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ABSTRACT

The craniofacial region forms in a complicated developmental process regu-
lated by multiple genes and growth factors. Disruption and dysregulation 
 during facial development can lead to multiple congenital facial anomalies 
including cleft lip and palate. This literature review collects and analyses the 
existing information about the interaction of multiple growth factors and 
genes within the developing facial region and their association with facial 
pathology. The factors analysed in this review  are DLX4, FOXE1, HOXB3, 
MSX2, PAX7, PAX9, RYK, SHH, SOX3, WNT3A, WNT9B and BARX1.
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INTRODUCTION

Development of the face is a complex process which involves a delicate balance 
between the action of genes that regulate the formation of the facial struc-
tures as well as the interaction of growth and developmental factors neces-
sary for correct diff erentiation and maturation of the craniofacial region. If 
this  balance is disrupted during the embryonic development, it can lead to 
multiple craniofa cial anomalies, including cleft  lip and palate.

Th is literature review is focused on analysing and collecting the exist-
ing information about the interaction of multiple genes and growth factors 
within the developing facial region. Some of these factors have been associated 
with craniofacial development abnormalities, but others have not been stud-
ied in such great detail regarding the formation of the facial pathologies. Th e 
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 liter ature review was conducted with PubMED (Medline), Google Scholar and 
ClinicalKey databases using diff erent keywords: genes, gene proteins. By elimi-
nating duplicates and checking article compatibility with the topic, 69 articles 
were selected and analysed. Data were collected from the last 30 years. Th e last 
database search was done on 3 July 2020.

DLX4

Th e distal-less homeobox (DLX) genes are homeodomain-containing tran-
scription factors that are divided into three bi-gene DLX clusters. Each clus-
ter contains two closely located gene pairs (Dlx1/Dlx2, Dlx3/Dlx4, Dlx5/Dlx6) 
that can be convergently transcribed and have been detected in both mice and 
humans [1]. Th e subsequent gene products DLX2, DLX3 and DLX4 proteins 
show high similarity in the structure of their homeodomains and composi-
tion of surrounding amino acids [2]. DLX genes belong to the homeobox gene 
super-family. Homeobox genes are expressed at specifi c time intervals and in 
specifi c regions during the embryonic development and control formation of 
the body axis and morphogenesis of all organ systems [3]. Dlx genes play an 
important role during the development in the process of neurogenesis and 
limb patterning. Th e function of Dlx4 during the development is unclear [3]. 
In mice, all Dlx genes have a diff erential expression pattern in the branchial 
region during the process of embryogenesis [4]. Expression of murine Dlx 
genes has been described in the mesenchyme derived from neural crest cells 
within the fi rst pharyngeal arch or jaw primordia. Dlx1 and Dlx2 genes are 
expressed within the precursor of the upper jaw – the maxillary arch, but Dlx3-
Dlx6 are expressed within the precursor of the lower jaw – the mandibular arch 
[5]. Embryonic expression of DLX4 has not been well studied in humans, and 
Dlx4 expression is absent in most adult tissues [6]. A DLX4 sequence variant 
(mutation c.546_546delG, predicting p.Gln183Argfs*57) has been reported to 
be linked to the formation of cleft  lip and palate where the pathological DLX4 
variant produced bilateral cleft  lip and palate in a mother and her child [1].

FOXE1

Forkhead box protein E1 (FOXE1) is a member of a transcription factor family 
that contains a DNA-binding forkhead domain and is involved in embryonic 
pattern formation [6]. Multiple FOXE1 mutations have been linked with the 
development of the cleft  lip/palate [7]. FOXE1 is essential for proper MSX1 
and TGFβ3 expression in the developing palate [8]. Th e proposed function of 
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FOXE1 is regulation of chondrogenesis [9]. FOXE1 gene is expressed at the 
point of fusion between maxillary and nasal processes during palatogenesis 
[7]. FOXE1 is expressed in the secondary palate epithelium of both mice [6] 
and human embryos at week 11 [10]. Newborn mice null for FoxE1 exhibit 
cleft  palate and thyroid anomalies [6]. FOXE1 is expressed not only in the oral 
epithelium but also in the heart and thyroid [11]. Homozygous mutations of 
FOXE1 cause the Bamforth–Lazarus syndrome characterized by cleft  palate, 
choanal atresia, bifi d epiglottis, thyroid agenesis or dysgenesis, hypothyroidism 
and spikey hair [12].

HOXB3

Homeobox genes are regulatory genes that encode transcription factors during 
embryogenesis and normal development in which they regulate cell diff eren-
tiation and proliferation [13]. Th ere are more than 20 subclasses of homeobox 
genes; the most notable among these is the homeobox (HOX) gene family that 
consists of 39 genes [14]. Th ese genes are subdivided into four groups: A, B, C 
and D [15]. Homeobox B3 (HOXB3) plays a role in migration of neural crest 
stem cells and is important for correct formation of pharyngeal organs and 
structures derived from the third and fourth pharyngeal arch pouches  (thymus, 
parathyroid glands). HOXB3 together with HOXA3 and HOXD3 overlap in 
functions to regulate correct migration of the thymus and parathyroid glands 
during embryogenesis [16]. HOXB3 has recently attracted attention as its 
altered expression has been observed in a variety of cancer types [17].

MSX2

Muscle segment homeobox gene 2 (MSX2) is a member of the family of diver-
gent homeobox-containing genes. Th ere are three diff erent Msx genes in mice 
and two in humans. Homeobox-containing genes share a well-conserved 
sequence of 183 bp coding for a helix-loop-helix motif of 64 amino acids. Most 
homeobox genes are organized in clusters (HOXA, B, C, and D genes) that 
control the development of the trunk spatially and temporally. However, other 
homeobox genes, dispersed around the genome and classifi ed as divergent 
homeogenes, also include the MSX family which is crucial for the develop-
ment of the head [18]. MSX1 and MSX2 gene mutations cause diff erent cleft  lip 
and palate phenotypes – from cleft  palate to bilateral cleft  lip and palate [19, 20, 
21]. MSX2 is detectable in the orofacial skeleton: the mandibula and maxilla, 
Meckel’s cartilage and teeth germs [22]. Th e mutation of the MSX2 gene causes 
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Boston-type craniosynostosis in humans [22, 23]. MSX2 is essential for prolif-
eration of osteoblast progenitors during normal craniofacial development [22].

PAX7  

Paired box 7 (PAX7) is a transcription factor that is involved in neural crest 
development by aff ecting the expression of neural crest markers Slug, SOX9, 
and SOX10 [25]. PAX7 expression has been detected in the palatal shelves, 
Meckel’s cartilage, and in nasal structures like the nasal epithelium. Mice with 
mutant Pax7 have development malformations of the maxilla and the nose 
[24, 27]. PAX7 was previously associated with non-syndromic cleft  lip/palate 
in four human populations in a candidate gene association study [24, 26]. Th e 
single SNP at 1p36 associated with cleft  lip/palate is located in an intron in 
the PAX7 gene (encoding paired box 7) [28]. PAX7 is functionally involved 
in craniofacial development [27]. One study investigated seven PAX7 variants 
in non-syndromic cleft  lip/palate case-parent trios from multiple populations, 

PAX9

Paired box 9 (PAX9) belongs to the family of paired-box DNA-binding 
domain-containing transcription factors, which play key roles in  organogenesis 
[29]. Pax9 gene deletion is well known to induce cleft  palate in mice [30]. 
Th e deletion causes defects in palatal shelf elevation and extracellular matrix 
changes (decrease in hyaluronic acid saturation), defective organ develop-
ment from pharyngeal pouches and tooth development arrest at the bud stage 
[31, 32]. Pax9 expression needs to be balanced and correctly timed for nor-
mal  palate development – upregulation is seen during palatal vertical growth 
and  elevation, and downregulation happens before the palatal shelves fuse 
together [33]. PAX9 downstream aff ects SHH by promoting growth in anterior-
posterior palate axis and rugae formation [34]. PAX9 gene deletion causes a 
signi fi cant loss of BMP pathway signalling (BMP4, MSX1) and causes defects 
in WNT β-catenin-dependent pathway by the upregulation of genes DKK1 
and DKK2, which antagonize WNT signalling, and by the downregulation of 
WNT7A, WNT3, WNT9B [30,34,35]. PAX9-defi cient mice die shortly aft er 
birth,  exhibiting complete cleft  palate [36].

and two PAX7 variants showed a strong parent-of-origin eff ect [26].
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RYK

Receptor-like Tyrosine Kinase (RYK) protein has an extracellular domain 
similar to WIF1 (WNT inhibitory factor 1), a transmembrane domain, and a 
kinase-dead tyrosine kinase domain, and it is able to bind to WNT5A  protein 
[37, 38]. RYK is involved in multiple molecular events including hetero-
dimerization with other receptor tyrosine kinases (RTKs) [39], activation of 
Src kinase [40], binding to frizzled (Fz) receptors [38]. WNT can induce the 
nuclear translocation of the RYK intracellular domain, which promotes neu-
ronal diff erentiation [37, 41]. RYK is essential for normal development and 
formation of craniofacial structures like the secondary palate. Mice defi cient in 
RYK have a specifi c craniofacial appearance, shortening of limbs and increased 
postnatal mortality caused by feeding and respiratory complications associated 
with a complete cleft  of the secondary palate [39].

SHH

One of the signalling pathways involved in craniofacial development is the 
Hedgehog family, in particular, the Sonic hedgehog (SHH) and the Indian 
hedgehog (IHH) [42]. IHH is required for normal ossifi cation and bone devel-
opment of the craniofacial region [42, 43]. IHH null mice exhibit reduced 
expression of osteogenesis factors and decreased ossifi cation process in the 
palate [44]. SHH is one of the most studied signalling pathways of lip and pal-
ate morphogenesis [45]. SHH is essential for craniofacial development, par-
ticularly the palate and frontonasal development, and is predominantly found 
at sites of epithelial-mesenchymal interactions, inducing mesenchymal cell 
proliferation [46, 47, 48, 49]. SHH is required for mesenchymal cell survival 
in early stages of development and for cell proliferation in later stages [19, 49]. 
Before the palatal shelve elevation and fusion, SHH is found in the oral side of 
the palatal epithelium, aft erwards only in spots of thickened epithelium (rugae) 
[43, 50]. Th e enhanced SHH signalling might have a restrictive role in WNT 
signalling by enhancing WNT antagonist signalling [51]. SHH signalling plays 
an important role in fusion of facial processes and formation of the upper lip. 
Enhanced SHH signalling caused by mutated Patched1 during head develop-
ment can lead to cleft  lip with craniofacial abnormalities (hypertelorism) [51, 
52].
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SOX3

Th e SRY-Box Transcription Factor 3 (SOX3) gene found in the X-chromosome 
belongs to the SOXB1 (SOX1-3) subfamily of transcription factors [53, 54]. 
SOX1, SOX2 and SOX3 are expressed in neural progenitor cells where they 
help to sustain the undiff erentiated state of progenitor cells and counteract the 
activity of proneural diff erentiation factors, which is important for the devel-
opment of the neural tube and various placodes [55]. Th e SOX2 gene is the 
closest relative of SOX3 and is one of the main pluripotency factors involved in 
the regulation of stem cell activity and diff erentiation [54, 56]. SOX3 is known 
as one of the earliest neural markers in vertebrates and is currently the most 
studied functional aspect of SOX3 action [57]. In murine telencephalon, Sox3 is 
expressed in neural stem/progenitor cells during embryonic development and 
is later downregulated during neuronal diff erentiation [58].

WNT3A

Th e Wi ngless-Type MMTV Integration Site Family (WNT) genes were dis-
covered in 1982, and similar homologous genes have been reported in other 
organisms like mice (Int gene) and Drosophila (wingless gene) [59]. Th e WNT 
gene family encodes 19 diff erent proteins, including WNT1, WNT2, WNT2b 
(WNT13), WNT3, WNT3A, WNT4, WNT5A, WNT5B, WNT6, WNT7A, 
WNT7B, WNT8A, WNT8B, WNT9A (WNT14), WNT9B (WNT14B), 
WNT10A, WNT10B, WNT11, and WNT16. Th ese proteins are  characterized 
by being secretory glycoproteins that are rich in cysteine [59, 60]. WNT pro-
teins can bind to cell surface receptors and are important in the process of 
autocrine and paracrine regulation through the WNT signalling pathway 
[59]. Wingless-Type MMTV Integration Site Family, Member 3A (WNT3A) 
together with other WNT genes play an important role in craniofacial mor-
phogenesis, which has been studied in mouse models. WNT3A expression has 
been detected in the upper lip region, also in the primary and  secondary  palate, 
and they play a role in regional specifi cation within the developing face of 
vertebrates [61]. WNT3A together with WNT11 and WNT8A mediate neural 
crest cell migration and diff erentiation within the pharyngeal/branchial arches, 
contributing to the formation of connective tissue and bone in the head and 
neck region [61]. WNT genes, including WNT3A, have been suggested as 
 candidate genes for the development of the cleft  lip and palate [61, 62].
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WNT9B

BARX1 

BarH‐like homeobox 1 (BARX1) is a homeobox gene expressed in ectomes-
enchymal cells of the developing mandibular and maxillar prominences and 
plays a role in the formation of pharyngeal osteochondrogenic conden sation 
[66, 67, 68]. BARX1 is also expressed in the anterior and posterior palatal 
shelves and is present in a restricted epithelial localization of the anterior 
domain [68]. BARX1 mesenchymal expression seen in the posterior palate is 
complemented by the anterior expression of MSX1 [69]. WNT3A can signifi -
cantly increase the expression of BARX1 by activating the WNT signalling path-
way. Reduced BARX1 expression can potentially cause defects in osteochon-
drogenic cell condensation and subsequently cause maxillary hypoplasia [66].

CONCLUSION

Th e amount of information about genes HOXB3, SOX3, WNT9B in the devel-
opment of the craniofacial region is quite limited. More detailed information 
is available about SHH and WNT3A about their involvement in craniofacial 
development and pathogenesis of facial malformations. For genes DLX4, 
FOXE1, PAX9, RYK, and WNT9B most information about their  functionality 
comes from morphological and genetical research of mice or other model 
 animals, but the information from human studies is limited to genetical  studies 
or specifi c case studies. Th is limits the possibility of accurate prediction of 
the formation of craniofacial pathologies in humans and causes diffi  culties 
in understanding the possible mechanisms of cleft  and other facial anomaly 
 formation in unclear or multietiological cases.

Wingless-Type MMTV Integration Site Family, Member 9B (WNT9B), belongs 
to the WNT gene family. It has also been suggested as a potential candidate 
gene in the formation of the cleft  lip/palate [61, 63]. Recessive knockout muta-
tion of WNT9B (WNT9B-/-) gene in murine models showed the formation of 
the cleft  lip with or without the cleft  palate with incomplete penetrance [64]. 
WNT9B together with WNT3 are located in the clf1 region of chromosome 
11, which has been associated with the cleft  lip and palate [61, 65]. Th e WNT 
signalling pathway is essential for the proper development of the craniofacial 
region. Typically, the loss of function of WNT genes is associated with defects 
in the craniofacial region, including the cleft  lip [65].



    Factors aff ecting facial development  |  29

REFERENCES

1. Wu D., Mandal S., Choi A., Anderson A., Prochazkova M., Perry H., Gil-Da-
Silva-Lopes V.L., Lao R., Wan E., Tang P.L., Kwok P.Y., Klein O., Zhuan B., Sla-
votinek A.M. (2015). DLX4 is associated with orofacial clefting and abnormal 
jaw development. Human Molecular Genetics, 24(15), 4340–4352. 

 https://doi.org/10.1093/hmg/ddv167
2. Akimenko M.A., Ekker M., Wegner J., Lin W., Westerfield M. (1994). Combina-

torial expression of three zebrafish genes related to distal-less: part of a home-
obox gene code for the head. The Journal of Neuroscience, 14(6), 3475–3486. 
https://doi.org/10.1523/JNEUROSCI.14-06-03475.1994

3. Trinh B.Q., Barengo N., Kim S.B., Lee J.S., Zweidler-McKay P.A., Naora H. 
(2015). The homeobox gene DLX4 regulates erythro-megakaryocytic differ-
entiation by stimulating IL-1β and NF-κB signaling. Journal of Cell Science, 
128(16), 3055–3067. https://doi.org/10.1242/jcs.168187

4. Talbot J.C., Johnson S.L., Kimmel C.B. (2010). hand2 and Dlx genes specify 
dorsal, intermediate and ventral domains within zebrafish pharyngeal arches. 
Development (Cambridge, England), 137(15), 2507–2517. 

 https://doi.org/10.1242/dev.049700
5. Jeong J., Cesario J., Zhao Y., Burns L., Westphal H., Rubenstein J.L. (2012). Cleft 

palate defect of Dlx1/2-/- mutant mice is caused by lack of vertical outgrowth 
in the posterior palate. Developmental Dynamics, 241(11), 1757–1769. 

 https://doi.org/10.1002/dvdy.23867
6. Dathan N., Parlato R., Rosica A., De Felice M., Di Lauro R. (2002). Distri-

bution of the titf2/foxe1 gene product is consistent with an important role in the 
development of foregut endoderm, palate, and hair. Developmental Dynamics, 
224(4), 450–456. https://doi.org/10.1002/dvdy.10118

7. Moreno L.M., Mansilla M.A., Bullard S.A., Cooper M.E., Busch T.D., Machida J., 
Johnson M.K., Brauer D., Krahn K., Daack-Hirsch S., L’Heureux J., Valencia-
Ramirez C., Rivera D., López A.M., Moreno M.A., Hing A., Lammer E.J., 
Jones M., Christensen K., Lie R.T., Jugessur A., Wilcox A.J., Chines P., Pugh E., 
Doheny K., Arcos-Burgos M., Marazita M.L., Murray J.C., Lidral A.C. (2009). 
FOXE1 association with both isolated cleft lip with or without cleft palate, and 
isolated cleft palate. Human Molecular Genetics, 18(24), 4879–4896. 

 https://doi.org/10.1093/hmg/ddp444 
8. Venza I., Visalli M., Parrillo L., De Felice M., Teti D., Venza M. (2011). MSX1 

and TGF-beta3 are novel target genes functionally regulated by FOXE1. Human 
Molecular Genetics, 20(5), 1016–1025. https://doi.org/10.1093/hmg/ddq547

9. Nakada C., Iida A., Tabata Y., Watanabe S. (2009). Forkhead transcription factor 
foxe1 regulates chondrogenesis in zebrafish. Journal of Experimental Zoology. 
Part B, Molecular and Developmental Evolution, 312(8), 827–840. 

 https://doi.org/10.1002/jez.b.21298



30  |  Mārtiņš Vaivads, Evija Balode, Māra Pilmane

10. Trueba S.S., Augé J., Mattei G., Etchevers H., Martinovic J., Czernichow P., 
Vekemans M., Polak M., Attié-Bitach T. (2005). PAX8, TITF1, and FOXE1 
gene expression patterns during human development: new insights into human 
thyroid development and thyroid dysgenesis-associated malformations. The 
Journal of Clinical Endocrinology and Metabolism, 90(1), 455–462. 

 https://doi.org/10.1210/jc.2004-1358
11. Lidral A.C., Liu H., Bullard S.A., Bonde G., Machida J., Visel A., Uribe L.M., 

Li X., Amendt B., Cornell, R.A. (2015). A single nucleotide polymorphism 
associated with isolated cleft lip and palate, thyroid cancer and hypo thyroidism 
alters the activity of an oral epithelium and thyroid enhancer near FOXE1. 
Human Molecular Genetics, 24(14), 3895–3907. 

 https://doi.org/10.1093/hmg/ddv047
12. Carré A., Hamza R.T., Kariyawasam D., Guillot L., Teissier R., Tron E., Cas-

tanet M., Dupuy C., El Kholy M., Polak M. (2014). A novel FOXE1 muta-
tion (R73S) in Bamforth-Lazarus syndrome causing increased thyroidal gene 
expression. Thyroid, 24(4), 649–654. https://doi.org/10.1089/thy.2013.0417

13. Gray S., Pandha H.S., Michael A., Middleton G., Morgan R. (2011). HOX genes 
in pancreatic development and cancer. Journal of the Pancreas, 12(3), 216–219.

14. Scott M.P. (1993). A rational nomenclature for vertebrate homeobox (HOX) 
genes. Nucleic Acids Research, 21(8), 1687–1688. 

 https://doi.org/10.1093/nar/21.8.1687 
15. Scott M.P. (1992). Vertebrate homeobox gene nomenclature. Cell, 71(4), 551–

553. https://doi.org/10.1016/0092-8674(92)90588-4
16. Frisdal A., Trainor P.A. (2014). Development and evolution of the pharyn-

geal apparatus. Wiley interdisciplinary reviews. Developmental Biology, 3(6), 
403–418. https://doi.org/10.1002/wdev.147

17. Chen J., Zhu S., Jiang N., Shang Z., Quan C., Niu Y. (2013). HoxB3 promotes 
prostate cancer cell progression by transactivating CDCA3. Cancer Letters, 
330(2), 217–224. https://doi.org/10.1016/j.canlet.2012.11.051

18. Babajko S., de La Dure-Molla M., Jedeon K., Berdal A. (2015). MSX2 in amelo-
blast cell fate and activity. Frontiers in physiology, 5, 510. 

 https://doi.org/10.3389/fphys.2014.00510
19. Jiang R., Bush J.O., Lidral A.C. (2006). Development of the upper lip: mor-

phogenetic and molecular mechanisms. Developmental Dynamics, 235(5), 
1152–1166. https://doi.org/10.1002/dvdy.20646

20. Hilliard S.A., Yu L., Gu S., Zhang Z., Chen Y.P. (2005). Regional regulation of 
palatal growth and patterning along the anterior-posterior axis in mice. Journal 
of Anatomy, 207(5), 655–667. https://doi.org/10.1111/j.1469-7580.2005.00474.x

21. Dai J., Mou Z., Shen S., Dong Y., Yang T., Shen S.G. (2014). Bioinfor-
matic analysis of Msx1 and Msx2 involved in craniofacial develop-
ment. The Journal of Craniofacial Surgery, 25(1), 129–134.  
https://doi.org/10.1097/SCS.0000000000000373

https://www.sciencedirect.com/science/article/abs/pii/0092867492905884?via%3Dihub


    Factors aff ecting facial development  |  31

22. Alappat S., Zhang Z.Y., Chen Y.P. (2003). Msx homeobox gene family and 
cranio facial development. Cell Research, 13(6), 429–442. 

 https://doi.org/10.1038/sj.cr.7290185
23. Medio M., Yeh E., Popelut A., Babajko S., Berdal A., Helms J.A. (2012). WNT/

β-catenin signaling and Msx1 promote outgrowth of the maxillary prominences. 
Frontiers in Physiology, 3, 375. https://doi.org/10.3389/fphys.2012.00375

24. Leslie E.J., Marazita M.L. (2013). Genetics of cleft lip and cleft palate. American 
journal of medical genetics. Part C, Seminars in Medical Genetics, 163C(4), 
246–258. https://doi.org/10.1002/ajmg.c.31381

25. Basch M.L., Bronner-Fraser M., García-Castro M.I. (2006). Specification of the 
neural crest occurs during gastrulation and requires Pax7. Nature, 441(7090), 
218–222. https://doi.org/10.1038/nature04684

26. Sull J.W., Liang K.Y., Hetmanski J.B., Fallin M.D., Ingersoll R.G., Park J., Wu-
Chou Y.H., Chen P.K., Chong S.S., Cheah F., Yeow V., Park B.Y., Jee S.H., 
Jabs E.W., Redett R., Scott A.F., Beaty T.H. (2009). Maternal transmission effects 
of the PAX genes among cleft case-parent trios from four populations. Euro-
pean Journal of Human Genetics, 17(6), 831–839. 

 https://doi.org/10.1038/ejhg.2008.250
27. Mansouri A., Stoykova A., Torres M., Gruss P. (1996). Dysgenesis of cephalic 

neural crest derivatives in Pax7-/- mutant mice. Development (Cambridge, 
England), 122(3), 831–838.

28. Ludwig K.U., Mangold E., Herms S., Nowak S., Reutter H., Paul A., 
Becker J., Herberz R., AlChawa T., Nasser E., Böhmer A.C., Mattheisen M., 
Alblas M.A., Barth S., Kluck N., Lauster C., Braumann B., Reich R.H., Hem-
prich A., Pötzsch S., Blaumeiser B., Daratsianos N., Kreusch T., Murray J.C., 
Marazita M.L.,  Ruczinski I., Scott A.F., Beaty T.H., Kramer F.J., Wienker T.F., 
Steegers-Theunissen R.P., Rubini M., Mossey P.A., Hoffmann P., Lange C., 
Cichon S., Propping P., Knapp M., Nöthen M.M. (2012). Genome-wide meta-
analyses of nonsyndromic cleft lip with or without cleft palate identify six new 
risk loci. Nature Genetics, 44(9), 968–971. https://doi.org/10.1038/ng.2360

29. Stapleton P., Weith A., Urbánek P., Kozmik Z., Busslinger M. (1993). Chromo-
somal localization of seven PAX genes and cloning of a novel family member, 
PAX-9. Nature Genetics, 3(4), 292–298. https://doi.org/10.1038/ng0493-292

30. Jia S., Zhou J., Fanelli C., Wee Y., Bonds J., Schneider P., Mues G., D’Souza R.N. 
(2017). Small-molecule WNT agonists correct cleft palates in Pax9 mutant mice 
in utero. Development (Cambridge, England), 144(20), 3819–3828. 

 https://doi.org/10.1242/dev.157750
31. Li C., Lan Y., Krumlauf R., Jiang R. (2017). Modulating WNT Signaling Rescues 

Palate Morphogenesis in Pax9 Mutant Mice. Journal of Dental Research, 96(11), 
1273–1281. https://doi.org/10.1177/0022034517719865



32  |  Mārtiņš Vaivads, Evija Balode, Māra Pilmane

32. Carpinelli M.R., de Vries M.E., Jane S.M., Dworkin S. (2017). Grainyhead-like 
Transcription Factors in Craniofacial Development. Journal of Dental Research, 
96(11), 1200–1209. https://doi.org/10.1177/0022034517719264

33. Hamachi T., Sasaki Y., Hidaka K., Nakata M. (2003). Association between pala-
tal morphogenesis and Pax9 expression pattern in CL/Fr embryos with clefting 
during palatal development. Archives of Oral Biology, 48(8), 581–587. 

 https://doi.org/10.1016/s0003-9969(03)00104-3
34. Zhou J., Gao Y., Lan Y., Jia S., Jiang R. (2013). Pax9 regulates a molecular net-

work involving Bmp4, Fgf10, Shh signaling and the Osr2 transcription factor 
to control palate morphogenesis. Development (Cambridge, England), 140(23), 
4709–4718. https://doi.org/10.1242/dev.099028

35. Li J., Yuan Y., He J., Feng J., Han X., Jing J., Ho T.V., Xu J., Chai Y. (2018). Con-
stitutive activation of hedgehog signaling adversely affects epithelial cell fate 
during palatal fusion. Developmental Biology, 441(1), 191–203. 

 https://doi.org/10.1016/j.ydbio.2018.07.003
36. Peters H., Neubüser A., Kratochwil K., Balling R. (1998). Pax9-deficient mice 

lack pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb 
abnormalities. Genes & Development, 12(17), 2735–2747. 

 https://doi.org/10.1101/gad.12.17.2735
37. Lin S., Baye L.M., Westfall T.A., Slusarski D.C. (2010). WNT5b-Ryk pathway 

provides directional signals to regulate gastrulation movement. The Journal of 
Cell Biology, 190(2), 263–278. https://doi.org/10.1083/jcb.200912128

38. Kim G.H., Her J.H., Han J.K. (2008). Ryk cooperates with Frizzled 7 to promote 
WNT11-mediated endocytosis and is essential for Xenopus laevis convergent 
extension movements. The Journal of Cell Biology, 182(6), 1073–1082. 

 https://doi.org/10.1083/jcb.200710188
39. Halford M.M., Armes J., Buchert M., Meskenaite V., Grail D., Hibbs M.L., Wilks 

A.F., Farlie P.G., Newgreen D.F., Hovens C.M., Stacker S.A. (2000). Ryk-defi-
cient mice exhibit craniofacial defects associated with perturbed Eph receptor 
crosstalk. Nature Genetics, 25(4), 414–418. https://doi.org/10.1038/78099

40. Wouda R.R., Bansraj M.R., de Jong A.W., Noordermeer J.N., Fradkin L.G. 
(2008). Src family kinases are required for WNT5 signaling through the 
Derailed/RYK receptor in the Drosophila embryonic central nervous system. 
Development (Cambridge, England), 135(13), 2277–2287. 

 https://doi.org/10.1242/dev.017319
41. Lyu J., Yamamoto V., Lu W. (2008). Cleavage of the WNT receptor Ryk regu-

lates neuronal differentiation during cortical neurogenesis. Developmental cell, 
15(5), 773–780. https://doi.org/10.1016/j.devcel.2008.10.004

42. Pan A., Chang L., Nguyen A., James A.W. (2013). A review of hedgehog 
 signaling in cranial bone development. Frontiers in Physiology, 4, 61. 

 https://doi.org/10.3389/fphys.2013.00061

https://doi.org/10.1016/S0003-9969(03)00104-3


    Factors aff ecting facial development  |  33

43. Rice R., Connor E., Rice D.P. (2006). Expression patterns of Hedgehog signal-
ling pathway members during mouse palate development. Gene Expression 
Patterns, 6(2), 206–212. https://doi.org/10.1016/j.modgep.2005.06.005

44. Levi B., James A.W., Nelson E.R., Brugmann S.A., Sorkin M., Manu A., Lon-
gaker M.T. (2011). Role of Indian hedgehog signaling in palatal osteogenesis. 
Plastic and Reconstructive Surgery, 127(3), 1182–1190. 

 https://doi.org/10.1097/PRS.0b013e3182043a07
45. Lan Y., Jiang R. (2009). Sonic hedgehog signaling regulates reciprocal epithelial-

mesenchymal interactions controlling palatal outgrowth. Development (Cam-
bridge, England), 136(8), 1387–1396. https://doi.org/10.1242/dev.028167

46. Deshpande A.S., Goudy S.L. (2018). Cellular and molecular mechanisms of cleft 
palate development. Laryngoscope Investigative Otolaryngology, 4(1), 160–164. 
https://doi.org/10.1002/lio2.214

47. Hammond N.L., Brookes K.J., Dixon M.J. (2018). Ectopic Hedgehog Signaling 
Causes Cleft Palate and Defective Osteogenesis. Journal of Dental Research, 
97(13), 1485–1493. https://doi.org/10.1177/0022034518785336

48. Han J., Mayo J., Xu X., Li J., Bringas P., Jr, Maas R.L., Rubenstein J.L., Chai Y. 
(2009). Indirect modulation of Shh signaling by Dlx5 affects the oral-nasal 
patterning of palate and rescues cleft palate in Msx1-null mice. Development 
(Cambridge, England), 136(24), 4225–4233. https://doi.org/10.1242/dev.036723

49. Hu D., Young N.M., Li X., Xu Y., Hallgrímsson B., Marcucio R.S. (2015). 
A dynamic Shh expression pattern, regulated by SHH and BMP signaling, coor-
dinates fusion of primordia in the amniote face. Development (Cambridge, 
England), 142(3), 567–574. https://doi.org/10.1242/dev.114835

50. Sohn W.J., Yamamoto H., Shin H.I., Ryoo Z.Y., Lee S., Bae Y.C., Jung H.S., 
Kim J.Y. (2011). Importance of region-specific epithelial rearrangements in 
mouse rugae development. Cell and Tissue Research, 344(2), 271–277. 

 https://doi.org/10.1007/s00441-011-1148-z
51. Kurosaka H., Iulianella A., Williams T., Trainor P.A. (2014). Disrupting hedge-

hog and WNT signaling interactions promotes cleft lip pathogenesis. The 
 Journal of Clinical Investigation, 124(4), 1660–1671. 

 https://doi.org/10.1172/JCI72688
52. Kurosaka H. (2015). The Roles of Hedgehog Signaling in Upper Lip Formation. 

BioMed Research International, 2015, 901041. 
 https://doi.org/10.1155/2015/901041
53. Bergsland M., Ramsköld D., Zaouter C., Klum S., Sandberg R., Muhr J. (2011). 

Sequentially acting Sox transcription factors in neural lineage development. 
Genes & Development, 25(23), 2453–2464. 

 https://doi.org/10.1101/gad.176008.111
54. Wegner M. (2010). All purpose Sox: The many roles of Sox proteins in gene 

expression. The International Journal of Biochemistry & Cell Biology, 42(3), 
381–390. https://doi.org/10.1016/j.biocel.2009.07.006



34  |  Mārtiņš Vaivads, Evija Balode, Māra Pilmane

55. Bylund M., Andersson E., Novitch B.G., Muhr J. (2003). Verte brate neuro-
genesis is counteracted by Sox1-3 activity. Nature Neuroscience, 6(11), 1162–
1168. https://doi.org/10.1038/nn1131

56. Avilion A.A., Nicolis S.K., Pevny L.H., Perez L., Vivian N., Lovell-Badge R. 
(2003). Multipotent cell lineages in early mouse development depend on SOX2 
function. Genes & Development, 17(1), 126–140. 

 https://doi.org/10.1101/gad.224503
57. Topalovic V., Krstic A., Schwirtlich M., Dolfini D., Mantovani R., Stevanovic M., 

Mojsin M. (2017). Epigenetic regulation of human SOX3 gene expression 
 during early phases of neural differentiation of NT2/D1 cells. PloS One, 12(9), 
e0184099. https://doi.org/10.1371/journal.pone.0184099

58. Rogers N., Cheah P.S., Szarek E., Banerjee K., Schwartz J., Thomas P. (2013). 
Expression of the murine transcription factor SOX3 during embryonic and 
adult neurogenesis. Gene Expression Patterns, 13(7), 240–248. 

 https://doi.org/10.1016/j.gep.2013.04.004
59. He S., Lu Y., Liu X., Huang X., Keller E.T., Qian C.N., Zhang J. (2015). WNT3a: 

functions and implications in cancer. Chinese Journal of Cancer, 34(12), 554–
562. https://doi.org/10.1186/s40880-015-0052-4

60. Bodine P.V. (2008). WNT signaling control of bone cell apoptosis. Cell Research, 
18(2), 248–253. https://doi.org/10.1038/cr.2008.13

61. Chiquet B.T., Blanton S.H., Burt A., Ma D., Stal S., Mulliken J.B., Hecht J.T. 
(2008). Variation in WNT genes is associated with non-syndromic cleft lip with 
or without cleft palate. Human molecular genetics, 17(14), 2212–2218. 

 https://doi.org/10.1093/hmg/ddn121
62. Andrade Filho P.A., Letra A., Cramer A., Prasad J.L., Garlet G.P., Vieira A.R., 

Ferris R.L., Menezes R. (2011). Insights from studies with oral cleft genes sug-
gest associations between WNT-pathway genes and risk of oral cancer. Journal 
of Dental Research, 90(6), 740–746. https://doi.org/10.1177/0022034511401622

63. Lan Y., Ryan R.C., Zhang Z., Bullard S.A., Bush J.O., Maltby K.M., Lidral A.C., 
Jiang R. (2006). Expression of WNT9b and activation of canonical WNT signal-
ing during midfacial morphogenesis in mice. Developmental Dynamics, 235(5), 
1448–1454. https://doi.org/10.1002/dvdy.20723

64. Juriloff D.M., Harris M.J., McMahon A.P., Carroll T.J., Lidral A.C. (2006). 
WNT9b is the mutated gene involved in multifactorial nonsyndromic cleft 
lip with or without cleft palate in A/WySn mice, as confirmed by a genetic 
complementation test. Birth Defects Research. Part A, Clinical and Molecular 
Teratology, 76(8), 574–579. https://doi.org/10.1002/bdra.20302

65. Fontoura C., Silva R.M., Granjeiro J.M., Letra A. (2015). Association of WNT9B 
Gene Polymorphisms With Nonsyndromic Cleft Lip With or Without Cleft Pal-
ate in Brazilian Nuclear Families. The Cleft Palate-Craniofacial Journal, 52(1), 
44–48. https://doi.org/10.1597/13-146



    Factors aff ecting facial development  |  35

66. Shimomura T., Kawakami M., Tatsumi K., Tanaka T., Morita-Takemura S., 
Kirita T., Wanaka A. (2019). The Role of the WNT Signaling Pathway in Upper 
Jaw Development of Chick Embryo. Acta Histochemica et Cytochemica, 52(1), 
19–26. https://doi.org/10.1267/ahc.18038

67. Sperber S.M., Dawid I.B. (2008). barx1 is necessary for ectomesenchyme pro-
liferation and osteochondroprogenitor condensation in the zebrafish pharyn-
geal arches. Developmental Biology, 321(1), 101–110. 

 https://doi.org/10.1016/j.ydbio.2008.06.004
68. Welsh I.C., Hart J., Brown J.M., Hansen K., Rocha Marques M., Aho R.J., 

Grishina I., Hurtado R., Herzlinger D., Ferretti E., Garcia-Garcia M.J.,  Selleri 
L. (2018). Pbx loss in cranial neural crest, unlike in epithelium, results in cleft 
 palate only and a broader midface. Journal of Anatomy, 233(2), 222–242. 
https://doi.org/10.1111/joa.12821

69. Welsh I.C., O’Brien T.P. (2009). Signaling integration in the rugae growth zone 
directs sequential SHH signaling center formation during the rostral outgrowth 
of the palate. Developmental Biology, 336(1), 53–67. 

 https://doi.org/10.1016/j.ydbio.2009.09.028

Address for correspondence:
Mārtiņš Vaivads
Department of Morphology
Rīga Stradiņš University
Kronvalda bulvāris 9, Riga, Latvia, LV-1010
E-mail: martins.vaivads@rsu.lv
E-mail: martins.vaivads@rsu.lv




