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This article presents data on genes associated with cleft palate
(CP), retrieved through both a full-text systematic review and a
mouse genome informatics (MGI) database search. In order to
group CP-associated genes according to function, pathway, biolo-
gical process, and cellular component, the genes were analyzed
using category enrichment bioinformatics tools, the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and Gene Ontology (GO).
This approach provides invaluable opportunities for the identifi-
cation of candidate pathways and genes in CP research.

& 2018 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Specifications Table
ubject area
 Biology

ore specific subject area
 Craniofacial development

ype of data
 Table

ow data was acquired
 Systematic review and MGI database search, KEGG and GO analyses
vier Inc. This is an open access article under the CC BY-NC-ND license
/).

.mod.2018.02.003
nostic & Biomedical Sciences, School of Dentistry, The University of Texas
BBS 4208 Houston, TX 77054, USA.
wata).

www.sciencedirect.com/science/journal/23523409
www.elsevier.com/locate/dib
https://doi.org/10.1016/j.dib.2018.03.010
https://doi.org/10.1016/j.dib.2018.03.010
https://doi.org/10.1016/j.dib.2018.03.010
http://dx.doi.org/10.1016/j.mod.2018.02.003
http://dx.doi.org/10.1016/j.mod.2018.02.003
http://dx.doi.org/10.1016/j.mod.2018.02.003
mailto:Junichi.Iwata@uth.tmc.edu
https://doi.org/10.1016/j.dib.2018.03.010


D
E
E
D

A. Suzuki et al. / Data in Brief 18 (2018) 655–673656
ata format
 Analyzed

xperimental factors
 Only genetic factors were considered in the bioinformatics analyses

xperimental features
 Systematic review and MGI database search, KEGG and GO analyses

ata source location
 N/A

ata accessibility
 Data provided with this article
D

Value of the Data

� The data presented here provide accurate gene datasets associated with mouse CP that are useful
to determine the molecular mechanism(s) of CP.

� The KEGG data highlight biological terms enriched with CP-associated genes for further investi-
gation of the cause(s) of CP.

� The GO annotation highlights functions enriched with CP-associated genes to be considered in CP
pathology.
1. Data

The information in the list of CP-associated genes was obtained through a systematic review and a
MGI database full-text review search. The CP phenotype has been reported in 301 mutant mice: CP
caused by 195 single-gene mutations (Supplementary Table 1) and 27 spontaneous (unknown)
mutations/deletions (Table 1), 9 chemical-induced cases of CP (Table 2), and 70 compound mutations
(Table 3). For the bioinformatics analyses, phenotypic markers and genes with unknown genomic
location were excluded from gene set enrichment analyses. Pairs of genes in compound mutant mice
(140 genes in 70 mouse lines) were incorporated into further analyses. In total, 255 protein-coding
genes (Supplementary Table 1 and 2-4 overlapped genes were excluded) were subjected to gene set
enrichment analysis for further analyses.
1.1. Gene set enrichment analysis of mouse CP-associated genes

The KEGG represents one of the best-annotated canonical pathway databases, established by
collecting information from the literature and organizing it in a pathway map, ontology, and mem-
bership [1]. To analyze the biological functions of CP-associated genes, we performed category
enrichment analysis for a variety of functional relations using the KEGG. Among the KEGG pathways,
46 were statistically enriched with CP-associated genes (Table 4).
1.2. Functional categories of mouse CP-associated genes

The GO is a comprehensive ontology database for annotation of gene features through numerous
hierarchical terms in three main domains: Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC) [2]. The most specific GO terms enriched in BP (Table 5), MF (Table 6) and CC
terms (Table 7) are useful for the interpretation of genes of interest.
2. Experimental design, materials and methods

2.1. Experimental design

To generate an accurate database for mouse genetic information related to CP, current genetic
information was collected through both a systematic review and search in the genetic database MGI.
CP-associated genes were analyzed with the bioinformatics tools KEGG and GO.



Table 1
Spontaneous, unknown loci, and region deletions in mice with cleft palate.

No. Allele symbol or mouse
line

Allele name (chromosome #) References Note

1 Abn Abnormal (unknown) [108] Anatomical abnormality.
2 Acan (aka cmd-Bc) Aggrecan (Chr 7) [5-7] 7-bp deletion of exon 5 or a complete loss of exons 2 to 18 of the

aggrecan gene. Mouse strain is cmd.
3 A/ line inbred (unknown) [8-10] A/Wysn mice exhibit CP with a higher frequency than WT mice. There

is a mutation in the Wnt9b region.
4 Am Amputated (Chr 8) [11] Radiation-induced mutation. Homo mutant mice exhibit CP with 100%

penetrance.
5 Br Brachyrrhine (Chr 17) [109] Cleft upper lip and short palate, maybe CP or soft palate cleft.
6 CL/Fr (unknown) [12,13] 15–40% of the mice exhibit CP. Frequency depends on the colony.
7 Csp1 Cleft secondary palate 1 (unknown) [14] ENU-induced mutagenesis. 9% of the null mice exhibit CP after 4 gen-

erations of backcrossing to the B6 strain (100% penetrance of CP in the
first generation).

8 Csp2 (aka line 110) Cleft secondary palate 2 (unknown) [15] ENU-induced mutagenesis. 4/30 (13%) penetrance.
9 Cycsp (aka line 286) Curly tail and cleft secondary palate (Chr 3) [15] ENU-induced mutagenesis. 9/42 (21%) penetrance.
10 Del(8–17) Deletion, Chr 5, 128–131Mb (Chr 5) [16] Conserved synteny of the human 8q24 CL/P risk interval region. 4/121

of the homo mice exhibit CP, and 4/121 homo mice exhibit CL.
11 Del(16Dgcr2-Hira)1Rak

(aka LgDel)
Deletion, Chr 16, Raju Kucherlapati 1 (Chr 16) [17] 22q11 deletion syndrome mouse model. Mouse strain is LgDel.

12 Eh hairy ears (Chr 15) [18] Mice with Eh/Eh, radiation-induced mutation in Chr15, exhibit CP with
100% penetrance.

13 Far First arch (Chr 2) [19] Null mice exhibit secondary palate cleft (lip and primary palate are
intact), absence of maxillary process, etc. Spontaneous mutation.

14 Hpmd (aka line 171a) Hypoplastic mandible (unknown) [15] ENU-induced CP. 7/77 affected, but no detailed information is available.
15 Knyn (aka 12WT-49) Kanyon (Chr 7) [20] ENU-induced midfacial cleft.
16 Oca2 (aka P) Oculocutaneous albinism II; pink-eyed dilu-

tion cleft plate (Chr 7)
[21,22,110] Spontaneous mutation of p-deletion homozygotes exhibit CP.

17 Oel Open eyelids with cleft palate (unknown) [111] In abstract, it was described that mice with homo mutation exhibit CP.
18 Pad Paddle (unknown) [23,112] Homo mutant mice exhibit CP.
19 Pcp polydactyly with cleft palate (unknown) [113] Polydactyly with cleft palate
20 Ptd Palate-tail-digits abnormality (Chr X) [24] 60% of mutated hemi male and homo female mice exhibit CP.
21 Sho Shorthead (unknown) [25,26] Null mice exhibit CP.
22 Sme Small ear (unknown) [114] Radiation-induced.
23 Srn Siren (unknown) [27] Mutant mice exhibit several abnormalities; CP with 21% penetrance,

micrognathia with 39%, microstomia with 34%, microglossia with 26%.
Mutant mice without CP have a narrow palate or high arched palate. No
full text and image are available.

24 Srt (aka line104) Shorty (Chr 17) [15] ENU-induced mutagenesis. 7/39 (18%) penetrance.
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Table 1 (continued )

No. Allele symbol or mouse
line

Allele name (chromosome #) References Note

25 Tbx10Dc (aka Dc) T-box 10; Dancer (Chr 19) [28-30] Homo mutant mice exhibit CP and CL. Insertion of p23 gene into the
intron 1 of Tbx10 causes gain of function of Tbx10 gene. Mouse strain is
Dancer.

26 Ur Urogenital (unknown) [31,32] Null mice exhibit CP.
27 Zeb1 (aka Tw) Zinc finger E-box binding homeobox 1;

twirler (Chr 18)
[33-35] All homo mice exhibit CP with or without CL. A point mutation in the

noncoding region of Zeb1. Mouse strain is Twirler.

CP, cleft palate; CL, cleft lip; Hemi, hemizygous; Het, heterozygous; Homo, homozygous; WT, wild-type.
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Table 2
Chemically-induced mutations causing cleft palate in mice.

No. Gene symbol Gene name References Note

1 Abcb1a (aka Mdr1a,
mdr-3, Pgp)

ATP-binding cassette, sub-family B (MDR/
TAP), member 1A

[36] Spontaneous mutation in Abcb1a gene in the CF-1 mouse line can induce
CP by L-652,280, the 8,9 Z photoisomer of the naturally occurring aver-
mectin B1a.

2 Aecp Vitamin A enhanced cleft palate [37] Vitamin A-induced CP, no genetic mutation.
3 Cp2 Cleft palate 2 [38] Cortisone-induced CP.
4 Ahr Aryl-hydrocarbon receptor [39] CP is induced by TCDD treatment in null mice with 72% penetrance (9% for

non-treatment).
5 Dxcp1 Dexamethasone induced cleft palate 1 [40] Dexamethasone induces CP. 29% of the mice with H-2a/b antigen exhibit CP,

and 11% of the mice with H-2b/b antigen exhibit CP.
6 Dxcp2 Dexamethasone induced cleft palate 2 [40] Glucocorticoid-induced CP.
7 Dxcp3 Dexamethasone induced cleft palate 3 [40] Glucocorticoid-induced CP.
8 Lgl Legless [41] CP was induced in null mice with retinoic acid treatment. Null mice

without treatment and WT/het with treatment exhibit no CP.
9 Papss2 (aka Sk2,

Atpsk2)
3'-Phosphoadenosine 5'-Phosphosulfate syn-
thase 2

[42] Cortisone-induced CP (95% in bm/bm mice and 20% in C57B6 mice) in
homo mutant mice.
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Table 3
Compound mutant mice with cleft palate.

No. Gene symbol Gene name References Note

1 Adamts9 & Adamts20 A disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 9/a disintegrin-like and metallo-
peptidase (reprolysin type) with thrombospondin type 1 motif, 20

[43] Adamts9þ /−;bt/bt (mutation in Adamts20) mice exhibit CP with
100% penetrance.

2 Adamts20 & Vcan A disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 20/versican

[43] bt/vt/;Vcanhdf/þ mice exhibit CP with 65% penetrance.

3 Akap8 (aka AKAP95) &
Fign

A kinase (PRKA) anchor protein 8 & fidgetin [44] 20% of Akap8þ /−;Fign−/− mice exhibit CP. 2% of Akap8−/−;Fignþ /−

mice exhibit CP.
4 Alx1 (aka Cart1) & Alx4 ALX homeobox1 & aristaless-like homeobox 4 [45] Alx1−/−;Alx4−/− DKO and Alx1þ /−;Alx4−/− mice exhibit midfacial

cleft and CP with 100% penetrance.
Alx1−/−;Alx4þ /− mice exhibit CP and midfacial cleft.

5 Alx3 & Alx4 Aristaless-like homeobox 3 & aristaless-like homeobox 4 [46] Alx3−/−;Alx4þ /−, Alx3þ /−;Alx4−/−, Al3−/−;Alx4−/− mice exhibit CP
and midfacial cleft.

6 Arid5b & Zfp950 (aka
BC055757, Zfp826)

AT rich interactive domain 5B (MRF1-like) & zinc finger protein 950 [47] Arid5b−/−;BC055757−/− DKO mice exhibit CP.

7 Axin1 & Ctnnb1 Axin 1 & beta catenin [48] Axin1ΔC6/ΔC6;Ctnnb1þ /− mice exhibit CP. Axin1ΔC6/ΔC6 or other KO
models show no CP.

8 Bmp2 & Bmp4 Bone morphogenetic protein 2 & bone morphogenetic protein 4 [49] Wnt1-Cre;Bmp2F/F;Bmp4F/þ or Bmp4F/F (CKO or het) mice exhibit
CP. No image is available, only table.

9 Bmp4 & Bmp7 Bone morphogenetic protein 4 & bone morphogenetic protein 7 [49] Wnt1-Cre;Bmp4F/F;Bmp7F/F double CKO mice exhibit CP. No image
is available, only table.

10 Bmp2 & Bmp4 & Bmp7 Bone morphogenetic protein 2, 4, & 7 [49] Wnt1-Cre;Bmp2F/F;Bmp4F/F;Bmp7F/F triple CKO mice exhibit CP.
No image is available, only table.
Combination of null/het, except triple het, exhibit CP. No image is
available, only table.

11 Boc & Cdo1 Biregional cell adhesion molecule-related/down-regulated by
oncogenes (Cdon) binding protein & cysteine dioxygenase 1,
cytosolic

[50] Boc−/−;Cdo1−/− mice exhibit CP (460 %), CL, a single nose, or
other midfacial defects in various %. Bocþ /−;Cdo1−/− mice exhibit
similar but low %.

12 deltaH19 & Igf2r H19, imprinted maternally expressed transcript & Insulin like
growth factor 2 receptor

[51] 5/10 double mutant (Igf2rm−/þ;ΔH19m−/þ or Igf2rm−/þ;ΔH19m
−/−) mice exhibit CP.

13 Disp1 & Shh Dispatched RND transporter family member 1 & sonic hedgehog [52,53] Disp1Δ2/Δ2C ;Shh-Cre/þ or Disp1C829F/Δ2C;Shh-Cre/þ mice exhibit a
loss of facial midline structure. Similar with Dips1 Δ2/Δ2;Shhþ /− or
Dips1C829F/Δ2;Shhþ /−mice, but partially rescued.

14 Dlx1 & Dlx2 Distal-less homeobox 1 & distal-less homeobox 2 [54] Dlx1−/−; Dlx2−/− DKO mice exhibit CP with 100% penetrance.
15 Dlx5 & Dlx6 Distal-less homeobox 5 & distal-less homeobox 6 [55] Dlx5−/−;Dlx6−/− DKO mice show severe bone malformations.
16 Dlx5 & Dlx6 & Mef2c Distal-less homeobox 5 & 6 & myocyte enhancer factor 2c [56] Dlx5/6þ /−;Mef2cþ /− triple het mice have a shot palate or soft

palate cleft.
17 Dph1 & Ovca2 Diphthamide biosynthesis 1 & candidate tumor suppressor in

ovarian cancer 2
[57] Dph1 & Ovca2 DKO mice exhibit CP with 100% penetrance.
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18 Ednrb & Spry2 Endothelin receptor type B & Sprouty homolog 2 [58] Ednrbþ /−;Spry2þ /− and Ednrb−/−;Spry2Tg/þ mice. Rescue models
of Ednrb null mice.

19 Ephb2 (aka Nuk) &
Ephb3 (aka Sek4)

Ehp receptor B2 & Eph receptor B3 [59] 10/22 Ephb2−/−;Ephb3−/− DKO mice, 3/14 Ephb2þ /−;Ephb3−/− (het
& null) mice, 1/10 Ephb2−/−;Ephb3þ /− (null & het) mice exhibit CP.

20 Eya1 & Sumo1 Eyes absent homolog 1 & SMT3 suppressor of mif two 3 homolog 1 [60] 36% of Eya1þ /−;Sumo1þ /− double het mice exhibit CP.
21 Fzd2 & Fzd7 & Vangl2 Frizzled class receptor 2 & frizzled class receptor 7 & Vang-like 2

(van gogh, Drosophila)
[61] Less than 10% of Fzd2þ /−;Fzd7−/− mice exhibit CP. About 50% of

Fzd2þ /−;Fzd7−/−;Vangl2LP/þ mice exhibit CP; the frequency of CP
is increased in case of haploinsufficiency of the Vangl2 gene.

22 Gad1 & Gad2 Glutamate decarboxylase 1 & glutamic acid decarboxylase 2 [62] Gad1−/−;Gad2−/− DKO mice exhibit CP.
23 Gas1 & Shh Growth arrest specific 1 & sonic hedgehog [63] Gas1−/−;Shhþ /− mice exhibit complete CP with 100% penetrance.
24 Gli2 & Gli3 Gli-Kruppel family member GLI2 & Gli-Kruppel family member GLI3 [64] Wnt1-Cre;Gli2;Gli3 double CKO mice exhibit CP.
25 Hhat & Ptch1 Hedgehog acyltransferase & patched 1 [65] Hhatcreface/creface;Ptch1wiggable/wiggable DKO mice exhibit primary

palate cleft and CL.
26 Inhba & Inhbb Inhibin, beta A & inhibin, beta B [66] 33% of Inhba−/−;Inhbb−/− DKO mice exhibit CP. No image available,

only text.
27 Insig1 & Insig2 Inulin induced gene, 1 and inulin induced gene, 2 [67] 52% of Insig1−/−; Insig2−/− DKO mice exhibit CP, and 48% exhibit

midfacial cleft.
28 Irf6 & Sfn Interferon regulatory factor 6 & stratifin [68] Irf6þ /R84C;Sfnþ /Er double het mice exhibit CP because of intraoral

fusion; palatal shelves and the tongue and mandible as seen in
Irf6R84C/R84C.

29 Itga5 & Itgav Integrin alpha 5 & integrin alpha V [69] Wnt1-Cre;Itga5;Itgav double CKO exhibit CP.
30 Itgb6 & Itgb8 Integrin beta 6 & integrin beta 8 [70] 2/3 DKO exhibit CP.
31 Kat6a & Tbx1 K (lysine) acetyltransferase 6A & T-box 1 [71] Some Kat6aþ /−;Tbx1þ /− double het mice exhibit CP and other

DiGeorge syndrome-like phenotype.
32 Kif3a & Gli2 Kinesin family member 3A & GLI-Kruppel family member GLI2 [64] CP and cleft face.
33 Kdf1 & Sfn Keratinocyte differentiation factor 1 & stratifin [72] Kdf1þ /−;Sfnþ /Er double het mice exhibit CP, as seen in Kdf1 null.
34 Lbr & Tm7sf2 Lamin B receptor & Transmembrane 7 superfamily member 2 [73] Lbr−/−;Tm7sf2þ /− (Dhcr14Δ4−7) mice. 1/4 null (a total of 4 mice

survive at birth) mice exhibit CP. Image is not available, only text.
35 Lhx6 & Lhx8 LIM homeobox protein 6 & LIM homeobox protein 8 [74] All Lhx6−/−;Lhx8þ /LacZ, LhX6þ /−;Lhx8Lacz/LacZ and Lhx6−/−;

Lhx8LacZ/Lacz (combination of het & KO and DKO) mutant mice
exhibit CP with 100% penetrance. Lhx6 single null mice do not
have CP and can survive at least 2 weeks.

36 Mapk1 & Mapk3 (aka
Erk1)

Mitogen-activated protein 1 & mitogen-activated protein 3 [75] Wnt1-Cre;Mapk1F/F; Mapk3−/þ and Wnt1-Cre;Mapk1F/F;Mapk3−/
− (DKO) mice exhibit more severe CP than Wnt1-Cre;Mapk1 single
CKO mice.

37 Mdm2 & Mdm4 Transformed mouse 3T3 cell double minute 2 & transformed mouse
3T3 cell double minute 4

[76] Mdm2þ /−;Mdm4þ /− double het mice exhibit CP with 10-20%
penetrance with exencephaly or other neural tube defects. Image
is not available, only text.

38 Mmp14 (aka Mt1-mmp)
& Mmp16 (aka Mt3-
mmp)

Matrix metallopeptidase 14 (membrane type 1-Mmp) & matrix
metallopeptidase 16 (membrane type 3-Mmp)

[77] Mmp14−/−; Mmp16−/− DKO mice exhibit CP with 80% penetrance.

39 Msc (aka MyoR) & Tcf21
(aka Capsulin)

Musculin & transcription factor 21 [78] Msc−/−;Tcf21−/− DKO mice exhibit CP, but not single KO mice.
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Table 3 (continued )

No. Gene symbol Gene name References Note

40 Nog & Chrd Noggin & chordin [79] Wnt1-Cre;NogLacz/F;Chrd−/− double CKO mice exhibit CP, similar to
Wnt1-Cre;NogLacz/F CKO.

41 Msx1 & Dlx5 msh homeobox 1& distal-less homeobox 5 [80,81] Msx1−/−;Dlx5−/− DKO mice can rescue Msx1's CP to mild clefting,
which can be seen in Dlx5 null mice.

42 Osr2 & Pax9 Odd-skipped related 2 & paired box 9 [82] Osr2−/−;Pax9þ /− mice exhibit CP.
43 Pax9 & Msx1 paired box 9 & msh homeobox 1 [83] All Pax9−/−;Msx1þ /þ , Pax9−/−;Msx1þ /−, and Pax9−/−;Msx1−/−

mice exhibit CP because of the absent palatal process of
premaxilla.

44 Pbx1 & Pbx2 Pre B cell leukemia homeobox 1 & pre B cell leukemia homeobox 2 [84] Pbx1−/−;Pbx2þ /− mice exhibit CP and unilateral or bilateral CL.
Pbx1F/F;Pbx2þ /−;Crect-Cre/þ mice exhibit CP and bilateral CL.
Pbx1F/F;Pbx2þ/-;Foxg1-Cre/þ (KI) mice exhibit CP and bilateral CL,
absence of premaxilla.

45 Pbx1 & Pbx3 Pre B cell leukemia homeobox 1 & pre B cell leukemia homeobox 3 [84] Pbx1−/−;Pbx3þ /− mice exhibit CP and unilateral or bilateral CL.
Pbx1F/F;Pbx3F/þ;Foxg1-Cre/þ (KI) mice exhibit CP and CL.

46 Pbx1 & Wnt9b Pre B cell leukemia homeobox 1 & wingless-type MMTV integration
site family, member 9B

[84] Pbx1þ /−;Wnt9b−/− mice exhibit CL, increased incidence of CL
compared with Wnt9b null only.
Pbx1F/þ;Wnt9b−/−;Foxg1-Cre/þ(KI) mice exhibit bilateral CL and
CP.

47 Pcgf2 & Bmi1 Polycomb group ring finger 2 & BMI1 polycomb ring finger
oncogene

[85] Pcgf2þ/-;Bmi1−/− or Pcgf2−/−;Bmi1þ /− mice exhibit CP. No image,
only text (with 6/6 penetrance). Combination of null & null is
lethal at E9.5.

48 Pdgfra & Arid5b Platelet-derived growth factor receptor, alpha polypeptide & AT rich
interactive domain 5B (MRF1-like)

[47] Pdgfraþ /−;Ard5b−/− mice exhibit CP.

49 Pdgfra & Plekha1 Platelet-derived growth factor receptor, alpha polypeptide & pleck-
strin homology domain containing, family A (phosphoinositide
binding specific) member 1

[47] Pdgfraþ /−;Plekha1−/− mice exhibit CP or midfacial cleft (2/7).

50 Pdgfra & Pdgfrb Platelet-derived growth factor receptor, alpha polypeptide & plate-
let-derived growth factor receptor, beta polypeptide

[63] Wnt1-Cre;PdgfraF/F;PdgfrbF/F mice exhibit CP. No image is avail-
able, only text.

51 Phc1 & Phc2 Polyhomeotic -like 1 & polyhomeotic -like 2 [86] Phc1−/−;Phc2þ /− or Phc1þ /−;Phc2−/− mice exhibit CP.
52 Prrx1 & Prrx2 Paired related homeobox 1 & paired related homeobox 2 [87] Prrx1−/−;Prrx2−/− mice exhibit CP and cleft mandible. Prrx1−/−;

Prrx2þ /− mice exhibit CP and abnormal mandible.
53 Ptprf & Ptprs Protein tyrosine phosphatase, receptor type, F & protein tyrosine

phosphatase, receptor type, S
[88,89] 38% Ptprf−/−; Ptprs−/− DKO mice exhibit CP and microglossia

(aglossia).
54 Pygo1 & Pygo2 Pygopus 1 & pygopus 2 [90,91] A low % of Pygo1−/−;Pylg2−/− DKO mice exhibit CP, but both single

KO mice show no CP.
55 Rspo2 & Lrp6 R-spondin 2 & low density lipoprotein receptor-related protein 6 [92] Rspo2−/−;Lrp6þ /− mice exhibit CP. DKO mice die, double het mice

are normal. No image is available, only text.
56 Shh & Six3 Sonic hedgehog & sine oculis-related homeobox 3 [93] Shhþ /−;Six3þ /Ki(V250A) double het mice exhibit CP in some parts,

not consistent from the anterior to the posterior (see Fig. 2).
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57 Six1 & Eya1 Sine oculis-related homeobox 1 & EYA transcriptional coactivator
and phosphatase 1

[94] Six1−/−;Eya1−/− DKO mice exhibit CP.

58 Six1 & Six4 Sine oculis-related homeobox 1 & sine oculis-related homeobox 4 [95] Six1−/−;Six4−/− DKO mice lack the palatal process of maxilla &
palatine bone and have a short maxilla. Six1−/−;Six4−/− DKO mice
also lack Meckel's cartilage and have a short mandible. No infor-
mation and image about CP.

59 Smad4 & Irf6 SMAD family member 4 & interferon regulatory factor 6 [96] K14-Cre;Smad4F/F;Irf6R84C/þ compound mutant mice exhibit
submucous CP. K14-Cre;Smad4F/F mice show no CP.

60 Smad4 & Map3K7 (aka
Tak1)

SMAD family member 4 & mitogen-activated protein kinase kinase
kinase 7

[97] K14-Cre;Smad4;Tak1 DCKO exhibit submucous CP.

61 Smad4 & Trim 33 SMAD family member 4 & tripartite motif-containing 33 [98] K14-Cre;Smad4;Trim33 DCKO exhibit submucous CP.
62 Snai1 (aka Sna, Sna1,

Snail, Snail1) & Snai2
(aka Slug, Slugh, Snail2)

Snail family zinc finger 1& Snail family zinc finger 2 [99] Snai1−/þ;Snai2−/− or Wnt1-Cre;Snai1F/−;Snai2−/− mice exhibit CP.

63 Sox5 & Sox6 SRY (sex determining region Y)-box 5 & SRY (sex determining region
Y)-box 6

[100] Sox5−/−;Sox6−/− DKO mice exhibit CP.

64 Spry1 & Spry2 Sprouty homolog 1 & sprouty homolog 2 [101] Spry1−/−;Spry2−/− DKO mice exhibit CP.
65 Tbx2 &Tbx3 T-box 2 & T-box 3 [102] 38% of Tbx2Cre/þ;Tbx3Cre/þ (double het) in the NMRI background

and 86% of Tbx2Cre/þ;Tbx3Cre/þ in the FvB/N background exhibit
CP.

66 Tgfb1 & Tgfb3 Transforming growth factor, beta 1 & transforming growth factor,
beta 3

[103] Tgfb1−/−;Tgfb3−/− DKO mice exhibit CP with 100% penetrance.

67 Trp63 &Irf6 Transformation related protein 63 & interferon regulatory factor 6 [104] 89% of Trp63þ /−;Irf6R84C/þ double het mice exhibit CP.
68 Vax1 & Vax2 Ventral anterior homeobox 1 & ventral anterior homeobox 2 [105] Vax1−/−;Vax2−/− DKO mice exhibit CP.
69 Wnt5a & Ror2 Wingless-type MMTV integration site family, member 5A & receptor

tyrosine kinase-like orphan receptor 2
[106] Wnt5aþ /−;Ror2þ /− double het mice exhibit CP.

70 Zeb1 & Zeb2 Zinc finger E-box binding homeobox 1 & Zinc finger E-box binding
homeobox 2

[107] Zeb1−/−;Zeb2þ /− compound mutant mice exhibit midfacial cleft.
They die at E13.5.

CL, cleft lip; CKO, conditional knockout; CP, cleft palate; DKO, double knockout; Het, heterozygous; KI, knock-in; KO, knockout.
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Table 4
KEGG pathways enriched with a statistically significant number of genes involved in cleft palate.

KEGG pathway Cleft palate genes in pathway

MAPK signaling pathway Fgf8 Chuk Map3k7 Rac1 Pdgfrb Tgfbr1 Fgfr1 Egfr Cacna1s Sos1 Flna Grb2 Tgfb1 Fgf18
Crk Tgfbr2 Tgfb2 Fgf10 Fgf9

TGF-beta signaling pathway Smad4 Bmp2 Inhbb Bmpr1a Chrd Pitx2 Tgfb1 Acvr2a Tgfbr2 Acvr1 Fst Tgfb2 Crebbp
Tgfbr1

WNT signaling pathway Axin1 Smad4 Prickle1 Map3k7 Rac1 Crebbp Gsk3b Ctnnbip1
Neurotrophin signaling pathway Grb2 Crk Sos1 Rac1 Ptpn11 Gsk3b Gab1
ErbB signaling pathway Grb2 Crk Egfr Sos1 Gsk3b Gab1
Hedgehog signaling pathway Bmp2 Gli3 Gli2 Gsk3b Smo
T cell receptor signaling pathway Grb2 Chuk Map3k7 Dlg1 Sos1 Gsk3b
B cell receptor signaling pathway Grb2 Chuk Sos1 Rac1 Gsk3b
Insulin signaling pathway Grb2 Crk Ptprf Sos1 Gsk3b
GnRH signaling pathway Grb2 Mmp14 Egfr Cacna1s Sos1
Chemokine signaling pathway Grb2 Chuk Crk Sos1 Rac1 Gsk3b
JAK-STAT signaling pathway Grb2 Spry1 Sos1 Ptpn11 Crebbp
Calcium signaling pathway Ednra Egfr Cacna1s Pdgfrb
Focal adhesion Itgb1 Itgb6 Pdgfc Ilk Vegfa Rac1 Pdgfrb Col11a1 Egfr Sos1 Flna Gsk3b Grb2 Crk Itgav

Col2a1
Regulation of actin cytoskeleton Fgf8 Fgfr1 Itgb1 Egfr Itgb6 Pdgfc Sos1 Fgf18 Crk Itgav Fgf10 Rac1 Pdgfrb Fgf9
Adherens junction Snai1 Smad4 Fgfr1 Egfr Map3k7 Tgfbr2 Ptprf Rac1 Tgfbr1 Crebbp
ECM-receptor interaction Itgb1 Col11a1 Itgb6 Itgav Col2a1 Hspg2
Gap junction Grb2 Egfr Pdgfc Sos1 Pdgfrb
Cell adhesion molecules Vcan Itgb1 Itgav Ptprf
Cytokine-cytokine receptor
interaction

Bmp2 Egfr Inhbb Bmpr1a Pdgfc Tgfb1 Acvr2a Tgfbr2 Acvr1 Vegfa Tgfb2 Pdgfrb Tgfbr1

Natural killer cell mediated
cytotoxicity

Grb2 Sos1 Rac1 Ptpn11

Pathways in cancer Fgf8 Bmp2 Itgb1 Smo Axin1 Chuk Mdm2 Vegfa Rac1 Pdgfrb Crebbp Tgfbr1 Smad4 Fgfr1
Egfr Sos1 Gli2 Gsk3b Grb2 Tgfb1 Fgf18 Gli3 Crk Tgfbr2 Itgav Tgfb2 Fgf10 Fgf9

Chronic myeloid leukemia Smad4 Sos1 Grb2 Tgfb1 Crk Chuk Tgfbr2 Mdm2 Tgfb2 Ptpn11 Tgfbr1
Prostate cancer Fgfr1 Egfr Pdgfc Sos1 Gsk3b Grb2 Chuk Mdm2 Pdgfrb Crebbp
Renal cell carcinoma Sos1 Gab1 Grb2 Tgfb1 Crk Tgfb2 Vegfa Rac1 Ptpn11 Crebbp
Pancreatic cancer Smad4 Egfr Tgfb1 Chuk Tgfbr2 Tgfb2 Vegfa Rac1 Tgfbr1
Melanoma Fgf8 Fgfr1 Egfr Pdgfc Fgf18 Mdm2 Fgf10 Fgf9 Pdgfrb
Colorectal cancer Smad4 Gsk3b Axin1 Tgfb1 Tgfbr2 Tgfb2 Rac1 Tgfbr1
Endometrial cancer Grb2 Axin1 Egfr Ilk Sos1 Gsk3b
Basal cell carcinoma Axin1 Bmp2 Gli3 Gli2 Gsk3b Smo
Glioma Grb2 Egfr Mdm2 Sos1 Pdgfrb
Small cell lung cancer Chuk Itgb1 Itgav Apaf1
Osteoclast differentiation Grb2 Tgfb1 Chuk Map3k7 Tgfbr2 Tgfb2 Rac1 Tgfbr1
Axon guidance Itgb1 Ephb2 Efna5 Gsk3b Nrp1 Ephb3 Efnb1 Rac1
Cell cycle Smad4 Tgfb1 Mdm2 Tgfb2 Cdkn1c Crebbp Gsk3b
Metabolic pathways Papss2 Sc5d Gad2 Inpp5e Glce Tm7sf2 Dhcr7 Piga Sgpl1 Cdo1
Hypertrophic cardiomyopathy (HCM) Tgfb1 Itgb1 Itgb6 Itgav Tgfb2 Cacna1s
Dilated cardiomyopathy Tgfb1 Itgb1 Itgb6 Itgav Tgfb2 Cacna1s
Arrhythmogenic right ventricular
Cardiomyopathy (ARVC)

Itgb1 Itgb6 Itgav Cacna1s

Bacterial invasion of epithelial cells Itgb1 Crk Ilk Rac1 Gab1
Chagas disease (American
trypanosomiasis)

Tgfb1 Chuk Tgfbr2 Tgfb2 Tgfbr1

Leishmaniasis Tgfb1 Itgb1 Map3k7 Tgfb2
Toxoplasmosis Tgfb1 Chuk Itgb1 Map3k7 Tgfb2
Endocytosis Tgfb1 Egfr Mdm2 Tgfbr2 Tgfb2 Tgfbr1
Hepatitis C Grb2 Chuk Egfr Sos1 Gsk3b
Amoebiasis Tgfb1 Col11a1 Col2a1 Tgfb2
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Table 5
GO biological process terms enriched with a statistically significant number of genes involved in cleft palate.

GO biological process Cleft palate genes in biological process category

Cellular macromolecule metabolic
process

Ldb1 Shox2 Csrnp1 Map3k7 Efna5 Apaf1 Chd7 Alx3 Tshz1 Satb2 Tgfb1 Tgfbr2 Mdm4
Ptprs Ryk Ctnnbip1 Pax3 Prickle1 Pbx3 Dlx5 Foxe1 Six3 Axin1 Foxd3 Trp63 Msx2
Tfap2a Egfr Tbx10 Flna Grb2 Itgav Acan Tbx22 Fgf9 Bmp2 Ephb2 Pkdcc Dlg1 Pitx2
Jmjd6 Recql4 Cdkn1c Akap8 Alx1 Hoxa2 Msc Gli2 Dicer1 Sim2 Prdm16 Bnc2 Hand2
Tcof1 Pbx1 Vegfa Rac1 Igf2 Crebbp Snai1 Fgfr1 Pygo2 Bmi1 Six1 Eya4 Gab1 Prrx2 Mnt
Hic1 Tcf21 Dlx6 Meox2 Tiparp Sox11 Foxc2 Nrp1 Tgfb2 Fbxo11 Pds5a Fgf8 Cask Ift88
Spry1 Sox6 Rad23b Whsc1 Foxf2 Six4 Smo Acvr2a Ptprf Mdm2 Acvr1 Vax2 Tgfbr1
Col11a1 Edn1 Chrd Hs2st1 Gli3 Dph1 Fst Sox9 Alx4 Ptpn11 Rax Pdgfc Lhx8 Ednra
Ephb3 Ilk Impad1 Ctgf Zeb2 Pcgf2 Gsc Bmpr1a Pygo1 Gsk3b Glce Twist1 Itgb1 Ahr
Pitx1 Pbx2 Chuk Piga Pdgfrb Sp8 Smad4 Ski Col2a1 Fgf10

Regulation of cellular metabolic
process

Eya4 Ldb1 Shox2 Csrnp1 Insig2 Gab1 Map3k7 Prrx2 Mnt Hic1 Tcf21 Meox2 Dlx6
Efna5 Chd7 Alx3 Tshz1 Satb2 Sox11 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Mdm4 Pds5a
Ctnnbip1 Fgf8 Pax3 Insig1 Prickle1 Ift88 Cask Inhbb Whsc1 Rad23b Sox6 Spry1 Pbx3
Dlx5 Foxe1 Foxf2 Smo Six4 Six3 Axin1 Acvr2a Foxd3 Acvr1 Mdm2 Vax2 Tgfbr1 Trp63
Msx2 Tfap2a Egfr Tbx10 Flna Chrd Edn1 Grb2 Gli3 Crk Itgav Sox9 Fst Tbx22 Alx4
Ptpn11 Fgf9 Rax Bmp2 Dlg1 Pdgfc Lhx8 Ednra Pitx2 Jmjd6 Ephb3 Ilk Ctgf Cdkn1c Pcgf2
Zeb2 Alx1 Hoxa2 Msc Gsc Bmpr1a Pygo1 Gli2 Gsk3b Dicer1 Sim2 Twist1 Prdm16 Itgb1
Ahr Pitx1 Pbx2 Bnc2 Hand2 Pbx1 Vegfa Pdgfrb Rac1 Igf2 Sp8 Crebbp Snai1 Smad4
Fgfr1 Pygo2 Ski Bmi1 Fgf10 Six1

Regulation of primary metabolic
process

Eya4 Ldb1 Shox2 Csrnp1 Insig2 Gab1 Map3k7 Prrx2 Mnt Hic1 Tcf21 Meox2 Dlx6
Efna5 Chd7 Alx3 Tshz1 Satb2 Sox11 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Mdm4 Pds5a
Ctnnbip1 Fgf8 Pax3 Insig1 Prickle1 Ift88 Cask Inhbb Whsc1 Rad23b Sox6 Spry1 Pbx3
Dlx5 Foxe1 Foxf2 Smo Six4 Six3 Axin1 Acvr2a Foxd3 Acvr1 Mdm2 Vax2 Tgfbr1 Trp63
Msx2 Tfap2a Egfr Tbx10 Flna Chrd Edn1 Gli3 Crk Itgav Sox9 Fst Tbx22 Alx4 Ptpn11
Fgf9 Rax Bmp2 Dlg1 Pdgfc Lhx8 Ednra Pitx2 Jmjd6 Ephb3 Ilk Ctgf Cdkn1c Pcgf2 Zeb2
Alx1 Hoxa2 Msc Gsc Bmpr1a Pygo1 Gli2 Gsk3b Dicer1 Sim2 Twist1 Prdm16 Itgb1 Ahr
Pitx1 Pbx2 Bnc2 Hand2 Pbx1 Dhcr7 Vegfa Pdgfrb Rac1 Igf2 Sp8 Crebbp Snai1 Smad4
Fgfr1 Pygo2 Ski Bmi1 Fgf10 Six1

Cell differentiation Vcan Ldb1 Shox2 Hspg2 Tcf21 Tiparp Dlx6 Efna5 Chd7 Satb2 Sox11 Nrp1 Foxc2 Tgfb1
Tgfbr2 Tgfb2 Ryk Ctnnbip1 Fgf8 Pax3 Insig1 Prickle1 Ift88 Inhbb Sox6 Spry1 Pbx3 Dlx5
Smo Six4 Six3 Axin1 Acvr2a Foxd3 Acvr1 Ptprf Vax2 Efnb1 Tgfbr1 Trp63 Msx2 Col11a1
Tfap2a Egfr Flna Chrd Edn1 Clptm1 Grb2 Fgf18 Gli3 Acan Itgav Sox9 Fst Ptpn11 Fgf9
Bmp2 Ephb2 Pkdcc Lhx8 Ednra Pitx2 Jmjd6 Ephb3 Ilk Impad1 Ctgf Cdkn1c Zeb2 Alx1
Hoxa2 Plekha1 Bmpr1a Oca2 Gli2 Gsk3b Dicer1 Sim2 Boc Twist1 Prdm16 Itgb1 Ahr
Pitx1 Gabrb3 Inpp5e Hand2 Adamts9 Pbx1 Dhcr7 Chuk Vegfa Sgpl1 Pdgfrb Rac1 Igf2
Crebbp Snai1 Smad4 Fgfr1 Cacna1s Ski Jag2 Bmi1 Col2a1 Fgf10 Six1

Anatomical structure formation
involved in morphogenesis

Eya4 Ldb1 Shox2 Csrnp1 Insig2 Map3k7 Prrx2 Hspg2 Tcf21 Ofd1 Tiparp Meox2 Dlx6
Efna5 Apaf1 Chd7 Tshz1 Sox11 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Ryk Ctnnbip1 Fgf8
Mmp14 Pax3 Insig1 Prickle1 Ift88 Whsc1 Spry1 Dlx5 Foxe1 Foxf2 Smo Six4 Six3 Axin1
Foxd3 Acvr1 Ptprf Vax2 Efnb1 Tgfbr1 Trp63 Msx2 Col11a1 Tfap2a Egfr Flna Chrd Edn1
Hs2st1 Grb2 Fgf18 Gli3 Itgav Ift140 Sox9 Fst Br Alx4 Schip1 Ptpn11 Fgf9 Bmp2 Ephb2
Dlg1 Ednra Pitx2 Jmjd6 Ephb3 Ilk Impad1 Ctgf Zeb2 Alx1 Hoxa2 Gsc Plekha1 Bmpr1a
Gli2 Gsk3b Dicer1 Boc Twist1 Itgb1 Ahr Zfp640 Hand2 Pbx1 Vegfa Sgpl1 Pdgfrb Rac1
Snai1 Smad4 Fgfr1 Luzp1 Cacna1s Ski Col2a1 Fgf10 Six1

Positive regulation of cellular process Ldb1 Shox2 Csrnp1 Gab1 Map3k7 Prrx2 Hic1 Tcf21 Dlx6 Efna5 Apaf1 Sos1 Satb2
Sox11 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Mdm4 Disp1 Ryk Ctnnbip1 Fgf8 Mmp14 Pax3
Prickle1 Ift88 Cask Inhbb Sox6 Dlx5 Foxe1 Foxf2 Smo Six4 Six3 Axin1 Acvr2a Foxd3
Acvr1 Mdm2 Ptprf Efnb1 Tgfbr1 Trp63 Msx2 Tfap2a Egfr Flna Chrd Edn1 Grb2 Fgf18
Gli3 Itgav Sox9 Alx4 Ptpn11 Fgf9 Bmp2 Ephb2 Pkdcc Dlg1 Pdgfc Ednra Pitx2 Ephb3 Ilk
Ctgf Recql4 Cdkn1c Zeb2 Alx1 Hoxa2 Bmpr1a Pygo1 Gli2 Gsk3b Dicer1 Boc Twist1
Prdm16 Itgb1 Ahr Pitx1 Igf2r Zfp640 Inpp5e Pbx2 Hand2 Adamts9 Pbx1 Chuk Vegfa
Pdgfrb Rac1 Igf2 Crebbp Snai1 Smad4 Fgfr1 Ski Bmi1 Fgf10 Six1

Regulation of macromolecule biosyn-
thetic process

Eya4 Ldb1 Shox2 Csrnp1 Map3k7 Prrx2 Mnt Hic1 Tcf21 Meox2 Dlx6 Chd7 Alx3 Tshz1
Satb2 Sox11 Foxc2 Tgfb1 Tgfb2 Mdm4 Pds5a Ctnnbip1 Fgf8 Pax3 Prickle1 Cask Inhbb
Whsc1 Sox6 Pbx3 Dlx5 Foxe1 Foxf2 Smo Six4 Six3 Axin1 Acvr2a Foxd3 Acvr1 Mdm2
Vax2 Tgfbr1 Trp63 Msx2 Tfap2a Egfr Tbx10 Flna Chrd Edn1 Gli3 Itgav Sox9 Fst Tbx22
Alx4 Fgf9 Rax Bmp2 Pdgfc Lhx8 Pitx2 Jmjd6 Ilk Ctgf Cdkn1c Pcgf2 Zeb2 Alx1 Hoxa2
Msc Gsc Bmpr1a Pygo1 Gli2 Gsk3b Dicer1 Sim2 Twist1 Prdm16 Ahr Pitx1 Pbx2 Bnc2
Hand2 Pbx1 Vegfa Pdgfrb Rac1 Igf2 Sp8 Crebbp Snai1 Smad4 Fgfr1 Ski Bmi1 Fgf10
Six1
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Table 5 (continued )

GO biological process Cleft palate genes in biological process category

Chordate embryonic development Bmp2 Shox2 Dlg1 Gab1 Ednra Pitx2 Map3k7 Prrx2 Hspg2 Pcgf2 Zeb2 Hoxa2 Alx1
Meox2 Gsc Bmpr1a Apaf1 Chd7 Gli2 Alx3 Satb2 Sox11 Foxc2 Tgfbr2 Tgfb2 Twist1 Fgf8
Pax3 Itgb1 Prickle1 Ift88 Sox6 Hand2 Smo Six4 Axin1 Acvr2a Foxd3 Pbx1 Acvr1 Vegfa
Pdgfrb Tgfbr1 Snai1 Smad4 Col11a1 Egfr Tfap2a Fgfr1 Luzp1 Pygo2 Edn1 Grb2 Ski Gli3
Jag2 Itgav Bmi1 Col2a1 Br Alx4 Fgf9 Six1

Tissue morphogenesis Bmp2 Shox2 Dlg1 Ednra Pitx2 Map3k7 Ilk Zeb2 Tcf21 Alx1 Bmpr1a Apaf1 Gli2 Sox11
Dicer1 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Twist1 Ctnnbip1 Fgf8 Pax3 Prickle1 Ahr Foxe1
Foxf2 Hand2 Smo Six4 Axin1 Pbx1 Chuk Acvr1 Vegfa Rac1 Trp63 Msx2 Snai1 Smad4
Col11a1 Egfr Tfap2a Fgfr1 Luzp1 Chrd Edn1 Hs2st1 Grb2 Ski Gli3 Jag2 Sox9 Fst Br
Fgf10 Six1

Epithelium development Bmp2 Dlg1 Ednra Pitx2 Map3k7 Ilk Zeb2 Tcf21 Alx1 Dlx6 Bmpr1a Apaf1 Gli2 Sox11
Dicer1 Nrp1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Twist1 Ctnnbip1 Fgf8 Pax3 Prickle1 Ahr Ift88
Dlx5 Foxf2 Hand2 Smo Six4 Pbx1 Chuk Acvr1 Vegfa Rac1 Tgfbr1 Trp63 Msx2 Smad4
Egfr Tfap2a Fgfr1 Luzp1 Pygo2 Edn1 Hs2st1 Grb2 Ski Gli3 Jag2 Sox9 Br Fgf10 Six1

Pattern specification process Bmp2 Ldb1 Ednra Pitx2 Pcgf2 Zeb2 Hoxa2 Ofd1 Alx1 Meox2 Gsc Bmpr1a Gli2 Alx3
Tshz1 Satb2 Nrp1 Foxc2 Sim2 Tgfbr2 Ctnnbip1 Disp1 Fgf8 Pax3 Ahr Ift88 Spry1 Pbx2
Hand2 Six3 Smo Axin1 Acvr2a Pbx1 Acvr1 Vegfa Vax2 Efnb1 Sp8 Tgfbr1 Trp63 Msx2
Snai1 Smad4 Tfap2a Fgfr1 Chrd Edn1 Ski Gli3 Bmi1 Fst Alx4 Fgf10 Six1 Rax

Sensory organ development Eya4 Bmp2 Ephb2 Dlg1 Insig2 Jmjd6 Pitx2 Prrx2 Hoxa2 Dlx6 Gsc Chd7 Gli2 Tshz1
Sox11 Dicer1 Foxc2 Tgfb1 Tgfbr2 Tgfb2 Twist1 Prdm16 Fgf8 Insig1 Ahr Inhbb Gabrb3
Dlx5 Foxf2 Hand2 Six4 Six3 Vegfa Vax2 Pdgfrb Rac1 Tgfbr1 Col11a1 Tfap2a Fgfr1
Cacna1s Pygo2 Edn1 Ski Gli3 Jag2 Col2a1 Sox9 Fgf10 Fgf9 Six1 Rax

Tube development Bmp2 Pkdcc Dlg1 Ednra Jmjd6 Pitx2 Map3k7 Ilk Ctgf Zeb2 Tcf21 Alx1 Bmpr1a Apaf1
Chd7 Gli2 Sox11 Dicer1 Nrp1 Foxc2 Sim2 Tgfb1 Tgfbr2 Twist1 Ctnnbip1 Fgf8 Pax3
Mmp14 Prickle1 Ahr Ift88 Spry1 Hand2 Smo Six4 Pbx1 Dhcr7 Acvr1 Vegfa Trp63 Msx2
Smad4 Tfap2a Fgfr1 Luzp1 Edn1 Hs2st1 Fgf18 Ski Gli3 Sox9 Br Fgf10 Fgf9 Six1

Embryonic organ morphogenesis Eya4 Shox2 Dlg1 Insig2 Pitx2 Prrx2 Hspg2 Pcgf2 Tcf21 Alx1 Hoxa2 Dlx6 Gsc Chd7 Gli2
Alx3 Tshz1 Satb2 Sox11 Foxc2 Tgfbr2 Tgfb2 Twist1 Fgf8 Insig1 Dlx5 Foxe1 Foxf2 Six4
Axin1 Vax2 Rac1 Tgfbr1 Col11a1 Tfap2a Fgfr1 Edn1 Gli3 Bmi1 Col2a1 Sox9 Alx4 Fgf10
Fgf9 Six1

Skeletal system morphogenesis Shox2 Csrnp1 Dlg1 Insig2 Impad1 Ctgf Prrx2 Recql4 Hspg2 Pcgf2 Hoxa2 Alx1 Tiparp
Gsc Plekha1 Alx3 Satb2 Sox11 Foxc2 Tgfbr2 Tgfb2 Twist1 Ryk Insig1 Dlx5 Zfp640 Six4
Axin1 Sgpl1 Pdgfrb Tgfbr1 Msx2 Tfap2a Col11a1 Fgf18 Ski Gli3 Acan Bmi1 Col2a1 Sox9
Br Alx4 Schip1 Six1

Palate development Pkdcc Csrnp1 Dlg1 Insig2 Ephb3 Tcf21 Alx1 Tiparp Meox2 Dlx6 Msc Plekha1 Bmpr1a
Chd7 Tshz1 Satb2 Sox11 Tgfbr2 Prdm16 Insig1 Dlx5 Foxe1 Zfp640 Hand2 Foxf2 Sgpl1
Tgfbr1 Snai1 Smad4 Tfap2a Pygo2 Ski Gli3 Col2a1 Alx4 Schip1
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2.2. Systematic review

The PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) guideline and
corresponding checklist were followed for this systematic review, as described previously [3]. The
online databases searched included Medline (Ovid), PubMed (National Library of Medicine), and
EMBASE (Ovid). In addition, relevant citations were searched in Scopus (Elsevier) to retrieve any
exceptional studies missed by the database searches. The bibliographies of highly pertinent articles
were further examined to avoid any errors introduced with the systematic review. Articles included in
the systematic review met the following eligibility criteria: 1) described causative genes of mouse CP;
2) were published as original articles (not as review articles, editorials, or comments); 3) were written
in English; 4) were published between the year 1980 and 2016; and 5) specified a CP type. Some
articles were excluded from the systematic review because of one or more of the following reasons:
1) gene mutations were not described in the original articles; 2) CP was not described; 3) CP was
caused by environmental factors; and 4) the articles failed to fit in any of the previous criteria but did
not have useful CP genes or related information.



Table 6
GO Molecular Function terms enriched with a statistically significant number of genes involved in cleft palate.

GO molecular function Cleft palate genes in molecular function category

Ion binding Eya4 Map3k7 Hic1 Tiparp Apaf1 Chd7 Tshz1 Nrp1 Tgfbr2
Mdm4 Ryk Mmp14 Prickle1 Cask Whsc1 Acvr2a Phc2 Acvr1
Mdm2 Ptprf Tgfbr1 Trp63 Egfr Chrd Gli3 Acan Fst Mmp16 Fgf9
Ephb2 Pkdcc Gad2 Lhx8 Jmjd6 Ephb3 Ilk Impad1 Recql4 Ctgf
Zeb2 Pcgf2 Cdo1 Akap8 Plekha1 Bmpr1a Gli2 Pygo1 Dicer1
Gsk3b Prdm16 Papss2 Zfp640 Igf2r Bnc2 Adamts9 Chuk Vegfa
Sgpl1 Pdgfrb Rac1 Sp8 Crebbp Snai1 Fgfr1 Pygo2 Ski Jag2 Bmi1
Fgf10

Identical protein binding Bmp2 Ldb1 Inhbb Pdgfc Hand2 Axin1 Jmjd6 Pitx2 Acvr1 Mdm2
Vegfa Trp63 Smad4 Egfr Fgfr1 Bmpr1a Apaf1 Flna Grb2 Tgfb1
Col2a1 Tgfb2 Twist1 Schip1 Kcnj2

Protein domain specific binding Bmp2 Ldb1 Itgb1 Cask Dlg1 Dlx5 Hand2 Axin1 Acvr2a Ilk Prrx2
Trp63 Plekha1 Lbr Sos1 Grb2 Ski Crk Bmi1 Twist1 Alx4 Ptpn11
Ctnnbip1

Regulatory region nucleic acid binding Ldb1 Shox2 Ahr Sox6 Dlx5 Hand2 Foxd3 Pitx2 Vax2 Crebbp
Trp63 Msx2 Tcf21 Smad4 Tfap2a Dlx6 Gli2 Sox11 Foxc2 Sox9
Twist1 Six1

Chromatin binding Pax3 Ldb1 Whsc1 Pbx2 Pitx2 Vax2 Pcgf2 Mnt Trp63 Crebbp
Akap8 Smad4 Tfap2a Chd7 Gli2 Satb2 Foxc2 Ski Gli3 Bmi1 Sox9
Six1

Protein heterodimerization activity Bmp2 Itgb1 Ahr Gad2 Sox6 Hand2 Pbx1 Chuk Vegfa Tgfbr1 Alx1
Egfr Sos1 Sim2 Tgfb1 Itgav Tgfb2 Alx4 Twist1

Transcription factor binding Ldb1 Prickle1 Ahr Insig2 Pbx2 Foxf2 Hand2 Pitx2 Pbx1 Crebbp
Msx2 Tcf21 Tfap2a Flna Gsk3b Ski Twist1

Protein complex binding Mmp14 Itgb1 Itgb6 Cask Gabrb3 Acvr2a Ilk Acvr1 Ptprf Ctgf Igf2
Tgfbr1 Egfr Fgfr1 Gsk3b Fst Ptpn11

Transcription regulatory region sequence-specific DNA
binding

Msx2 Smad4 Ldb1 Dlx6 Tfap2a Shox2 Dlx5 Hand2 Sox11 Pitx2
Sox9 Vax2 Crebbp

Glycosaminoglycan binding Fgfr1 Chrd Nrp1 Tgfbr2 Acan Ptprf Vegfa Ctgf Fgf9 Fgf10
Growth factor activity Fgf8 Bmp2 Inhbb Pdgfc Tgfb1 Fgf18 Jag2 Vegfa Tgfb2 Ctgf Fgf10

Fgf9 Igf2
Growth factor binding Fgfr1 Egfr Igf2r Nrp1 Acvr2a Tgfbr2 Acvr1 Col2a1 Ctgf Pdgfrb

Tgfbr1
SMAD binding Smad4 Bmp2 Bmpr1a Axin1 Ski Tgfbr2 Acvr1 Prdm16 Zeb2

Crebbp Tgfbr1
RNA polymerase II core promoter proximal region
sequence-specific DNA binding transcription factor activ-
ity involved in positive regulation of transcription

Foxc2 Tcf21 Pitx2 Tfap2a Sox9 Twist1 Hand2 Sox11 Trp63

Receptor signaling protein activity Smad4 Egfr Acvr2a Map3k7 Chuk Tgfbr2 Acvr1 Tgfb2
Transmembrane receptor protein tyrosine kinase activity Nrp1 Ephb3 Fgfr1 Ephb2 Egfr Pdgfrb Ryk
Transforming growth factor beta-activated receptor activity Acvr2a Acvr1 Tgfbr2 Bmpr1a Tgfbr1

Table 7
GO cellular component terms enriched with a statistically significant number of genes involved in cleft palate.

GO cellular
component

Cleft palate genes in cellular component category

Cytoplasm Eya4 Slc32a1 Insig2 Gab1 Tm7sf2 Map3k7 Hic1 Ofd1 Meox2 Apaf1 Satb2 Sox11 Nrp1 Tgfb1 H19 Tgfbr2
Tgfb2 Fbxo11 Ctnnbip1 Ryk Mmp14 Insig1 Prickle1 Ift88 Cask Inhbb Rad23b Spry1 Dlx5 Smo Six4 Axin1
Acvr2a Mdm2 Ptprf Vax2 Efnb1 Trp63 Msx2 Tfap2a Egfr Flna Edn1 Hs2st1 Krt5 Grb2 Gli3 Crk Ift140 Fst
Dph1 Schip1 Ptpn11 Fgf9 Bmp2 Pkdcc Gad2 Dlg1 Pdgfc Pitx2 Ilk Impad1 Ctgf Recql4 Cdkn1c Zeb2 Cdo1
Akap8 Ovca2 Plekha1 Lbr Oca2 Gli2 Gsk3b Dicer1 Glce Itgb1 Ahr Pitx1 Igf2r Inpp5e Bnc2 Tcof1 Pbx1
Dhcr7 Chuk Piga Vegfa Sgpl1 Pdgfrb Rac1 Crebbp Snai1 Smad4 Fgfr1 Cacna1s Ski Jag2 Bmi1 Col2a1

Plasma membrane
part

Fgf8 Slc32a1 Itgb1 Ephb2 Itgb6 Cask Dlg1 Ednra Axin1 Acvr2a Chuk Ephb3 Acvr1 Pdgfrb Rac1 Tgfbr1
Egfr Efna5 Plekha1 Cacna1s Clptm1 Grb2 Boc Jag2 Itgav Tgfbr2
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Table 7 (continued )

GO cellular
component

Cleft palate genes in cellular component category

Transcription factor
complex

Pax3 Ldb1 Ahr Pitx1 Sox6 Pbx3 Pbx2 Foxf2 Hand2 Pbx1 Foxd3 Pitx2 Crebbp Msx2 Alx1 Smad4 Tfap2a
Gsc Satb2 Ski Sox9 Alx4 Six1

Cell surface Fgf8 Bmp2 Itgb1 Egfr Efna5 Igf2r Clptm1 Nrp1 Acvr2a Tgfb1 Boc Tgfbr2 Itgav Vegfa Tgfb2 Fgf10
Dendrite Slc32a1 Cask Bmpr1a Dlg1 Sos1 Gsk3b Smo Dicer1 Axin1 Ilk Trp63 Kcnj2
Neuronal cell body Ephb2 Bmpr1a Sos1 Gsk3b Smo Nrp1 Tgfb1 Boc Ilk Ptprf Tgfb2 Kcnj2
Axon Slc32a1 Gad2 Dlg1 Gabrb3 Smo Dicer1 Nrp1 Tgfb1 Boc Ilk Tgfb2
Basement membrane Itgb1 Cask Acan Vegfa Tgfb2 Col2a1 Hspg2 Fgf9
Receptor complex Itgb1 Itgb6 Ahr Chuk Tgfbr2 Itgav Acvr1 Tgfbr1
Growth cone Nrp1 Boc Ptprf Gsk3b Smo Dicer1
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2.3. Gene set enrichment analysis

Gene set enrichment analysis was conducted using the KEGG database (http://www.genome.jp/kegg),
as described previously [4]. Significantly enriched categories were filtered to have a false discovery
rate-adjusted p-value o0.05 and at least four genes from the list of input genes. Reported enriched
categories are “child” terms in the gene ontology hierarchy without any further statistically significant
descendants. The GO database resource (http://www.geneontology.org) was used to identify functional
categories of genes enriched with a statistically significant number of CP-associated genes from our
curated list [2].
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