
Supplemental Appendix S3: Craniofacial genes and SNPs functional annotations.
Craniofacial Genes and SNPs Annotations

The following section provides a brief annotation of the significantly associated genes and SNPs. Additional functional annotations, such as predicted molecular function, link to a biological process and a protein class of the 23 protein-coding genes and pseudo-genes (AGXT2, BMP4, CACNB4, COL11A1, EGFR, EYA1, EYA2, FAM49A, FOXN3, LHX8, LMNA, MYO5A, PAX3, PCDH15, RTTN, SMAD1, XXYLT1 and ZEB1) have been visualised using the PANTHER resource [1] and summarized in the Supplemental Figures S17, S18, S19.
Significantly Associated Genes with Previously Demonstrated Role in Craniofacial Morphogenesis and/or Mutated in Hereditary Syndromes Displaying Craniofacial Abnormalities

A potentially functional SNP rs2289266 in the intron of the Paired Box 3 gene (PAX3) was associated with the transverse nasal prominence angle (p-value 1.95E-08). This gene is a member of the paired box (PAX) family of transcription factors, which play critical roles during foetal development. The PAX3 protein regulates cell proliferation, migration and apoptosis. Mutations in the PAX3 gene are associated with Waardenburg syndrome (OMIM: 193500), which is characterized by a prominent and broad nasal root, a round or square nose tip, hypoplastic alae, increased lower facial height and other craniofacial abnormalities.

Notably, three other SNPs in this gene, rs974448, rs7559271 and rs1978860, were previously associated with normal variability of the nasion position [2] and the distance between the eyeballs and the nasion [3]. None of these SNPs were included in this study, as a result of primer design failure. No LD between rs2289266 and any of the previously associated markers in the PAX3 gene was detected. Nevertheless, the association of another variant in the PAX3 gene can be considered an independent confirmation of this gene’s involvement in regulation of normal craniofacial morphology.

SNPs rs4908280 and rs11164649 which are located in the regulatory element of the Collagen gene (COL11A1) intronic sequence, were associated with the cephalic index (p-values 1.66E-09 and 1.70E - 08 respectively). COL11A1 encodes one of the two alpha chains of type XI fibrillar collagen and is known to have multiple transcripts as a result of alternative splicing. The secreted protein is hypothesised to play an important role in fibrillogenesis by controlling lateral growth of collagen II fibrils.

Notably, the same variant (rs11164649) was recently linked to normal-range effects in various craniofacial traits, specifically eyes, orbits, nose tip, lips, philtrum and lateral parts of the mandible, although the measurements of the cephalic index were not performed in this study [4]. Our findings should be considered as independent confirmation of COL11A2 gene and its specific polymorphism rs11164649 involvement in shaping the normal craniofacial morphology.

According to the MGI database, transgenic mice with shortened COL11A2 mRNA (the second alpha chain of type XI fibrillar collagen) display abnormal facial phenotypes, including a triangular face and shorter and dimpled nasal bones [5]. Interestingly, COL11A1 and other Collagen family genes were found to be mutated in Stickler (OMIM: 604841) and Marshall Syndromes (OMIM: 154780). These two inherited disorders display very similar phenotypes, and each is characterized by a distinctive facial appearance, with flat midface, very small jaw, cleft lip/palate, large eyes, short upturned nose, eye abnormalities, round face and short stature. However, the facial features of Stickler syndrome are less severe and include a flat face with depressed nasal bridge and cheekbones, caused by underdeveloped bones in the middle of the face. Another member of the collagen family, COL17A1, was recently associated with the distance between the eyeballs and the nasion [6]. Our finding of genetic associations of additional members of the Collagen family provides further evidence of the importance of polymorphisms in these genes in determining the normal variety of specific craniofacial features.

Intergenic SNP rs942316, which is located upstream to the Bone Morphogenetic Protein (upstream to BMP4) gene, was strongly associated with the PC1phenotype (p-value 2.66E-09). The BMP4 gene is a transforming growth factor, belonging to the beta superfamily, which includes large families of growth and differentiation factors. This gene plays an important role in the onset of endochondral bone formation in humans, including induction of cartilage and bone formation and specifically tooth development and limb formation. Gene onthology annotations related to this gene include heparin binding and cytokine activity. BMP4 mutations have been associated with a variety of bone diseases, including orofacial cleft 11 (OMIM: 600625), Fibrodysplasia Ossificans (OMIM: 135100) and microphthalmia syndromic 6 (OMIM: 607932).

SNP rs2290332 represents a synonymous variant in the Myosin VA (Heavy Chain 12, Myoxin) gene (MYO5A). This variant was associated with the cephalic index (p-value 5.56E-10).

MYO5A is one of three myosin V heavy-chain genes, belonging to the myosin gene superfamily. Myosin V is a class of actin-based motor proteins involved in cytoplasmic vesicle transport and anchorage, spindle-pole alignment and mRNA translocation. It mediates the transport of vesicles to the plasma membrane, including melanosome transport. Mutations in this gene were associated with a number of neuroectodermal diseases, such as Griscelli syndrome. Additional mutations in this gene were associated with a rare inherited condition Piebaldism (OMIM:172800). The symptoms of Piebaldism include partial albinism and anomalies of the mouth area development, such as lips and philtrum abnormalities. Despite being a “silent” mutation, rs2290332 is located in the POLR2A TF binding site and may therefore affect various processes such as transcription, translation, splicing and mRNA transport, as has been shown in other studies [7].

Variant rs12041465, which is located in the intron of LIM Homeobox 8 (LHX8) was associated with transverse nasal prominence angle (p-value 2.30E - 08). LHX8 is a transcription factor and a member of the LIM homeobox family of proteins, which are involved in patterning and differentiation of various tissue types. Mutations in this gene were associated with clefts of the secondary palate in mouse model [8,9].

Three intronic SNPs in the Eyes Absent Homolog 1 (EYA1) gene were associated with several craniofacial traits. The variant rs79867447 was associated with the nose width (p-value 3.92E - 08), nasal index (p-value 3.53E - 08), nose-face width index (p-value 1.10E - 09) and PC1 (p-value 7.46E - 10). The variant rs1481800 was associated with the cephalic index (p-value 2.07E - 09). The variant rs73684719 was found in association with PC1 (p-value 2.62E - 08). All three variants belong to potentially regulatory elements of the genome and are likely to affect TF binding sites. No linkage disequilibrium has been detected between these markers.

The EYA1 encoded protein functions as histone phosphatase, regulating transcription during organogenesis in kidney and various craniofacial features such as branchial arches, eye and ear. The eya1 – mutated mice display various craniofacial anomalies of the inner ear, mandible, maxilla and reduced skull [30]. Mutations in the human ortholog, have been associated with several craniofacial conditions such as otofaciocervical syndrome (OMIM:166780), Weyers acrofacial dysostosis (OMIM:193530) and branchiootic syndrome (OMIM:608389).

Intronic SNP rs58733120 was associated with the nose width (p-value 5.37E - 10), nasal index (p-value 9.46E - 09), nose-face width index (p-value 3.38E - 09) and PC1 (p-value 2.19E - 08) phenotypes. This variant is located in the regulatory element of the EYA2 gene, which belongs to the same eyes absent protein family as EYA1 and plays a similar role in the embryonic development. An orthologue eya2 gene encodes a transcriptional activator in mice and may play a role in eye development. Both EYA1 and EYA2 genes were shown to be expressed in the ninth week of human embryonic development [10]. None of the human craniofacial disorders were associated with EYA2 gene to date.

SNP rs12076700 in the intron of the Lamin A gene (LMNA) was associated with the transverse nasal prominence angle (1.54E - 09) and PC1 (p-value 7.87E - 10).

LMNA, together with other Lamin proteins, is a component of a fibrous layer on the nucleoplasmic side of the inner nuclear membrane, which provides a framework for the nuclear envelope and also interacts with chromatin. LMNA encoded protein acts to disrupt mitosis and induces DNA damage in vascular smooth muscle cells, leading to mitotic failure, genomic instability, and premature senescence of the cell. This gene has been found mutated in Mandibuloacral Dysplasia which is characterized by various skeletal and craniofacial abnormalities, including delayed closure of the cranial sutures and undersized jaw [11].

Variant rs74884233 was associated with the transverse nasal prominence angle (p-value 1.20E - 08). This variant is located in the intron of the Rotatin gene (RTTN). RTTN gene is involved in the maintenance of normal ciliary structure, which in turn effects the developmental process of left-right organ specification, axial rotation, and perhaps notochord development.

SNP rs17020235 was associated with the nasolabial angle (p-value 2.07E - 09). This potentially functional variant is located in the intron of the SMAD Family Member 1 gene (SMAD1). SMAD1 is a transcriptional modulator activated by BMP (bone morphogenetic proteins) type 1 receptor kinase, which is involved in a range of biological activities including cell growth, apoptosis, morphogenesis, development and immune responses.

SMAD1 mutant mice display anterior truncation of the head with only one brachial arch present. In human, SMAD1 mutations (together with RUNX2), are associated with the Cleidocranial Dysplasia (OMIM:119600), which is a Craniosynostosis-type disorder affecting cranial bones, palate and other tissues.

SNP rs950257 was associated with the PC1 trait (p-value 3.94E - 08). This intronic variant is located in the XXYLT1 gene, which codes for Xyloside Xylosyltransferase 1. This protein is an Alpha-1,3-xylosyltransferase, which elongates the O-linked xylose-glucose disaccharide attached to EGF-like repeats in the extracellular domain of Notch proteins signalling network. Notch proteins are the key regulators of embryonic development that demonstrate a highly conserved sequence in various species. Interestingly, mutations in Notch proteins are associated with Hajdu–Cheney syndrome (OMIM:10250) and Alagille syndrome (OMIM:118450). The main phenotypic manifestation of these conditions includes various malformations of the craniofacial tissues, including broad, prominent forehead, deep-set eyes and a small pointed chin.

SNP rs17335905 was associated with the nose-face width index (p-value 4.74E - 08). This potentially functional variant is located in the intron of the EGFR gene, which encodes the Epidermal Growth Factor Receptor. EGFR is a cell surface protein that binds to epidermal growth factor (EGF). Binding of the protein to a ligand induces activation of several signalling cascades and leads to cell proliferation, cytoskeletal rearrangement and anti-apoptosis. Mouse carrying mutations in EGFR, express short mandible and cleft palate. 

Significantly Associated SNPs, Located in Genes or Pseudo-genes that were Not Linked to Craniofacial Morphology Regulation or Genes with Unknown Function

Intronic variant rs59037879 in the Zinc Finger E-Box Binding Homeobox 1 (ZEB1) was found associated with cephalic index (p-value 6.27E - 10), and transverse nasal prominence angle (p-value 5.31E - 12). This gene encodes a zinc finger transcription factor, which is a transcriptional repressor. It regulates expression of different genes, such as interleukin-2 (IL-2) gene, ATPase transporting polypeptide (ATP1A1) gene and E-cadherin (CDH1) promoter in various cell types and also represses stemness-inhibiting microRNA. Mutations in this gene were previously associated with Corneal Dystrophy and various types of cancer.
A missense mutation rs37369 in the Alanine--Glyoxylate Aminotransferase 2 gene (AGXT2) was associated with nose width (p-value 1.04E - 09), nasal index: (p-value 1.25E - 10), transverse nasal prominence angle (p-value 1.46E - 09) and PC1 (p-value 2.49E - 11). This protein plays an important role in regulating blood pressure in the kidney through metabolizing asymmetric dimethylarginine (ADMA), which is an inhibitor of nitric-oxide (NO) synthase.
An intronic SNPs rs16830498, located in the regulatory element of the Calcium Channel Voltage-Dependent Beta 4 Subunit (CACNB4) gene intron, were significantly associated with cephalic index (p-value 7.57E - 11).
The beta subunit of voltage-dependent calcium channels may increase peak calcium current by shifting the voltage dependencies of activation and inactivation, modulating G protein inhibition and controlling the alpha-1 subunit membrane targeting. CACNB4 may be expressed in different isoforms through alternative splicing. Certain mutations in this gene have been associated with various forms of epilepsy, although no association with normal or abnormal craniofacial variation has been previously reported.
Potentially functional intronic SNP rs10825273 located in the regulatory elements of the Protocadherin-Related 15 (PCDH15) gene, was found in association with cephalic index (p-value 9.93E - 09) and PC1 (p-value 1.04E - 09). PCDH15 is a member of the cadherin superfamily, which encodes an integral membrane protein that mediates calcium-dependent cell-cell adhesion and is known to have numerous alternative splicing variants. It plays an essential role in the maintenance of normal retinal and cochlear function. Mutations in this gene result in hearing loss and are associated with Usher Syndrome Type IIA (OMIM: 276901).
Two intronic variants in the Family with Sequence Similarity 49 Member A gene (FAM49A) were associated with multiple craniofacial traits. rs6741412 was found in association with the transverse nasal prominence angle (p-value 2.75E - 09) and PC1 (p-value 4.67E - 10). rs11096686 was associated with PC1 (p-value 2.25E - 08). The FAM49A protein is known to interact with hundreds of miRNA molecules during pre-implantation of the mouse embryo and also expressed in the developing chick wing, but no information on its specific function or disease association have been identified.
SNP rs390345, located in the intronic regulatory sequence of the Forkhead Box N3 gene (FOXN3), was associated with the PC1 (p-value 7.46E - 11). FOXN3 encodes multiple splicing variants and acts as a transcriptional repressor. It is proposed to be involved in DNA damage-inducible cell cycle arrests at G1 and G2. There are no previous reports on FOXN3 association with either normal craniofacial development or pathological conditions.

Significantly Associated SNPs Located in the Non-protein Coding Genes, Such as lncRNA Class Genes

Intronic SNP rs10496971 in the TEX41 (Testis Expressed 41) gene produced significant associations with the transverse nasal prominence angle (p-value 5.52E - 09), cephalic index (p-value 5.315E - 09) and PC1 (p-value 3.71E - 09).
TEX41 is a long intergenic non-protein coding RNA (lncRNA) class gene, which is located on chromosome 2 and has 43 transcript variants as a result of alternative splicing. lncRNAs are known as regulators of diverse cellular processes. However, the function of this gene remains unknown. Despite its name, this gene is expressed in a variety of tissues, with the highest demonstrated levels in kidney. Its potential involvement in craniofacial genetics, and specifically in influencing normal facial variation, has not been reported previously. Notably, the rs10496971 variant is located in the regulatory element of the genome (as well as 49 other associated SNPs) and may influence normal craniofacial morphology by affecting either enhancer or silencer sequences or transcriptional factor (TF) binding sites [12].
The SNP rs1482795, located in the RNA gene RP11-494M8.4, was associated with the nose width (p-value 7.68E - 10) and nasal index (p-value 1.83E - 08) measurements.
Both SNPs rs892457 and rs892458 located in the non-protein coding lncRNA gene AC073218.1, were associated with the transverse nasal prominence angle (p-value 3.43E - 08) and (p-value 1.73E - 08), respectively.
SNP rs7311798, located in the lncRNA gene RP11-408B11.2 was associated with the nasal index (p-value 1.77E - 08).
SNP rs7844723 in the RP11-785H20.1 (lncRNA gene) was associated with the PC1 (p-value 8.11E - 09) phenotype.
SNP rs2357442 was associated with the transverse nasal prominence angle (p-value 4.40E - 08). This variant is located in the Long Interspersed Nuclear Element 1 (LINE-1) retrotransposon sequence, which in turn shows homology with uncategorized mRNA KC832805 on the Y-chromosome.
LINE-1 elements comprise approximately 21% of the human genome and have been shown to modulate expression and produce novel splice isoforms of transcripts from genes that span or neighbour the LINE-1 insertion site. In addition, rs2357442 is located close to three pseudo-genes with unknown function: SLC25A5P2, LOC100130842 and RP11-1033H12.1, while the last two represent RNA-coding lncRNA genes.
Significantly Associated SNPs Located in the Intergenic Regions
SNP rs10512572, located between Serpine1 MRNA Binding Protein 1 pseudogene (LOC100131241) and MyosinLight Chain 6 Alkali Smooth Muscle and Non-Muscle pseudogene (LOC124685), was associated with nasal tip protrusion (p-value 2.22E - 08), transverse nasal prominence angle (p-value 1.38E - 11) and PC1 (p-value 4.99E - 10). While pseudogenes in general are non-protein coding, their sequences can be functional and play important roles in different biological processes [13]. It should be noted that some genes may be incorrectly defined as pseudogenes, based solely on their sequence computational analysis [14]. The function of these two pseudogene sequences is unknown.

SNP rs8035124 was significantly associated with the nose width (p-value 1.52E - 10). This variant is located between the Synaptic Vesicle Glycoprotein 2B (SV2B) and Transfer RNA Tyrosine 16 (Anticodon GUA) Pseudogene (TRNAY16P) genes. The SV2B is a protein coding gene, which plays a role in the control of regulated secretion in neural and endocrine cells. The TRNAY16P is a pseudogene with unknown function.
Additional SNP rs373272 was associated with cephalic index (p-value 2.40E - 08). However, no genes were identified within 50 kb window of its chromosomal location.
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