx1fl/fl mice, we first mated heterozygous K14-Cre mice and 

Runx1fl/fl mice to obtain K14-Cre/Runx1fl/+ mice. These progenies were 

subsequently bred with Runx1fl/fl mice. K14-Cre/Cbfbfl/fl mouse was also generated 

with the same way. Genomic DNA was isolated from each tail sample using 50 µM 

NaOH, Tris HCl. Genotyping was performed by the conventional polymerase chain 

reaction (PCR) method using each primer set to detect Cre (5’ 

CTCTGGTGTAGCTGATGATC 3’ and 5’ TAATCGCCATCTTCCAGCAG 3’) and the 

loxP site of Runx1 (5’ GCGTTCCAAGTCAGTTGTAAGCC 3’ and 5’ 

CTGCATTTGTCCCTTGGTTGACG 3’) and loxP site of Cbfb (5’ 

CCTCCTCATTCTAACAGGAATC 3’ and 5’ GGTTAGGAGTCATTGTGATCAC 3’). 

We used their littermates that did not carry the K14-Cre/Runx1fl/flor K14-Cre/Cbfbfl/fl 

genotype as a control. 

http://topics.sciencedirect.com/topics/page/RUNX1
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2. Laser Microdissection  

The mice embryonic maxillas were freshly embedded in OCT compound and frozen 

immediately. Tissues are serially sectioned at −20°C on a cryostat (CM 1950, Leica) 

at a thickness of 25μm. The maxilla was sectioned from anterior to posterior 

throughout anterior palate until the secondary palate appeared. The tissue sections 

were mounted and thawed on a film-coated slide. In total, there were 12-14 serial 

sections obtained from the anterior palate at E15.0 (section numbers varied due to 

the orientation of the frozen block). We stained these slides with cresyl violet dye 

staining. Anterior palate epithelial and mesenchymal tissue was dissected from the 

sections using a Leica Micro Laser System (LMD6500, Leica) and collected by tube.  

 

3. RNA Extraction and Real-Time RT-PCR Analysis  

We used the laser microdissected tissues of the control and K14-Cre/Runx1fl/fl mice 

for extracting total RNA. IsogenII (Nippon Gene, Toyama, Japan) is used to extract 

total RNA and performed according to the manufacturer’s protocol. Total RNA was 

reverse transcribed to cDNA using an oligo (dT) with avian myeloblastosis virus 

reverse transcriptase (Takara, Osaka, Japan). For the Real-time RT-PCR analysis, 

the cDNA was amplified with Taq DNA Polymerase (Toyobo Sybr Green Plus, 

Osaka, Japan) using a light cycler (Roche). The thermal profile for all SYBR Green 

PCRs was 95°C for 30s followed by 50 cycles of 3 step amplification including 95°C 

for 5s, 55°C for 10s, 72°C for 15s and melting step including 95°C for 1s, 73°C for 

15s, 95°C for 1s 60°C and 40°C 30s for cooling. Gapdh used as the housekeeping 

gene to normalize RNA level. Primer sequences are available in the Fig.17. At least 

three embryos of each genotype were used for each analysis.  
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4. Whole-Mount in situ Hybridization Analysis  

Whole-mount in situ hybridization was performed using fixed E14.0, E14.5 and E15.0 

palates. The digoxigenin-labeled RNA probes used in this study were prepared using 

a DIG RNA labeling kit (Roche) according to the manufacturer's protocol using each 

cDNA clone as the template. The probes were synthesized from fragments of Runx1, 

Tgfb3, Socs3, and Stat3 (Allen Institute for Brain Science) and were amplified with 

T7 and SP6 adaptor primers through PCR. After hybridization, the expression 

patterns for each mRNA were detected and visualized according to their 

immunoreactivity with anti-digoxigenin alkaline phosphatase-conjugated Fab 

fragments (Roche), as previously reported. Probes for Shh14, Bmp4, Shox216, Msx1 

generated through using some of the constructs from our plasmid stock. At least 

three embryos of each genotype were used for each analysis. 

 

5. TUNEL staining 

Apoptotic cells were identified by TUNEL (terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling) and the standard protocol for frozen sections was 

followed (ApopTag, Chemicon). Frozen sections (10 μm) from samples were 

prepared, fixed in 1% PFA in PBS for 10 min at room temperature, rinsed in PBS, 

postfixed in ethanol/acetic acid (2:1) for 5 min at − 20°C, and then incubated in 3% 

H2O2 for 5 min to quench endogenous peroxidases. 

 

 

 



11 
 

6. 5-Bromo-3-deoxy-uridine labeling  

5-Bromo-3-deoxy-uridine (BrdU) (Invitrogen) was injected intraperitoneally at 10 μl/g 

body weight of pregnant mouse at prenatal day 15, 2 hours before their sacrifice. 

After the mice had been sacrificed, we take out palate using fine scissors, fixed them 

overnight at 4°C in 4% paraformaldehyde in PBS. Frozen sections (10μm) from 

samples were prepared. Trypsin was applied for 10 min at 37 °C and the standard 

protocol for frozen sections was followed (BrdU Staining Kit, Invitrogen). The 

sections were counterstained with hematoxylin. 

 

7. Assessment of palatal fusion and a histological analysis 

The mouse embryonic heads were dissected in BGJb medium (Gibco). The palate 

was evaluated by direct observation and with a dissecting microscope. These tissues 

were fixed in 4% paraformaldehyde, equilibrated in graded sucrose, and embedded 

in Tissue-Tek (OCT compound, Sakura). Frozen sections (20μm) from samples were 

prepared. For histological analysis, we applied hematoxylin-eosin staining. 

 

8. Immunohistochemistry 

Immunofluorescence staining was performed on 20-μm sections using polyclonal 

rabbit-anti-Ki67 (1:400, ab15580, Abcam), monoclonal rabbit anti-K17 (1:200, #4543, 

Cell Signaling Technology), polyclonal rabbit anti-K6A (1:200, 905701, Biolegend), 

monoclonal anti-K14 (1:200, ab7880, Abcam), monoclonal rabbit anti-phospho-Stat3 

(pStat3, 1:200, #9145, Cell Signaling Technology), and monoclonal rabbit anti-Stat3 

(1:200, #9139, Cell Signaling Technology) overnight at 4°C. Then, Alexa488-
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conjugated goat-anti-rabbit IgG (1:400, A21206, Molecular Probes) or Alexa546-

conjugated goat-anti-mouse IgG (1:400, A11003, Molecular Probes) was used as 

secondary antibody for 3 h at room temperature. The sections were then 

counterstained with DAPI (1:500, Dojindo) and mounted with fluorescent mounting 

medium (Dako). At least three embryos of each genotype were used for each 

analysis. 

 

9. in vitro culture of palatal shelves and rescue of the mutant cleft palate  

The palate was dissected from the E15.0 embryo and cultured on track-etched 

polycarbonate membrane filter (Nuclepore) in Trowell type organ culture with 

serumless, chemically defined BGJb medium (Gibco). Affi-Gel beads (Bio-Rad) were 

incubated in TGFB3 (100 ng/μl, R&D Systems). Bovine serum albumin (BSA; Sigma-

Aldrich) was used instead of recombinant protein for the control beads. The beads 

were immersed in recombinant protein or BSA at 37 °C for 60 min and placed on the 

primary palate of the explants using a pipette tube. After culture, the in vitro explants 

were fixed at each stage in 4% paraformaldehyde overnight and then processed for 

histological examination and qPCR analyses. 

 

10. Whole-head roller culture assays and treatment of Stat3 inhibitor 

Embryo heads from E13.0, E14.0 ICR mouse embryos were collected in BGJB and 

mandibles, tongues, and brains were removed. The remaining palatal tissues 

including the primary, the secondary palate, and the nasal septum were cultured for 

24-48 h in whole-embryo culture incubator (RKI Ikemoto) at 37 °C (Iseki, Osumi). 
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Palatal tissues were incubated in BGJb medium with or without AG490 (200-400 µM; 

Sigma-Aldrich) or STAT3 Inhibitor VI, S3I-201 (200-400 µM; Sigma-Aldrich). Tissues 

were harvested after 24 h of culture and fixed in 4% paraformaldehyde for 

processing, or samples were processed with qPCR. 

 

11. Western Blot Analysis 

The dissected palatal tissues were lysed with RIPA buffer (nacalai tesque) 

supplemented with protease and phosphatase inhibitors (nacalai tesque). The 

lysates were centrifuged and the supernates were heated in denaturing Laemmli 

buffer (Bio-rad Laboratories). Proteins were separated by SDS-PAGE and 

transferred to Polyvinylidene difluoride membranes (Biorad Laboratories). The 

membranes were incubated with either anti-Stat3 (1:1000, #9139, Cell Signaling 

Technology), anti-pStat3 (1:1000, #9145, Cell Signaling Technology) or beta-actin 

(1:2000, Sigma). The bound antibodies were detected with the HRP-linked antibody 

(1:1,000, Cell Signaling Technology) and the ECL detection kit (Bio-rad 

Laboratories). 

 

12. X-Gal Staining 

The Cre reporter strain (B6.129S4-Gt(ROSA)26Sortm1Sor/J; R26R was used to 

confirm K14-Cre efficiency 57. We mated K14-Cre and R26R conditional reporter 

allele R26R mice 58 to generate K14-Cre; R26R mice. Mice maxillas were dissected 

at E15.0 and fixed in 0.2% glutaraldehyde and 2% formaldehyde in PBS containing 2 

mM MgCl2, and embedded in Tissue-Tek (OCT compound, Sakura, Tokyo, Japan). 
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The samples were then sectioned into 20 µm sections and incubated in 5-Bromo-4-

chloro-3-indoxyl-b-D-galactopyranoside(X-Gal) solution at 37°C for 12–16 hours 57. 

 

13. Statistical analyses 

Quantitative variables in two groups were compared using the Mann-Whitney U test. 

Differences among the three groups were determined using the analysis of variance 

(ANOVA) test, and significant effects indicated by the ANOVA were further analyzed 

with post hoc Bonferroni correction. P values < 0.05 were considered significant. 

Significance was determined using the statistical analysis software program JMP, 

version 5 (SAS Institute Inc.). 

 

14. Study approval 

Mice were housed in the animal facility at the Department of Dentistry, Osaka 

University. Welfare guidelines and procedures were performed with the approval of 

the Osaka University Graduate School of Dentistry Animal Committee. 
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RESULTS 

 

1. Runx1/Cbfb signaling loss in epithelium resulted in anterior clefting  

The previous study about Runx1 conditionally rescued null mouse demonstrated 

limited anterior cleft at the first rugae area between the primary and the secondary 

palates 26. We have previously shown Runx1 expression in the fusing epithelium at 

the tip of the growing secondary palatal process 59. In the anterior regions, the Runx1 

mRNA expression was also localized in the fusing epithelium between the primary 

and the secondary palates 26. Runx1 conditionally rescued null mouse which was 

analyzed in the previous study was lethal at birth, so the question was remained 

unanswered whether the reason of cleft is the delay in the process of growth. In 

order to analyze further and from the existence of intense expression of Runx1 in 

epithelium we used Runx1 epithelial conditional knock out mouse using Cre 

recombination. We confirmed the efficiency of the K14-Cre recombination using 

Rosa26R reporter mice and X-gal staining 57 in E15.0 mouse at the primary palate 

and secondary palate areas. X-gal staining was evident in epithelium areas and 

fusing epithelium, intensely (Fig. 1A). In the present study, it turned out that epithelial 

specific Runx1 mutant mouse survived until adult stages and also showed anterior 

limited cleft (Fig. 1B) at P0 as similar to past report. At control mouse primary palates 

and secondary palates completely fused (Fig. 1B), leaving two small holes which 

anatomically known as orifices of incisive canal. Since Runx1 loss in epithelium 

genetic backgrounded mouse did not lethal at development stage we further analyze 

cleft at other stages. Morphological analysis of later stages showed that there is 
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anterior cleft remained at P50 Runx1 loss mouse (Fig. 1B) indicating that delayed 

process of palatal development is not the etiology of the cleft.  

In this study, we evaluated Runx1 expression via using the whole tissue to find out 

expression patterning through anterior to posterior. At E14.0 stage before the 

secondary palate fusion, Runx1 mRNA expression located at secondary palate tips, 

rugaes, incisors and primary palate-nasal septum areas (Fig. 2A). After secondary 

palate fusion at E15.0 stage, Runx1 mRNA expression becomes intense at fusion 

region of secondary palates and primary palate with considerably high expression at 

secondary palate fusion region (Fig. 2A). This broad Runx1 expression patterning 

did not correlate to Runx1 loss mouse phenotype. Past studies showed tissue-

specific and overlapping expression patterns indicate both exclusive and redundant 

roles for the three Runx genes 60. At lacrimal gland, Runx1, Runx2, and Runx3 

expressions were found at the development stage and established functional 

redundancy between each other 38. In order to reveal possible compensation or 

functional redundancy between Runx genes, we demonstrated expression patterns 

of other Runx genes and Cbfb. Runx2 mRNA expression at E14.0 and E15.0 also 

have a broad expression that contains incisors, rugaes, primary palate and 

secondary palate (Fig. 2A). Runx3 mRNA expression pattern was similar to Runx2 

expression pattern (Fig. 2A). We also analyzed Cbfb which is the cofactor of Runx 

family genes. Cbfb mRNA expression at E14.0 shows such broad expression at 

palate (Fig. 2A). At fusion stage E15.0, Cbfb mRNA expression becomes intense at 

fusion regions of both primary and secondary palates (Fig. 2A). From these 

expression patterns, we hypothesized that compensation between Runx genes 

rescued the secondary palate cleft at Runx1 loss mouse. Since the loss of Cbfb 

comprises all Runx transcriptional activity, we picked up Cbfb loss mouse as a model 
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to discreet the possible redundancy between Runx genes at palatogenesis. 

Epithelium-specific Cbfb knock out mouse also demonstrated an anterior cleft that is 

similar to Runx1 loss mouse (Fig. 1B). Cbfb deficient mouse also survived till adult 

stage and demonstrated an anterior cleft (Fig. 1B). The cleft phenotype frequency in 

K14-Cre/Runx1fl/fl genotype confirmed mouse is 92% and the one in K14-Cre/Cbfbfl/fl 

mouse is 100% (Fig. 1C). As result, Runx1/Cbfb signaling disturbance in the 

epithelium has resulted with anterior clefting that remained till the late adult stages. 

This data indicated that there were no compensation or redundancy mechanisms 

between Runx genes during palate fusion process.  

 

2. Runx1/Cbfb signaling related cleft pathogenesis etiology 

Palatogenesis includes palate processes growth that followed with fusion. We first 

investigated the possible growth defect as cleft etiology. There is no significant 

difference in primary palate size between of control and Runx1 mutant mouse before 

the fusion of primary palate and secondary palate processes at E15.0 (Fig. 3A). 

BrdU assay also showed no significant difference of proliferative cells between 

control and K14-Cre/Runx1fl/fl mouse that reaffirmed the nonexistence of growth 

defect (Fig. 3C). Thus, Runx1/Cbfb signaling deficient mouse palate processes 

proper growth making fusion process as etiology of the cleft. 

During palate formation, the secondary palate processes fuse anteriorly with the 

primary palate and anterodorsally with the nasal septum. Both of primary palate and 

nasal septum are derived from the medial nasal process 4. Histological analysis was 

done at E17.0. At control mouse fusion between primary and secondary palate was 

confirmed at this stage (Fig. 4A). In comparison, at the mutant mouse, the cleft 
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between primary and secondary palate was confirmed (Fig. 4A).  More posterior 

sections showed a gap between nasal septum and secondary palate at the mutant 

mouse which is completely fused at control mouse (Fig. 4A).  

Fusion between primary palate and secondary palate at proper palatogenesis is 

ensured by removal of the intervening epithelium which provides the mesenchymal 

continuity 5. In order to visualize the intervening epithelium we immunostained 

Keratin 14(K14); epithelium cell marker at E15.0 fusion area. Immunohistochemistry 

analysis uncovered that there is disappeared epithelium areas between primary and 

secondary palate at control mouse (Fig. 4B). In contrast, there is K14 positive 

persistent epithelium entirely surround the mesenchyme at Runx1/Cbfb mutant 

mouse fusion area (Fig. 4B).  

To reveal the character of K14 positive persistent epithelium in Runx1 mutants we 

did apoptosis and proliferation analysis. Apoptosis is one of the fusion area 

epithelium dissolution mechanism 6-8, 61. TUNEL analysis was done to reveal if there 

is apoptosis deviation. We detected some TUNEL positive cells at fusion area 

between primary and secondary palate at control mouse (Fig. 5A). Few TUNEL 

positive cells were also detected in the Runx1/Cbfb mutant mouse as well. However, 

the number of TUNEL positive cells critically decreased at Runx1/Cbfb loss mouse 

(Fig. 5A). Apoptosis analysis was also done at fused secondary palate area (Fig. 

5A). There is no significant change of TUNEL positive cells in these areas which are 

parallel with our findings at secondary palate proper fusion in the mutant (Fig. 5A). It 

has also been proposed that continuous epithelium proliferation is one of cleft 

etiology 11. In order to analyze proliferation in the fusion epithelium, we double-

stained Ki67 as proliferative cell marker, K14 as epithelium cell marker and 

counterstained with DAPI. Immunoreactivity analysis demonstrated that there are 
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some proliferative cells being conspicuous in fusing epithelium of Runx1/Cbfb loss 

mouse (Fig. 6A). The number of proliferative cells is significantly increased in 

Runx1/Cbfb loss mouse epithelium between primary and secondary palate (Fig. 6A). 

The palatal fusion epithelium is composed of a basal columnar cell layer surrounded 

by flat cells that form the periderm 6. During palate fusion, periderm removal is 

necessary for fusing epithelium dissolution. Periderm removal deficiency was 

confirmed at posterior cleft exhibited mouse secondary palate fusing epithelium 11. 

Conversely, there is no information about periderm existence at primary palate area. 

To reveal periderm layer at fusion area, K17 (Keratin 17) was used as periderm 

marker 10. At control mouse K17 positive periderm layer was detected at fusion 

areas. There are some regions K17 immunostaining were not detected which was 

presumably removed with fusion (Fig. 7A). Conversely, periderm tissue had 

maintained between primary and secondary palate at Runx1 loss mouse (Fig. 7A). 

To investigate in detail, K17 counterstaining with K14 and DAPI was performed. At 

Runx1 loss mouse K17 positive periderm cells remained and surrounded K14 

positive persistent epithelium (Fig. 7B). At Cbfb loss mouse we immunostained other 

periderm cell marker K6 (Keratin 6) 62. K6 distribution was evident in wider areas 

than K17 in the oral epithelium (Fig. 7C). At control mouse, K6 positive periderm was 

removed from fusion areas, in contrast to remaining periderm layer at Cbfb deficient 

mouse (Fig. 7C). 

As cleft etiology in Runx1/Cbfb signaling loss, we detected responsible cause as 

persistent epithelium located at fusion area between primary and secondary palate. 

This persistent epithelium was also characterized by disturbed apoptosis and 

retained proliferation activity. Besides this, periderm removal defect was observed in 

these mutants. 
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3. Runx1/Cbfb signaling regulates Tgfb3 signaling in anterior palate epithelium 

Many studies refer the patterning at palate fusion throughout anterior to posterior. 

This patterning seems to relate with different molecular mechanisms involved in 

different regions of palate fusion 63. Among these molecular mechanisms, Shox2 

gene and Msx1-Bmp4-Shh signaling are known to be anterior region specific 16, 25. 

To investigate a possible genetic interaction between Runx1/Cbfb signaling and 

these genes we did gene expression analysis. Whole-mount in situ hybridization 

analysis showed that there is no change at Shox2, Shh, Bmp4, Msx1 expressions 

between control and Runx1 mutant mouse (Fig. 8A). qPCR analysis was also 

confirmed this (data not shown). Next, we analyzed Tgfb3 which was intensely 

studied with isoforms and receptors involved in palate formation. Tgfb3 null mouse 

exhibits a complete cleft that effects anterior and posterior area 64. Epithelial-specific 

knock out of Tgfb3 64, Tgfbr2 65  shows milder phenotypes than Tgfb3 null mouse 

which demonstrates anterior region cleft. Moreover, Tgfb3 related cleft pathogenesis 

includes decreased apoptosis, extensive proliferation and periderm removal 

deficiency which also overlaps with Runx1 loss cleft palate etiology 11. Our analysis 

demonstrated that Tgfb3 mRNA expression pattern was similar to Runx1 which was 

broadly found at anterior and posterior palate (Fig. 9A). Interestingly Tgfb3 mRNA 

expression was disappeared only from primary palate region at Runx1/Cbfb loss 

mouse (Fig. 9B). In addition, we analyzed mRNA expression pattern of Mmp13 

which is known to be directly induced by Tgfb3 during palatal fusion 66. Mmp13 

mRNA expression pattern also overlapped with Tgfb3 expression at palate (Fig. 9B). 

Furthermore, the Mmp13 expression also disappeared from the same region with 

Tgfb3 at Runx1 mutant primary palate (Fig. 9B). qPCR analysis of dissected 

epithelial tissues from primary palates showed Tgfb3 and Mmp13 mRNA expression 
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loss at Runx1 mutant mouse (Fig. 9B). As result, Runx1/Cbfb loss mouse 

demonstrated with significant Tgfb3 downregulation at primary palate area which 

coincidences with anterior cleft phenotype. 

To confirm whether Runx1-Tgfb3 pathway in primary palate epithelium is crucial for 

anterior palatogenesis, exogenous TGFB3 was applied at primary palate region of 

Runx1 mutants. BSA treated Runx1 mutant palates were used as the control. 

TGFB3 protein and BSA treated ex vivo palates were cultured during anterior palate 

fusion process. TGFB3 protein treated palates demonstrated a fused region between 

primary and secondary palates while BSA treated mutant palates exhibited a cleft 

(Fig. 10A). Histological analysis also confirmed mesenchymal confluence at TGFB3 

treated palates (Fig. 10A). Approximately 75% of TGFB3 treated mutant palates 

exhibited fused region (Fig. 10B). To analyze the rescue at gene expressions qPCR 

analysis were done at TGFB3 and BSA treated mutant palates. Mmp13 mRNA 

expression level is increased but such expression was not detected at BSA treated 

mutant palates (Fig. 10C).  

Furthermore, we demonstrated that TGFB3 protein could induce Runx1 mRNA 

expression whereas BSA treatment did not induce Runx1 (Fig. 11A). Sections at 

bead region also supported Runx1 mRNA expression around TGFB3 protein soaked 

beads (Fig. 11A). Runx1 mRNA expression was not detected at BSA protein 

implanted region (Fig. 11A). Thus, Runx1-Tgfb3 interaction demonstrated 

bidirectional relationship at the anterior palate. 

Taken together, Runx1/Cbfb signaling is independent with other signaling molecules; 

Shh, Shox2, Bmp4, Msx1 that are known to regulate anterior palate fusion. By 
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contrast, there is anterior region-specific regulation between Runx1/Cbfb signaling 

and Tgfb3 which is crucial for anterior palatogenesis. 

 

4. Runx1/Cbfb signaling Stat3 activation at anterior palate formation 

Stat3 is one of the important players of Jak/Stat pathway which regulates 

proliferation, apoptosis, and differentiation. Runx1-Stat3 interaction has been 

mentioned at epithelial cancer growth and hair cycle regulation 42. Runx1 stimulates 

Stat3 via direct repression of Socs3 (Suppressor of cytokine signaling-3) in epithelial 

cancers 55. However, there is no information about Runx1-Stat3 involvement in 

palate formation. In order to reveal Stat3 mRNA expression pattern at palatogenesis, 

we performed whole-mount in situ hybridization at palate formation stages; E14.5 

and E15.0. Stat3 mRNA expression was evident at secondary palate fusion region 

and palatal shelves in a broad manner at E14.5 stage (Fig. 12A). During fusion 

between primary palate and secondary palate, Stat3 mRNA becomes intense at 

palate fusion areas at both of anterior and posterior (Fig. 12A). Stat3 

immunolocalization also overlaps with mRNA expression areas (Fig. 12B). Stat3 

immunoreactivity was evident at fusing palate epithelium of both primary and 

secondary palate, also some signals were evident at mesenchyme at control, Runx1 

and Cbfb mutants relatively in similar distribution (Fig. 12B). Phosphorylated Stat3 

immunoreactivity was intensely localized at fusing palate epithelium (Fig. 12B). In 

contrast, we detected pStat3 at Runx1/Cbfb mutant remarkably in small areas of 

primary palate tissue, with no change at secondary palate tissue (Fig. 12B). Western 

blot analysis was also done to confirm decreased phosphorylated Stat3 at Runx1 

mutants and at Cbfb mutants (Fig. 12C).  
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In order to show possible Socs3 interaction with Runx1-Stat3 activation during palate 

fusion, we analyze Socs3 mRNA expression through the whole mount in situ and 

qPCR. Whole mount in situ analysis demonstrated Socs3 mRNA expression 

specifically localized at the primary palate, nasal septum area at E14.5 stage (Fig. 

13B). At Runx1 mutants, Socs3 localization was not remarkably changed. However, 

qPCR analysis detected significant Socs3 upregulation in Runx1 mutants (Fig. 13A). 

Thus, Runx1 loss leads to Socs3 upregulation and activated Stat3.  

 

5. Stat3 inhibitor disrupts the anterior palate fusion 

In order to reveal Stat3 involvement in palate fusion, we used chemical inhibitors at 

in vitro culture system. As inhibitors, we use Tyrphostin AG 490 which inhibits JAK2 

to block the Stat3 activation pathway 67. The other inhibitor used is Stat3 inhibitor 

IV(S3I-201) which inhibits Stat3 activation through diminishing Stat3 phosphorylation 

68. Western blot analysis confirmed decreased pStat3 immunoreactivity at inhibitor-

treated primary palate tissues (Fig. 14A). Strikingly inhibitor-treated palates in in vitro 

culture system showed an anterior cleft in high possibility despite proper fusion 

between primary and secondary palates was proceeded at inhibitor untreated 

palates (Fig. 14B). Morphological observations demonstrated that the cleft size was 

directly proportional to the concentration of chemical inhibitor (Fig. 14C). To reveal 

gene expression deviations at Stat3 inhibitor-treated palates, the qPCR analysis was 

done. qPCR analysis confirmed dramatic downregulation of Tgfb3, Mmp13 mRNA 

expression and Socs3 upregulation in inhibitor-treated palate tissues correlative with 

concentration (Fig. 15A). These gene expression deviations are identical with 

Runx1/Cbfb mutants. 
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DISCUSSION 

 

In the present study, we demonstrated Runx1/Cbfb signaling deficiency result with 

the cleft between primary and secondary palates. We revealed improper apoptosis, 

persistent proliferation in fusing epithelium and periderm removal deficiency as the 

responsible mechanism for cleft pathogenesis. Moreover, significant Tgfb3 region 

specific downregulation is shown as the responsible molecular mechanism of cleft 

pathogenesis in Runx1/Cbfb mutants. We further demonstrated decreased Stat3 

activation and increased Socs3 expression was evident at fusion areas of Runx1 

mutants. Stat3 inactivation in in vitro conditions leads to anterior clefting with 

decreased Tgfb3 and upregulated Socs3 expression which confirmed the Stat3 role 

in palatogenesis. Altogether these findings indicate that Runx1/Cbfb-Stat3-Tgfb3 as 

a novel molecular network that regulates palate fusion at the anterior specific region.  

 

1. Role of Runx/Cbfb signaling in anterior palatogenesis 

In this study, we used Cbfb and Runx1 epithelium conditional knock out mouse to 

unclear Runx genes role at palatogenesis. We already reported Runx1 conditional 

rescued null mouse had an incomplete anterior cleft 26. The present study using a 

different genetic background of Runx1 deficient mouse demonstrated an anterior 

cleft similar to previous one. The Runx1 mouse model in the present study is not 

lethal during the development process. Anterior cleft at survived mouse till adult 

stage suggests the cleft etiology is not delayed growth. However, Runx genes have 

the broad expression at palate which includes posterior region. This broad 

expression did not explain the anterior cleft we got from two Runx1 mouse models. 
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This question was answered by using Cbfb conditional knockout mouse. Cbfb is the 

predominant partner of Runx family proteins. Cbfb forms a heterodimer with Runxs 

and improves their DNA-binding capacity 69. Mutation of Cbfb comprises all Runxs 

transcriptional activity 31. Owing to this Cbfb knockout models exhibits similar 

phenotypes to Runx1 or Runx2 deficient mouse in several tissues 56, 70. In the 

present study, Cbfb deficient mouse exhibited an anterior cleft similar to previous 

ones at Runx1 loss mouse lead us to presume the non-existence of functional 

redundancy between Runx proteins. In addition, the major role of Runx1 at 

palatogenesis among Runx genes was revealed through using Runx1 and Cbfb 

deficient mice. 

On the other hand, we also demonstrated remarkable Runx2 and Runx3 gene 

expressions at palate during palatogenesis. RUNX2 missense mutations have been 

shown to cause Cleidocranial Dysplasia (CCD). CCD is an autosomal dominant 

disorder characterized by skeletal anomalies such as late closure of cranial sutures, 

late erupting dentition, rudimentary clavicles, and cleft palate 71. In addition, case 

studies demonstrated that RUNX2 appears to influence the risk of non-syndromic 

CLP 72. Moreover, Runx2 null mouse embryos exhibited a failure of fusion between 

the shelves of the secondary palate 73. From past reports and present findings at 

Cbfb epithelium-specific knock out mouse, we presumed mesenchymal Runx2 as 

being an important molecule for secondary palate development. Past studies also 

showed Runx3 expression in mouse palate epithelium from E12.5 to E16.5 74. 

However, as far as we know there is no cleft palate phenotype reported with Runx3 

molecule mutations in mouse or human. 
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2. Novel molecular pathway at anterior palatogenesis  

Cleft lip palate is very common among human craniofacial malformations and related 

to multiple genetic and environmental factors. The incidence of CLP in Japan is 1 in 

1000, which is considerably high 75. Treatment can only be done with surgically and 

often require complex treatments such as speech, dental treatment which continue 

life-long span. Discovering more about molecular pathways will make the approach 

to therapies during palatogenesis in an in-utero stage. The recent study showed the 

intravenous delivery of Wnt agonists into pregnant mice restored the Pax9 loss 

related cleft of palatal shelves in-utero 17. In the present study, we reveal new 

molecular pathway and preliminary rescue data to make an appeal to anterior 

positioned clefts. 

Past studies revealed compromised Tgfb2 signalling in Runx1 loss condition during 

human embryonic stem cell differentiation 76. To the best of our knowledge Runx1-

Tgfb3 relation was not mentioned in past studies. In the present study, Runx1/Cbfb 

signaling deficiency results with anterior cleft palate with invariant secondary palate 

fusion. We also demonstrated striking Tgfb3 downregulation spatially at the 

Runx1/Cbfb loss. However, the Tgfb3 promoter does not contain Runx1 consensus 

sites within 1kb of the transcription start site 76. Therefore, there might be some 

regulating molecule between Runx1/Cbfb and Tgfb3.  

Tgfb3 is the most investigated gene in CLP studies on the ground of being a critical 

molecule of the non-syndromic cleft palate in human. Mostly, Tgfb3 or other Tgfb 

isoforms (Tgfb1-3), receptors are widely studied with their cleft palate phenotypes at 

the mouse. Tgfb3 null mouse exhibited complete cleft throughout anterior to 

posterior that is related to Tgfb3 broad expression. However, deletion of Tgfb 

receptors which are Alk5 and Tgfbr2 in the palatal epithelium using K14 promoter 
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exhibited incomplete clefts at anterior and posterior areas 65, 77. Moreover, Tgfb3 loss 

under K14 promoter demonstrated milder cleft phenotype 64. Thus, the number of 

studies mentioned Tgfb signaling involvement in palate fusion with region-specific 

manner. However, there was no study about Tgfb3 related anterior specific 

molecular network or gene. In this study, we claimed the novel molecular network 

that associated with Tgfb3 at the only anterior region. Irrelevant from the region, 

previous studies about Tgfb3 signaling deficiency resulted palatal clefts etiology 

which contains disturbed apoptosis, persistent proliferation, and periderm removal 

deficiency. In our study, Runx1 loss mouse cleft etiology overlaps with Tgfb3 

involved cleft etiologies. This claimed the Tgfb3 regulating cellular functions during 

palate fusion at posterior region and anterior region are in a similar way. 

Furthermore, past study was successful to recover Tgfb3 loss resulted cleft via intra-

amniotic gene transfer, which has significant importance for therapeutic approaches 

in human 78. In our study, we rescue the cleft by exogenous TGFB3 treatment at in 

vitro conditions. According to these results, Tgfb3 has a substantial role at anterior 

palate fusion. 

It has previously been shown that Tgfb3 signalling was induced Mmp13 at secondary 

palates and nasal septum areas66, 79. In the present study, we demonstrated 

decreased expression of Mmp13 at primary palate region. Cbfb deficient mouse 

showed significant Mmp13 downregulation at developing femurs 69. However, 

Mmp13 was suggested as target gene of Runx2 in skeletal tissues 69. The present 

study demonstrated Mmp13 as a target gene of Runx1/Cbfb signaling in anterior 

palate region. 

Present study implied that Runx1 loss does not lead to alteration of any molecules 

such as Shh, Msx1, Bmp4, Shox2 which are known to be deeply involved with 
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anterior palatogenesis. This indicated that Runx1/Cbfb-Tgfb3 signaling is the novel 

network which is unrelated to other molecules involved in anterior palate fusion.  

 

3. Stat3 involvement in palatogenesis 

Present study first demonstrated Stat3 expression at palate was very specific at 

fusion regions at palate development stages. Past study revealed Stat3 inactivation 

with the Runx1 loss resulted in the impaired growth of cancer 55. Be associated with 

past study, we observed decreased Stat3 activation at cleft areas of Runx1/Cbfb 

mutant palates.  

STAT3 is the only gene in which pathogenic variants are known to cause autosomal 

dominant Hyperimmunoglobulin E syndrome (AD-HIES) 80. Hyperimmunoglobin E 

Syndrome (HIES) or Job`s syndrome is a rare immunodeficiency with the significant 

increase in serum immunoglobulin E 81. HIES case reports showed fibrotic bridges 

and cavernous clefts on the palate 82. Furthermore, past study showed STAT1 

proteins are strongly expressed in the residual MES of the fusing palate but not the 

mesenchymal cells and also specifically implicated in promoting apoptosis 83. 

However, the possible involvement of other Jak/Stat family members in palate 

formation has not been elucidated to date. Thus, present study first revealed Stat3 

activation existence in the anterior palatogenesis molecular mechanism which is 

regulated by Runx1. 

The present evidence at the cleft area with decreased activation of Stat3 exhibited 

decreased apoptosis which is contradictory to findings in cancer studies. A number 

of cancer studies implied Stat3 inhibition induced apoptosis at tumor cells. The 

requirement for deviated Stat3 activity in tumor maintenance and progression 
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illustrates the Stat3 regulation role of proliferation and apoptosis 84.  However, 

involution of the mouse mammary gland is characterized by extensive apoptosis of 

the epithelial cells and the activation of Stat3. Stat3 deficient mouse exhibited a 

reduction in epithelial apoptosis and a significant delay of the involution process 85. 

Thus, Stat3 regulating cellular functions seem to be tissue specific in diversity. 

To reveal further about Runx1-Stat3 activation we analyzed Socs3 which is an 

inhibitor of Stat3 86. Runx1 is a direct transcriptional repressor of SOCS3 55. In our 

study Socs3 upregulation was evident at primary palate areas correlated with Tgfb3 

downregulation region. The present findings indicated Runx1-Stat3 activation via 

repression of Socs3 directly or indirectly regulates Tgfb3 expression. 

Confirmation of Stat3 role at anterior palatogenesis further is supported by the 

pharmacological application of Stat3 inhibitors. We use two different Stat3 inhibitors 

which have different inhibition mechanisms to increase the data accuracy. It should 

be noted that anterior clefting existed at both of inhibitor-treated palates. 

Furthermore, Tgfb3, Mmp13 downregulation, and Socs3 upregulation were evident 

in these palates which is same as the Runx1 mutant. In addition to these gene 

expression alterations, Runx1 was also downregulated in inhibitor-treated palates. 

JAK-STAT signaling pathways seem to be regulated by intrinsic and also 

environmental factors that support plasticity to the response of a tissue 87. Runx1 

downregulation demonstrated at present study resulted from Stat3 inhibitor treatment 

presumed as consequence of Stat3 regulation response to the exogenous factor. 

This kind of pharmacological modulation of RUNX1 was also suggested as result of 

cytotoxic agent application 88. Exogenous factors are well-known etiology of non-

syndromic CLP with endogenous factors. Alcohol, tobacco, and drug exposure are 

well studied exogenous factors 89. Past studies revealed strong evidence of RUNX2 
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gene and environmental tobacco smoke association controlling the CLP risk 90. In 

according to our results, we suggest that Stat3 may respond to this kind of 

exogenous factors and regulate gene expression levels. Further studies of Runx1-

Stat3 and exogenous factors relation in CLP pathology would be of value to the 

therapeutic approaches.  

In the present study, we had a limitation that data analysis could not be done with 

the mouse with Stat3 loss genetic background. Previous studies showed Stat3 

significance during embryogenesis with using the Stat3 deficient mouse which is 

lethal at early stages 91. In future experiments, we are going to generate tissue-

specific Stat3 knock out mouse to confirm our study and further reveal detailed roles 

of Stat3 in palatogenesis. 
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ABBREVIATIONS 

 

CLP  Cleft lip and/or palate 

RUNX  Runt related transcription factor 

CBFB  Core-binding factor subunit beta 

LG  Lacrimal gland 

HF  Hair follicle 

SMG  Submandibular gland 

TGFB  Transforming Growth Factor-Beta 

JAK-STAT Janus Kinase/Signal Transducer and Activator of Transcription 

STAT  Signal Transducer and Activator of Transcription 

JAK  Janus Kinase 

TYK  Tyrosine Kinase 

MES  Midline epithelial seam 

SHH  Sonic Hedgehog 

SHOX2 Short Stature Homeobox 2 

MSX1  Msh homeobox1 

BMP4  Bone-morphogenetic protein 4 

FGF10 Fibroblast Growth Factor 10 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

SOCS  Suppressor of cytokine signaling 

BSA  Bovine Serum Albumin 

MMP  Matrix metalloproteinase 

TGFBR Transforming Growth Factor beta receptor  

HIES  Hyperimmunoglobulin E syndrome 

CCD  Cleidocranial Dysplasia 
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FIGURE LEGENDS 

 

Figure 1 K14-Cre/Runx1fl/fl and K14-Cre/Cbfbfl/fl mutants exhibit anterior region cleft 

palate 

A: X gal stained frontal sections from the primary and secondary palate of 

demonstrating positive staining at oral epithelium areas.  The section from primary 

palate area from E15.0 embryos displays positive staining at fusion epithelium 

between primary and secondary palates (arrowheads). Secondary palate area 

section showed positive staining at midline epithelial seam (arrowheads). pp, primary 

palate; sp, secondary palate; ns, nasal septum. Scale bar = 200 µm. 

B: Occlusal views of control palate at P0 and P50 displayed fusion between primary 

palate and secondary palate leaving two small holes, anatomically known as orifice 

of incisive canal (oi). At K14-Cre/Runx1fl/fl and K14-Cre/Cbfbfl/fl mutant cleft was 

observed between primary and secondary palate, while the secondary palate 

completely fused (arrowheads). At P50, First and second rugaes proper fusion 

between two secondary palates were disturbed at K14-Cre/Runx1fl/fl and K14-

Cre/Cbfbfl/fl (arrows). pp, primary palate; sp, secondary palate; oi, orifices of incisive 

canal. Scale bar = 500 µm. 

C: Table shows control and mutants phenotype incidence. 
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Figure 2 Expression patterns of Runx1, Runx2, Runx3 and Cbfb mRNA during 

palatogenesis 

A: Runx1 mRNA expression at E14.0 is detected at incisors, rugaes, secondary 

palate shelves, primary palate-nasal septum area. At E15.0, Runx1 mRNA is highly 

expressed at the secondary palate, primary palate fusion areas. Strong expression 

of Runx1 was seen at primary palate area (arrowheads). Unique expression pattern 

around orifice of incisive canal was detected at Runx1 mRNA stained palates (*). 

Runx2 mRNA expression at E14.0 is detected at incisors, rugaes, palate shelves 

and nasal septum-primary palate area.  At E15.0 Runx2 mRNA expressed 

abundantly at fusing palate areas. Runx3 mRNA expression exhibited similar with 

Runx2, with a broad expression of palate shelves and nasal septum. Cbfb mRNA 

expression at E14.0 and E15.0 is detected throughout at palate areas and incisor. 

pp, primary palate; sp, secondary palate; oi, orifices of incisive canal; ns, nasal 

septum. Scale bar = 1000 µm. 

 

Figure 3 Palatal growth defect was not found at Runx1/Cbfb loss mouse 

A: Occlusal views of palates of control and K14-Cre/Runx1fl/fl at E15.0, before 

anterior region fusion. Palatal tissue processes appeared as similar size at control 

and K14-Cre/Runx1fl/fl. Dashed white lines encircled orifices of incisive canal. pp, 

primary palate; sp, secondary palate; oi, orifices of incisive canal; ru, rugae. Scale 

bar = 200 µm. 

B: Schematic drawing of the palate and blue lines show the position of the sections. 

pp, primary palate; sp, secondary palate. 
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C: BrdU staining (brown) of control and K14-Cre/Runx1fl/fl mice at E15.0. A section 

through the anterior region of the palate and fusion area shows a similar level of cell 

proliferation. pp, primary palate; sp, secondary palate. Scale bar = 100 µm. 

 

Figure 4 Run1/Cbfb deficient mouse failed fusion between primary and secondary 

palate; nasal septum and secondary palate at posterior areas 

A: Histological examination of anterior palate section reveals a failure of fusion 

between the primary and secondary palate in the Runx1/Cbfb deficient mice at E17.0 

(arrows). Sections from more posterior area exhibit a gap between nasal septum and 

secondary palate (*). pp, primary palate; sp, secondary palate; ns, nasal septum. 

Scale bar = 200 µm. 

B: K14 immunostained (red) fusion area epithelium was disappeared from fusion 

areas at control (arrow). At Runx1/Cbfb deficient mouse K14 positive epithelium 

remained at fusion areas. pp, primary palate; sp, secondary palate. Scale bar = 100 

µm. 

 

Figure 5 Apoptosis was critically decreased at Runx1/Cbfb loss mouse fusion areas 

A: A section through the anterior palate shelf of E15.0 mutant (arrow) shows a lower 

level of cell apoptosis compared to control (arrowhead). The section from posterior 

palate shows a similar level of cell death. The graph shows a comparison of TUNEL 

positive cell number in fusion region. The analyses were repeated at least three 

times using three mice each of control and mutant. Data were normalized by the 
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amount of TUNEL positive cell at control. pp, primary palate; sp, secondary palate. 

Scale bar = 100 µm. 

 

Figure 6 Runx1, Cbfb mutant epithelium showed persistent proliferation  

A: K14 (red), Ki67 (green) double-stained sections from fusion areas exhibited Ki67 

positive proliferating cells in fusing epithelium of Runx1 deficient mouse 

(arrowheads). The graph shows the significant increase in the percentage of 

proliferative cells in the epithelium of Runx1/Cbfb deficient mouse compared to 

control mouse. The analyses were repeated at least three times using three mice 

each of control and mutant. pp, primary palate; sp, secondary palate. Scale bar = 50 

µm. 

 

Figure 7 Runx1 and Cbfb deficiency resulted in resistant periderm layer 

A: K17 (green) positive periderm cells disappeared from fusion region of the control 

mouse (arrowhead). At Runx1 loss mouse periderm cells retained between primary 

and secondary palates (arrows). pp, primary palate; sp, secondary palate. Scale bar 

= 100 µm. 

B: The closer image of mutant palate fusion region double-stained K14 (red) and 

K17 (green) demonstrated periderm cover the persistent epithelium. pp, primary 

palate; sp, secondary palate. Scale bar = 75 µm. 

C: Other periderm marker K6 (green) immunostained sections showed removal from 

fusion region of the control mouse (arrowhead). At Cbfb loss mouse periderm cells 
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retained between primary and secondary palates (arrows). pp, primary palate; sp, 

secondary palate. Scale bar = 100 µm. 

 

Figure 8 Runx1 loss was not affected Shh, Msx1, Shox2, Bmp4 gene expressions. 

A: Whole-mount in situ hybridization analysis of Shh, Msx1, Shox2, Bmp4 at control 

and Runx1 deficient mouse. No significant difference was found in gene expression 

patterns. pp, primary palate; sp, secondary palate; oi, orifices of incisive canal. Scale 

bar = 500 µm. 

 

Figure 9 Tgfb3 regional downregulation was detected in Runx1/Cbfb mutant mouse 

A: At E15.0 stage, Tgfb3 mRNA expression is detected at fusion regions at primary 

and secondary palates in control mouse. At Runx1/Cbfb deficient mouse, Tgfb3 

expression disappeared from primary palate region though existence at the 

secondary palate. pp, primary palate; sp, secondary palate; oi, orifices of incisive 

canal. Scale bar = 500 µm. 

B: Closer images of Tgfb3 expression at primary palate of control and Runx1 loss 

mouse. Tgfb3 and Mmp13 expressions disappeared from primary palate area of the 

Runx1 mutant mouse (arrowheads). qPCR analysis showed significant decreased 

Tgfb3 and Mmp13 expression in Runx1 loss mouse primary palate epithelium. The 

quantification was normalized to Gapdh. The qPCR analyses were repeated at least 

three times using three mice each of control and mutant. Dashed white lines 

encircled orifices of incisive canal. pp, primary palate; sp, secondary palate; oi, 

orifices of incisive canal. Scale bar = 500 µm. 
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Figure 10 Exogenous TGFB3 rescued the cleft at Runx1 loss mouse 

A: Morphological analysis demonstrated cleft at BSA treated Runx1 mutant palate 

and fusion area at TGFB3 treated palates. Histological section from fusion area 

confirmed a fusion at TGFB3 treated palates. Dashed white lines encircled orifices of 

incisive canal. pp, primary palate; sp, secondary palate. Scale bar = 100 µm. 

B: Table shows the percentage of anterior palate fusion occurrence. 

C: qPCR analysis shows restored Mmp13 expression in TGFB3 treated tissues. The 

quantification was normalized to Gapdh. 

 

Figure 11 Runx1-Tgfb3 relation is bidirectional at primary palate tissue 

A: Whole-mount in situ analysis of Runx1 expression at BSA and TGFB3 treated 

palates. Runx1 mRNA expression was evident around TGFB3 bead explanted area. 

Histological sections at BSA and TGFB3 treated areas also show induced Runx1 

expression around the TGFB3 treated bead. Blue oval indicates TGFB3 or BSA 

bead. pp, primary palate; sp, secondary palate. Scale bar = 200 µm. 

 

Figure 12 Runx1/Cbfb deficiency leads to decreased activity of Stat3 

A: Stat3 mRNA expression at the E14.5 stage is broad at anterior-posterior aspect. 

At E15.0 Stat3 expression become intense at fusion areas. pp, primary palate; sp, 

secondary palate; oi, orifices of incisive canal. Scale bar = 500 µm. 

B: Stat3 (green) immunoreactivity was evident at epithelium of fusion areas 

(arrowheads), some signals also appeared on mesenchyme. Stat3 immunoreactive 
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localization was not significantly changed at the Runx1/Cbfb mutant mouse. pStat3 

(green) was detected at fusing epithelium areas at primary and secondary palates 

(arrows). Runx1/Cbfb mutants showed significant loss of pStat3 at the primary 

palate, though some signals were detected at secondary palates (*). pp, primary 

palate; sp, secondary palate. Scale bar = 100 µm. 

C: Western blot analysis showed decreased pStat3 immunoreactivity at primary 

palate tissue of Runx1/Cbfb loss mouse. 

 

Figure 13 Socs3 upregulation was detected at the Runx1 loss. 

A: qPCR analysis showed significant upregulation of Socs3 in Runx1 mutant mouse 

primary palate epithelium. The quantification was normalized to Gapdh. The qPCR 

analyses were repeated at least three times using three mice each of control and 

mutant. 

B: Whole-mount in situ expression of the palate at E14.5 stage demonstrated Socs3 

upregulation areas at the Runx1 mutant. At same stage, Tgfb3 downregulation was 

detected where overlaps with Socs3 upregulation areas. Dashed white lines 

encircled orifices of incisive canal. pp, primary palate; sp, secondary palate; oi, 

orifices of incisive canal. Scale bar = 100 µm. 

 

Figure 14 Stat3 chemical inhibitors treated palates resulted in anterior cleft 

A: Western blot analysis revealed decreased pStat3 immunoreactivity at AG490 and 

S3I-201 treated primary palate tissues. 
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B: Table shows frequency of anterior cleft of control and AG490 and S3I-201 treated 

ex vivo palates. 

C: Morphological analysis showed proper fusion at control and cleft at AG490 and 

S3I-201 treated palates. Dashed white lines encircled orifices of incisive canal. pp, 

primary palate; sp, secondary palate; oi, orifices of incisive canal. Scale bar = 250 

µm. 

 

Figure 15 Stat3 inhibitor-treated palates demonstrated Tgfb3, Mmp13 

downregulation, and Socs3 upregulation 

A: qPCR analysis revealed Tgfbf3, Mmp13, Runx1 downregulation and Socs3 

upregulation at AG490 treated palates in different concentration. The quantification 

was normalized to Gapdh. The qPCR analyses were repeated at least three times 

using three mice each of control and mutant. 

B: qPCR analysis revealed Tgfbf3, Mmp13, Runx1 downregulation and Socs3 

upregulation at S3I-201 treated palates in different concentration. The quantification 

was normalized to Gapdh. The qPCR analyses were repeated at least three times 

using three mice each of control and mutant. 

 

Figure 16 Runx1/Cbfb-Stat3-Tgfb3 signaling axis is regulating anterior 

palatogenesis. 

Runx1/Cbfb deficiency leads to Socs3 upregulation and decreased Stat3 activation. 

Further Tgfb3 is downregulated in primary palate area. These gene expression 
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deviations in Runx1/Cbfb loss lead the cleft between primary and secondary palates. 

Runx1/Cbfb and Tgfb3 relation is bidirectional manner. Exogenous TGFB3 

application at Runx1 null condition rescue the anterior cleft. Pharmacological 

inhibition of Stat3 in wild-type exhibited gene expression deviations similar tendency 

with Runx1/Cbfb loss condition. Moreover, inhibitor-treated palates demonstrated 

anterior cleft. 

 

Figure 17 Primer Sequences used for quantitive PCR and for probe generation 
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Quantitive PCR Primer Sequences

GENE Primer Sequence

Gapdh F: 5' - AACTTTGGCATTGTGGAAGG - 3' 

R: 5‘ - ACACATTGGGGGTAGGAACA - 3' 

Runx1 F: 5' - CAGCATGGTGGAGGTACTAG - 3' 

R: 5‘ - AGGTCGTTGAATCTCGCTAC - 3' 

Tgfb3 F: 5' - CTGGACACCAATTACTGCTTC - 3' 

R: 5‘ - TGGGTTCAGGGTGTTGTATAG - 3' 

Mmp13 F: 5' - AAGATGTGGAGTGCCTGATG - 3' 

R: 5‘ - AAGGCCTTCTCCACTTCAGA - 3' 

Probe PCR Primer Sequences

GENE Primer Sequence

Runx1 F: CATTTAGGTGACACTATAGAGCATGGTGGAGGTACTAGCTG

R: TAATACGACTCACTATAGGGGCGCCGTAGTATAGATGGTAGG

Tgfb3 F: CATTTAGGTGACACTATAGGGAGCCCCTGACCATCTT

R: TAATACGACTCACTATAGGGAGGCTCCCCGGATACTTG

Mmp13 F: CATTTAGGTGACACTATAGCCAAAACACCAGAGAAGTGTGA

R: TAATACGACTCACTATAGGGCTTCATAGCACGCAAGAATCAG

Stat3 F: CATTTAGGTGACACTATAGGAGGCCCTCCCAACATCT

R: TAATACGACTCACTATAGGGTTCATTCCAAAGGGCCAA

Figure 17
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