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Introduction 

Development of the secondary palate, which ultimately divides the oro-nasal space into separate 
oral and nasal cavities, involves a complex series of integrated events that requires close co-
ordination of developmental programmes for cell migration, growth, adhesion, differentiation and 
apoptosis. Failure of these processes results in the congenital anomaly cleft palate which has an 
estimated incidence of 1 in 2500 live births [1,2]. Cleft palate results in considerable morbidity to 
affected individuals as they may experience problems with feeding, obstructive apnoea, speaking, 
hearing and social adjustment which can be improved to varying degrees by airway support, surgery, 
speech therapy, dental treatment, and psychosocial intervention [1,2]. The frequent occurrence and 
major healthcare burden imposed by cleft palate highlight the need to dissect the fundamental 
mechanisms that underlie development of the secondary palate. 

Cleft palate has a strong genetic component with over 50% of cases occurring with additional non-
cleft abnormalities as part of a syndrome [3]. Over 500 syndromic forms of cleft palate have been 
described, most of which result from single gene mutations or chromosomal abnormalities. 
Identification of the genetic mutations underlying syndromic forms of cleft palate allied to 
developmental studies using appropriate animal models is central to our understanding of the gene 
regulatory networks underlying palatal development and the pathogenesis of cleft palate. 

Palatal development 

Development of the secondary palate in mice closely mirrors that occurring in humans; 
consequently, the mouse is the main model organism used for studying palatogenesis [4-6]. In mice, 
palatal shelves initiate from the maxillary processes on embryonic day (E) 11 and grow vertically, 
lateral to the tongue, during E12 and E13 (Fig. 1). At these stages, each palatal shelf consists of a 
core of neural crest cell-derived mesenchyme surrounded by a simple, undifferentiated epithelium 
consisting of a basal layer of cuboidal ectodermal cells and a surface layer of flattened periderm cells 
similar to the remainder of the oral epithelia and the epidermis [7,8]. During E14, the palatal shelves 
rapidly re-orientate to a horizontal position above the dorsum of the tongue and contact via their 
medial edge epithelia (Fig. 1). The medial edge epithelia of the apposed palatal shelves adhere to 
form a midline epithelial seam which is subsequently removed to allow mesenchymal continuity 
across the palate by E15 (Fig. 1). 

Although the epithelia of the vertical palatal shelves are in intimate contact with the mandibular and 
lingual epithelia, pathological fusions between the palate and the mandible and/or the tongue are 
rare [9-11]; nevertheless, the medial edge epithelia must rapidly acquire the capability to fuse if the 
palatal shelves are not to remain cleft. Although the mechanisms by which removal of the midline 
seam is ultimately completed have been controversial, the prevailing evidence now supports a major 
role for cell death with epithelial-mesenchymal transformation playing only a minor, if any, role 
[6,12-14] Recent evidence has suggested that removal of the periderm from the midline epithelial 
seam is a pre-requisite for palatal fusion to be completed successfully; inhibition of periderm 
elimination resulting in prevention of medial edge epithelial cell death and cleft palate [13]. These 
observations indicate that competence for oral and palatal shelf adhesion is precisely regulated; 
however, the mechanisms that control this process are only partially characterised. 

Periderm life-cycle 
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were generally limited to the lateral regions of the oral cavity, in severe cases they prevented normal 
development of the palatal shelves resulting in cleft palate [18]. 

Peridermopathies 

Further support for the periderm acting as a protective barrier during embryogenesis was provided 
by the observation that failure of periderm formation underlies the popliteal pterygia syndromes; a 
series of devastating human congenital disorders characterised by cutaneous webbing across one or 
more major joints, cleft lip and/or palate, syndactyly, and genital malformations. These conditions 
include Van der Woude syndrome, popliteal pterygium syndrome, Bartsocas Papas syndrome, and 
cocoon syndrome which result from mutations in IRF6, IKKA and RIPK4 [30-34]. 

Van der Woude syndrome, an autosomal dominant disorder characterised by cleft lip and palate 
with lip pits, is the most common syndromic form of cleft lip and/or palate accounting for 
approximately 2% of all cases [2]. Popliteal pterygium syndrome is a more severe allelic disorder that 
presents with a similar orofacial phenotype and additional features including bilateral popliteal 
webs, syndactyly, genital anomalies, ankyloblepharon,  oral synechiae, and nail abnormalities. Both 
conditions can arise as the result of mutations in IRF6 which encodes a transcription factor 
characterised by a highly conserved, helix-turn-helix DNA-binding domain and a less well-conserved 
protein interaction domain [30]. The mutations in IRF6 are non-randomly distributed with VWS-
causing mutations being evenly divided between protein truncation and missense variants while the 
majority of PPS-causing mutations are missense changes that cluster in the DNA-binding domain and 
affect amino acid residues predicted to contact DNA directly [30,35]. It is estimated that IRF6 
mutations account for 70% of cases of VWS and 97% of cases of PPS [35]. 

A second VWS locus was mapped to human chromosome 1p34 [36] and VWS was confirmed to be 
genetically heterogeneous by the demonstration that mutations in the transcription factor 
Grainyhead-like 3 (GRHL3) underlie VWS in a subset of IRF6-negative families [37]. Transfection of 
GRHL3 mutation variants into zebrafish embryos abrogated periderm development via a dominant-
negative effect, while all Grhl3-null mouse embryos developed abnormal periderm resulting in cleft 
palate in 17% of cases [37], confirming that VWS2 is also a peridermopathy. A common risk variant 
(rs41268753; p.Thr454Met) in the GRHL3 coding sequence is also an important contributor to non-
syndromic cleft palate [38,39]. Notably, this variant has been shown to disrupt periderm 
development in zebrafish [38]. 

Bartsocas Papas syndrome is a debilitating autosomal recessive disorder characterised by multiple 
popliteal pterygia, cutaneous syndactyly, lack of nails, ankyloblepharon, filiform bands between the 
jaws, hypoplastic external genitalia, cleft lip and/or palate, and fetal or neonatal lethality, although, 
in the latter case, survival into childhood and beyond has been reported [40]. Through a 
combination of exome sequencing and homozygosity mapping, homozygous mutations in the gene 
encoding RIPK4 were identified in individuals affected by Bartsocas Papas syndrome [32,33]. Ripk4-/- 
mouse embryos display epithelial fusions resulting from failure of periderm development thereby 
mirroring the phenotype observed in Irf6R84C/R84C, Irf6-/-, Ikka-/- and Sfn-/- mice [18,41,42]. RIPK4 
encodes a 784 amino acid receptor interacting serine/threonine kinase comprising a highly 
conserved N-terminal kinase domain, a linker region, and a regulatory domain containing 11 ankyrin 
repeats towards the C-terminus [43] with Bartsocas Papas syndrome mutations mainly affecting 
highly-conserved amino acid residues in the kinase domain. Mutations that arise in the ankyrin 











10 
 

Acknowledgements 

The authors would like to thank current and former members of the Dixon laboratory and all past 
and present clinical and scientific collaborators. 

Funding 

This work was supported by the Medical Research Council (grant number MR/M012174/1) and the 
Wellcome Trust Institutional Strategic Support Fund (grant number 097820). 

References 

1. P.A. Mossey, J. Little, R.G. Munger, M.J. Dixon, W.C. Shaw, Cleft lip and palate, Lancet 374 
(2009) 1773-1785. 

2. M.J. Dixon, M.L. Marazita, T.H. Beaty, J.C. Murray, Cleft lip and palate: understanding genetic 
and environmental influences. Nat. Rev. Genet. 12 (2011) 167-178. 

3. D.R. FitzPatrick, P.A. Raine, J.G. Boorman, Facial clefts in the west of Scotland in the period 
1980-1984: epidemiology and genetic diagnoses, J. Med. Genet. 31 (1994) 126-129. 

4. A. Gritli-Linde, Molecular control of secondary palate development, Dev. Biol. 301 (2007) 309-
326. 

5. J.O. Bush, R. Jiang, Palatogenesis: morphogenetic and molecular mechanisms of secondary 
palate development, Development 139 (2012) 231-243. 

6. Y. Lan, J. Xu, R. Jiang, Cellular and molecular mechanisms of palatogenesis, Curr. Top. Dev. Biol. 
115 (2015) 59-84. 

7. Y. Ito, J.Y. Yeo, A. Chytil, J. Han, P. Bringas Jr, A. Nakajima, C.F. Shuler, H.L. Moses, Y. Chai, 
Conditional inactivation of Tgfbr2 in cranial neural crest causes cleft palate and calvaria defects, 
Development 130 (2003) 5269-5280. 

8. L.M. Casey, Y. Lan, E.S. Cho, K.M. Maltby, T. Gridley, R. Jiang, Jag2-Notch1 signaling regulates 
oral epithelial differentiation and palate development, Dev. Dyn. 235 (2006) 1830-1844. 

9. T. Humphrey, Palatopharyngeal fusion in a human fetus and its relation to cleft formation, 
Alabama J. Med. Sci. 7 (1970) 398-429. 

10. R.M. Shah, Palatomandibular and maxillo-mandibular fusion, partial aglossia and cleft palate in 
a human embryo. Report of a case, Teratology 15 (1977) 261-272. 

11. R. Jiang, Y. Lan, H.D. Chapman, C. Shawber, C.R. Norton, D.V. Serreze, G. Weinmaster, T. Gridley,  
Defects in limb, craniofacial, and thymic development in Jagged2 mutant mice, Genes Dev. 12 
(1998) 1046-1057. 

12. F. Cecconi, G. Alvarez-Bolado, B.I. Meyer, K.A. Roth, P. Gruss, Apaf1 (CED-4 homolog) regulates 
programmed cell death in mammalian development, Cell 94 (1998) 727-737. 

13. R. Cuervo, L. Covarrubias, Death is the major fate of medial edge epithelial cells and the cause 
of basal lamina degradation during palatogenesis, Development 131 (2004) 15-24. 

14. F. Vaziri Sani, V. Kaartinen, M. El Shahawy, A. Linde, A. Gritli-Linde A, Developmental changes in 
cellular and extracellular structural macromolecules in the secondary palate and in the nasal 
cavity of the mouse, Eur. J. Oral Sci. 118 (2010) 221-236. 

15. T. Lechler, E. Fuchs, Asymmetric cell divisions promote stratification and differentiation of 
mammalian skin, Nature 437 (2005) 275-280. 

16. Y. M'Boneko, H.J. Merker, Development and morphology of the mouse embryos (days 9-12 of 
gestation), Acta Anat. 133 (1988) 325-336. 



11 
 

17. K.M. McGowan, P.A. Coulombe PA, Onset of keratin 17 expression coincides with the definition 
of major epithelial lineages during skin development, J. Cell Biol. 143 (1998) 469-486. 

18. R.J. Richardson, N.L. Hammond, P.A. Coulombe, C. Saloranta, H.O. Nousiainen, R. Salonen, A. 
Berry, N. Hanley, D. Headon, R. Karikoski, M.J. Dixon, Periderm prevents pathological epithelial 
adhesions during embryogenesis, J Clin. Invest. 124 (2014) 3891-3900. 

19. M.J. Hardman, S. Paraskevi, D.N. Banbury, C. Byrne, Patterned acquisition of skin barrier 
function during development, Development 125 (1998) 1541-1552. 

20. M.J. Hardman, L. Moore, M.W.J. Ferguson, C. Byrne, Barrier formation in the human fetus is 
patterned, J. Invest. Dermatol. 113 (1999) 1106-1113. 

21. C.Y. Cui, M. Kunisada, D. Esibizione, S.I. Grivennikov, Y. Piao, S.A. Nedospasov, D. Schlessinger, 
Lymphotoxin-beta regulates periderm differentiation during embryonic skin development, 
Hum. Mol. Genet. 16 (2007) 2583-2590. 

22. J. Okano, U. Lichti, S. Mamiya, M. Aronova, G. Zhang, S.H. Yuspa, H. Hamada, Y. Sakai, M.I. 
Morasso, Increased retinoic acid levels through ablation of Cyp26b1 determine the processes of 
embryonic skin barrier formation and peridermal development, J. Cell Sci. 125 (2012) 1827-
1836.  

23. R.J. Richardson, J. Dixon, S. Malhotra, M.J. Hardman, L. Knowles, R.P. Boot-Handford, P. Shore, 
A. Whitmarsh, M.J. Dixon, IRF6 is a key determinant of the keratinocyte proliferation/ 
differentiation switch, Nat. Genet. 38 (2006) 1329-1334. 

24. C.R. Ingraham, A. Kinoshita, S. Kondo, B. Yang, S. Sajan, K.J. Trout, M.I. Malik, M. Dunnwald, S.L. 
Goudy, M. Lovett, J.C. Murray, B.C. Schutte, Abnormal skin, limb and craniofacial 
morphogenesis in mice deficient for interferon regulatory factor 6 (Irf6), Nat. Genet. 38 (2006) 
1335-1340. 

25. Y. Hu, V. Baud, M. Delhase, P. Zhang, T. Deerinck, M. Ellisman, R. Johnson, M. Karin, Abnormal 
morphogenesis but intact IKK activation in mice lacking the IKKalpha subunit of IkappaB kinase, 
Science 284 (1999) 316-320. 

26. Q. Li, Q. Lu, J.Y. Hwang, D. Büscher, K.F. Lee, J.C. Izpisua-Belmonte, I.M. Verma, IKK1-deficient 
mice exhibit abnormal development of skin and skeleton, Genes Dev. 13 (1999) 1322-1328. 

27. K. Takeda, O. Takeuchi, T. Tsujimura, S. Itami, O. Adachi, T. Kawai, H. Sanjo, K. Yoshikawa, N.  
Terada, S. Akira, Limb and skin abnormalities in mice lacking IKKalpha, Science 284 (1999) 313-
316. 

28. B.J. Herron, R.A. Liddell, A. Parker, S. Grant, J. Kinne, J.K. Fisher, L.D. Siracusa, A mutation in 
stratifin is responsible for the repeated epilation (Er) phenotype in mice, Nat. Genet. 37 (2005) 
1210-1212. 

29. Q. Li, Q. Lu, G. Estepa, I.M. Verma, Identification of 14-3-3sigma mutation causing cutaneous 
abnormality in repeated-epilation mutant mouse, Proc. Natl. Acad. Sci. USA 102 (2005) 15977-
15982. 

30. S. Kondo, B.C. Schutte, R.J. Richardson, B.C. Bjork, A.S. Knight, Y. Watanabe, E. Howard, R.L.L. 
Ferreira de Lima, S. Daack-Hirsch, A. Sander, D.M. McDonald-McGinn, E.H. Zackai, E. Lammer, A. 
Aylsworth, H. Ardinger, B. Pober, C. Houdayer, M. Bahuau, D. Moretti-Ferreira, A. Richieri-Costa, 
M.J. Dixon, J.C. Murray, Mutations in IRF6 cause Van der Woude and popliteal pterygium 
syndromes, Nat. Genet. 32 (2002) 285-289. 

31. J. Lahtela, H.O. Nousiainen, V. Stefanovic, J. Tallila, H. Viskari, R. Karikoski, M. Gentile, C. 
Saloranta, T. Varilo, R. Salonen, M. Kestilä, Mutant CHUK and severe fetal encasement 
malformation, N. Engl. J. Med. 363 (2010) 1631-1637. 



12 
 

32. K. Mitchell, J. O'Sullivan, C. Missero, E. Blair, R. Richardson, B. Anderson, D. Antonini, J.C. 
Murray, A.L. Shanske, B.C. Schutte, R.A. Romano, S. Sinha, S.S. Bhaskar, G.C. Black, J. Dixon, M.J. 
Dixon, Exome sequence identifies RIPK4 as the Bartsocas-Papas syndrome locus, Am. J. Hum. 
Genet. 90 (2012) 69-75. 

33. E. Kalay, O. Sezgin, V. Chellappa, M. Mutlu, H. Morsy, H. Kayserili, E. Kreiger, A. Cansu, B. 
Toraman, E.M. Abdalla, Y. Aslan, S. Pillai, N.A. Akarsu, Mutations in RIPK4 cause the autosomal-
recessive form of popliteal pterygium syndrome, Am. J. Hum. Genet. 90 (2012) 76-85. 

34. E.J. Leslie, J. O'Sullivan, M.L. Cunningham, A. Singh, S.L. Goudy, F. Ababneh, L. Alsubaie, G.S. 
Ch'ng, I.M. van der Laar, A.J. Hoogeboom, M. Dunnwald, S. Kapoor, P. Jiramongkolchai, J. 
Standley, J.R. Manak, J.C. Murray, M.J. Dixon, Expanding the genetic and phenotypic spectrum 
of popliteal pterygium disorders, Am. J. Med. Genet. A. 167A (2015) 545-552. 

35. R.L. de Lima, S.A. Hoper, M. Ghassibe, M.E. Cooper, N.K. Rorick, S. Kondo, L. Katz, M.L. Marazita, 
J. Compton, S. Bale, U. Hehr, M.J. Dixon, S. Daack-Hirsch, O. Boute, B. Bayet, N. Revencu, C.  
Verellen-Dumoulin, M. Vikkula, A. Richieri-Costa, D. Moretti-Ferreira, J.C. Murray, B.C. Schutte, 
Prevalence and nonrandom distribution of exonic mutations in interferon regulatory factor 6 in 
307 families with Van der Woude syndrome and 37 families with popliteal pterygium syndrome, 
Genet. Med. 11 (2009) 241-247. 

36. H. Koillinen, F.K. Wong, J. Rautio, V. Ollikainen, A. Karsten, O. Larson, B.T. Teh, J. Huggare, P.  
Lahermo, C. Larsson, J. Kere, Mapping of the second locus for the Van der Woude syndrome to 
chromosome 1p34, Eur. J. Hum. Genet. 9 (2001) 747-752. 

37. M. Peyrard-Janvid, E.J. Leslie, Y.A. Kousa, T.L. Smith, M. Dunnwald, M. Magnusson, B.A. Lentz, P. 
Unneberg, I. Fransson, H.K. Koillinen, J. Rautio, M. Pegelow, A. Karsten, L. Basel-Vanagaite, W.  
Gordon, B. Andersen, T. Svensson, J.C. Murray, R.A. Cornell, J. Kere, B.C. Schutte, Dominant 
mutations in GRHL3 cause Van der Woude Syndrome and disrupt oral periderm development, 
Am. J. Hum. Genet. 94 (2014) 23-32.  

38. E.J. Leslie, H. Liu, J.C. Carlson, J.R. Shaffer, E. Feingold, G. Wehby, C.A. Laurie, D. Jain, C.C. Laurie, 
K.F. Doheny, T. McHenry, J. Resick, C. Sanchez,J.  Jacobs, B. Emanuele, A.R. Vieira, K. 
Neiswanger, J. Standley, A.E. Czeizel, F. Deleyiannis, K. Christensen, R.G. Munger, R.T. Lie, A.  
Wilcox, P.A. Romitti, L.L. Field, C.D. Padilla, E.M. Cutiongco-de la Paz, A.C. Lidral, L.C. Valencia-
Ramirez, A.M. Lopez-Palacio, D.R. Valencia, M. Arcos-Burgos, E.E. Castilla, J.C. Mereb, F.A. 
Poletta, I.M. Orioli, F.M. Carvalho, J.T. Hecht, S.H. Blanton, C.J. Buxó, A. Butali, P.A. Mossey, 
W.L. Adeyemo, O. James, R.O. Braimah, B.S. Aregbesola, M.A. Eshete, M. Deribew, M. 
Koruyucu, F. Seymen, L. Ma, J.E. de Salamanca, S.M. Weinberg, L. Moreno, R.A. Cornell, J.C. 
Murray, M.L. Marazita, A genome-wide association study of nonsyndromic cleft palate identifies 
an etiologic missense variant in GRHL3, Am. J. Hum. Genet. 98 (2016) 744-754 

39. E. Mangold, A.C. Böhmer, N. Ishorst, A.K. Hoebel, P. Gültepe, H. Schuenke, J. Klamt, A. 
Hofmann, L. Gölz, R. Raff, P. Tessmann, S. Nowak, H. Reutter, A. Hemprich, T. Kreusch, F.J. 
Kramer, B. Braumann, R. Reich, G. Schmidt, A. Jäger, R. Reiter, S. Brosch, J. Stavusis, M. Ishida, 
R. Seselgyte, G.E. Moore, M.M. Nöthen, G. Borck, K.A.Aldhorae, B. Lace, P. Stanier, M. Knapp, 
K.U. Ludwig, Sequencing the GRHL3 coding region reveals rare truncating mutations and a 
common susceptibility variant for nonsyndromic cleft palate, Am. J. Hum. Genet. 98 (2016) 755-
762. 

40. H.E. Veenstra-Knol, A. Kleibeuker, A. Timmer, L.P. ten Kate, A.J. van Essen, Unreported 
manifestations in two Dutch families with Bartsocas-Papas syndrome,  Am. J. Med. Genet. 123A 
(2003) 243-248. 



13 
 

41. R.B. Rountree, C.R. Willis, H. Dinh, H. Blumberg, K. Bailey, C. Dean Jr, J.J. Peschon, P.M. Holland, 
RIP4 regulates epidermal differentiation and cutaneous inflammation, J. Invest. Dermatol. 130 
(2010) 102-112. 

42. P. De Groote, H.T. Tran, M. Fransen, G. Tanghe, C. Urwyler, B. De Craene, K. Leurs, B. Gilbert, G. 
Van Imschoot, R. De Rycke, C.J. Guérin, P. Holland, G. Berx, P. Vandenabeele, S. Lippens, K. 
Vleminckx, W. Declercq, A novel RIPK4-IRF6 connection is required to prevent epithelial fusions 
characteristic for popliteal pterygium syndromes, Cell Death Differ. 22 (2015) 1012-1024. 

43. E. Meylan, J. Tschopp, The RIP kinases: crucial integrators of cellular stress. Trends Biochem. Sci. 
30 (2005) 151-159. 

44. H.J. Little, N.K. Rorick, L.I. Su, C. Baldock, S. Malhotra, T. Jowitt, L. Gakhar, R. Subramanian, B.C. 
Schutte, M.J. Dixon, P. Shore, Missense mutations that cause Van der Woude syndrome and 
popliteal pterygium syndrome affect the DNA-binding and transcriptional activation functions of 
IRF6, Hum. Mol. Genet. 18 (2009) 535-545. 

45. E. Botti, G. Spallone, F. Moretti, B. Marinari, V. Pinetti, S. Galanti, P.D. De Meo, F. De Nicola, F. 
Ganci, T. Castrignanò, G. Pesole, S. Chimenti, L. Guerrini, M. Fanciulli, G. Blandino, M. Karin, A. 
Costanzo, Developmental factor IRF6 exhibits tumor suppressor activity in squamous cell 
carcinomas, Proc. Natl. Acad. Sci. USA. 108 (2011) 13710-13715. 

46. G. de la Garza, J.R. Schleiffarth, M. Dunnwald, A. Mankad, J.L. Weirather, G. Bonde, S. Butcher, 
T.A. Mansour, Y.A. Kousa, C.F. Fukazawa, D.W. Houston, J.R. Manak, B.C. Schutte, D.S. Wagner, 
R.A. Cornell, Interferon regulatory factor 6 promotes differentiation of the periderm by 
activating expression of Grainyhead-like 3, J. Invest. Dermatol. 133 (2013) 68-77. 

47. C.M. Bailey, D.E. Abbott, N.V. Margaryan, Z. Khalkhali-Ellis, M.J. Hendrix MJ, Interferon 
regulatory factor 6 promotes cell cycle arrest and is regulated by the proteasome in a cell cycle-
dependent manner, Mol. Cell Biol. 28 (2008) 2235-2243. 

48. C.M. Bailey, N.V. Margaryan, D.E. Abbott, B.C. Schutte, B. Yang, Z. Khalkhali-Ellis, M.J. Hendrix,  
Temporal and spatial expression patterns for the tumor suppressor Maspin and its binding 
partner interferon regulatory factor 6 during breast development, Dev. Growth Differ. 51 (2009) 
473-481. 

49. W. Chen, W.E. Royer Jr, Structural insights into interferon regulatory factor activation, Cell 
Signal. 22 (2010) 883-887. 

50. Y. Hu, V. Baud, T. Oga, K.I. Kim, K. Yoshida, M. Karin, IKKalpha controls formation of the 
epidermis independently of NF-kappaB, Nature 410 (2001) 710-714. 

51. M.Q. Kwa, J. Huynh, J. Aw, L. Zhang, T. Nguyen, E.C. Reynolds, M.J. Sweet, J.A. Hamilton, G.M. 
Scholz, Receptor-interacting protein kinase 4 and interferon regulatory factor 6 function as a 
signaling axis to regulate keratinocyte differentiation, J. Biol. Chem. 289 (2014) 31077-31087. 

52. M.Q. Kwa, T. Nguyen, J. Huynh, D. Ramnath, D. De Nardo, P.Y. Lam, E.C. Reynolds, J.A. Hamilton,  
M.J. Sweet, G.M. Scholz, Interferon regulatory factor 6 differentially regulates Toll-like receptor 
2-dependent chemokine gene expression in epithelial cells, J. Biol. Chem. 289 (2014) 19758-
19768. 

53. B.Y. Qin, C. Liu, S.S. Lam, H. Srinath, R. Delston, J.J. Correia, R. Derynck, K. Lin, Crystal structure 
of IRF-3 reveals mechanism of autoinhibition and virus-induced phosphoactivation, Nat. Struct. 
Biol. 10 (2003) 913-921. 

54. D. Panne, S.M. McWhirter, T. Maniatis, S.C. Harrison, Interferon regulatory factor 3 is regulated 
by a dual phosphorylation-dependent switch, J. Biol. Chem. 282 (2007) 22816-22822. 









17 
 

Figure 4: Periderm removal from the midline epithelial seam. (A) Schematic diagram illustrating the 
sequence of events during fusion of the secondary palate. (B) In wild-type mouse embryos, the 
horizontal palatal shelves contact via the keratin 17-expressing periderm cells (red arrows) which 
begin to remodel (orange arrowheads). (C, D) After palatal shelf contact, periderm cells migrate out 
of the midline seam (green arrows) towards the oral and nasal epithelia to form the oral and nasal 
epithelial triangles (white arrowheads). (E-G) While the palatal shelves of wild-type mice adhere via 
the medial edge epithelia and form a midline seam (E), the palatal shelves of Tgfb3-/- mice fail to 
adhere and form a midline seam with the palatal shelves remaining cleft (F). (G) Reducing p63 
dosage in the medial edge epithelia of Tgfb3-/- mice restores the wild-type phenotype. (H-J) Keratin 
17-positive periderm cells migrate out of the midline seam to form the oral and nasal epithelial 
triangles in (H) wild-type and (J) Tgfb3-/-;p63+/- embryos (white arrowheads). In contrast, distinct 
keratin 14-positive basal and keratin 17-positive periderm layers persist and the palatal shelves fail 
to adhere and fuse in Tgfb3-/- mice. (B-D,H-J) Nuclei are counterstained with DAPI. p, palatal shelf; t, 
tongue. Scale bars: B-D, 50 µm; E-G, 250 µm; H-J, 100 µm. Modified from [57]. 
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