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Abstract

A review of recent advances in genetic identification of the embryonic 
components of the craniofacial complex. The revelations by the technical 
achievements of optical projection tomography, 3D imaging, Magnetic 
Resonance Imaging (MRI) and geometric morphometrics provide insights 
into gene expression patterns occurring in developmental morphogenesis. 
Revelations of facial evolution are revealed.
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(desmocranium) forming intramembranously and the endoskeleton 
developing endochondrally. Further complicating craniofacial 
embryogenesis is the intermingling of the foundational germ layers 
of ectoderm, neural crest, endoderm and mesoderm, creating the 
viscerocranium and the chondrocranium. This conglomeration 
invokes a great multitude of genes in facial fabrication, of which only 
a select few are schematically portrayed for their ontogenetically 
ephemeral expression patterns in regions of the face of a seven-week-
old human embryo (Figure 1).

PAX6: Paired Box 6. Encodes DNA transcription factor for eye 
development; affected individuals display eye aplasia irides or aniridia 
and is expressed in the nasolacrimal duct region in the Figure [10].

WNT: Wingless type. Nineteen genes for differentiation and 
proliferation; Ubiquitous in craniofacial tissues; responsive to stem/
progenitor cells [11]. They are expressed in the upper facial region in 
the Figure.

DLX: Distal-less. Homeobox gene family involved in craniofacial 
morphogenesis [12]. Expressed in the cheek and mandible in the 
Figure.

BARX: Homeobox gene plays a role in tooth development and 
craniofacial mesenchyme of neural crest origin [13,14]. It is expressed 
in the cheek region in the Figure.

GSC: Goosecoid homeobox: Gene located at 14q32.1. A protein-
coding, transcription factor in craniofacial development [15].

Introduction
Of all the billions of extant human faces, no two are exactly alike, 

even between monozygotic identical twins. This astonishing diversity 
is to be traced to the three billion nucleotides contained in the human 
genome and the epigenomic variations imposed during development, 
maturation and ageing [1]. Understanding the relationship between 
genotype and phenotype is one of the key challenges of developmental 
biology. The increasing integration of genetics with embryology 
has led to the coining of “embryogenetics” as a new discipline of 
developmental biology [2].

With the transformative advent of genetic identification of 
morphogenesis, an added new discipline of “molecular morphology” 
is emerging that is applicable to the study of craniofacial development. 
The revelations of form, shape, size, formation and malformation 
revealed by genetic perspectives on development, open up new 
avenues of research, of which stem cell recognition is one aspect [3,4]. 
The synthesis of genetics and embryology into the new embryogenesis 
conjugation is the purpose of this review. The rapidly progressing 
field of biogenesis encompassing genetics and genomics is being 
advanced by the new technologies of optogenetics, optical projection 
tomography, 3D imaging, Magnetic Resonance Imaging (MRI), 
visualsonics, morphometrics and six dimensional X-ray tomography 
[5]. Nano-particle tracking stem cells will reveal the dispersion of 
these embryonic cells. New genes and genetic pathways have been 
expanded upon as rare diseases are increasingly scrutinized by whole 
exome sequencing [6]. The role of hormones in influencing facial 
shape is undergoing increasing scrutiny [7]. The explosion of the new 
targeted genome Clustered Regularly Interspersed Short Palindromic 
Repeats (CRISPR/Cas9) technology that allows specific genetic 
engineering- deletion, insertion or replacement of genes, heralds an 
exciting period of developmental and evolutionary genetics [8].

Craniofacial Embryogenesis
The craniofacial complex encompasses the most diverse 

conglomeration of tissues of any part of the body [9]. The intricate 
assembly of specialized organs and tissues comprising many of the 
primary sense organs, the central and peripheral nervous systems 
and the skeletomuscular constituents of the head and face make 
the embryology particularly challenging. The bones of the skeletal 
system arise from two separate evolutionary sources, the exoskeleton 
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Figure 1: Artistic depiction of identified genes and gene families expressed 
transiently in regions of the seven week human embryonic face.
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BMP: Bone Morphogenetic Protein gene family: BMP signaling 
regulates facial skeletal morphogenesis by controlling a balance 
between self-renewing progenitors, osteoblast differentiation and 
differentiating lineage-restricted cells, and is a major determinant of 
the dentate development [16,17]. It is expressed in the mandible in 
the Figure.

FGF: Fibroblast Growth Factor: 23 members of the FGF family of 
signaling molecules that control a wide range of cellular proliferation, 
migration, differentiation and regulate bone growth [18]. Expressed 
in the mid-frontal region in the Figure.

PAX9: Paired box 9. Gene on chromosome 14q13.3 is a member of 
the pair box family of transcription factors. Mutations are associated 
with tooth agenesis [19]. It is expressed in the medial and lateral nasal 
and second pharyngeal arch regions in the Figure 1. 

Skull Development
The regions of the skull that are developmentally discrete are 

the calvaria, the basicranium, the mid-face and the mandible, 
each of which exhibit different genetic expression patterns during 
embryogenesis.

The Calvaria: The embryonic neural crest and mesodermal 
origins of various portions of the calvaria are determined by different 
genetic expression patterns. The calvaria composed of the frontal 
and parietal components separated by a frontal suture demarcating 
the differing embryonic origins exhibit alternative gene expression 
patterns [20-22]. The MSX2 gene is associated with craniosynostosis 
by a single amino acid substitution leading to a transient increase of 
sutural osteogenesis, resulting in fusion [23]. Progression of bone 
development requires FOXC1 regulation of MSX2 and ALX4 [24]. 
MN1 is a key gene and transcriptional coactivator that evolutionary 
analysis reveals arose at the base of the bony vertebrates (Eutelostomi) 
when head ossification first appeared [25]. The coronal suture 
develops from a group of Sonic Hedgehog (SHH) responsive cells in 
the mesoderm [26].

The Basicranium: The chondrogenic origin of the skull base is 
determined by genes involved in cartilage development [27, 28].The 
location of the basicranium interposed between the brain and the face 
is subject to increasing encephalization and decreasing facial size in 
hominin evolution (Figure 2) [29].

Midface: The mesodermal origin of the bones comprising the 
midface, viz. zygomatic, maxilla, nasal and turbinate bones incur a 
cluster of genes and gene families: BMP, FGF, MSX, DLX, BARX, 
LHX, GSC, PAX9, PDGF that create a network of signaling pathways 
to form the oronasal facial complex [30,31].

Mandible: The embryonic mandible is foreshadowed by the prior 
development of Meckel’s cartilage that, in turn, is dependent upon 
cranial neural crest migration into the first pharyngeal arch. BMP2 
and BMP4 ligands are required for the development of cartilage and 
bone that creates the mandible [16]. TGF-β signaling further regulates 
chondrogenesis and osteogenesis during mandibular development 
[32].

Evolutionary Considerations
The transition of the chimpanzee genome that is 99.5% similar to 

the human genome required genomic rearrangements to transform 
the craniofacies of Pan Troglodytes to Homo sapiens (Figure 2). 
Head-to-head fusion of two ancestral chromosomes that occurred 
in the great apes resulted in reduction of the 48 chromosomes in 
nonhuman primates to 46 in humans [33-35]. Comparative primate 
genomic analyses reveal massive genomic rearrangements during 
evolution. [36,37].

The comparative sequences of the human and chimpanzee 
genomes have led to the discovery of the regulatory machinery 
of genes involved in human development and accounting for the 
differing phenotypic portrayals of the two genera [38]. Exploration 
of recent facial enhancer cis-regulatory divergence in cranial neural 
crest cells reveals the genetic basis of the evolution of the human 
face. Advancements in embryogenetic explorations allow for cellular 
levels of enquiry into “cellular anthropology” to account for the 
morphological variations underlying phenotypic evolution and the 
ontogenetic development of the human face [39]. Regulatory changes 
in the genomes of chimpanzees and humans account for the rapid 
phenotypic divergence of these two closely related genera [40].

Evidence for the evolution of mankind has hitherto relied 
upon paleoanthropological discoveries of fossilized skeletal 
remains. Evolution takes place in two areas- in the embryo and 
in the environment. Changes in the embryo have to function 
cooperatively to form an organism that survives in the environment 
[41]. Interspecies epigenetic development accounts for evolutionary 
phylogenetic diversity [42]. A new era of embryogenetic evidence 
of evolution incurred by gene mutations and chromosome copy 
number variations is heralding new insights into the molecular 
mechanisms that successively evolved Pliopithecus, Dryopithecus, 
Pithecanthropus and Australopithecus into Homo over geologic 
eons [33]. The molecular basis underlying phenotypic diversity is 
now being explored in the human methylome as a key regulator of 
genomic function [43].

Molecular genetic analysis demarcates a dramatic transformation 
in tracing the evolutionary lineage of humankind in future 
investigations. The enlargement of the hominin brain in evolution has 
impacted the shaping and morphogenesis of the human face (Figure 
2) [44,45]. New revelations of palaeogenetics and ontogenetics 
await discovery in the new field of evolutionary developmental 
anthropology [46]. The recent development of 3D Facial Norms 
Database (3DFN) that correlates facial phenotypic measurements 

Figure 2: Facial translation of Pan troglodytes to Homo sapiens.
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with genotype data creates a powerful resource of homology and 
relevancy of high-resolution genetic markers with anthropometric 
phenotypes. The fields of orthodontics, forensics and evolutionary 
physical anthropology are on the verge of an extraordinary 
exploration of evo-devo and embryogenetics [47]. The future holds 
much promise.

Acknowledgments
Reproduction of Figure 1 by Beth Lozanooff, University of 

Hawaii and production of Figure 2 by Dr. Ivano Ongaro, University 
of Alberta, is acknowledged with thanks. 

References
1. International Human Genome Sequencing Consortium. Finishing the 

euchromatic sequence of the human genome. Nature. 2004; 431: 931-945.

2. Sperber GH. Embryogenetics: The Coalescence of Genetics and Embryology. 
HSOA J. Hum. Genet. Clin. Embryology. 2015; 1: 2-3.

3. Klein OD, Nör JE. Craniofacial Stem Cells in Health and Disease. J Dent Res. 
2015; 94: 1485-1486.

4. Zhao H, Chai Y. Stem Cells in Teeth and Craniofacial Bones. J Dent Res. 
2015; 94: 1495-1501.

5. Schaff F, Bech M, Zaslansky P, Jud C, Liebi M, Guizar-Sicairos M, et al. 
Six-dimensional real and reciprocal space small-angle X-ray scattering 
tomography. Nature. 2015; 527: 353-356.

6. Romanelli Tavares VL, Gordon CT, Zechi-Ceide RM, Kokitsu-Nakata 
NM, Voisin N, Tan TY, et al. Novel variants in GNAI3 associated with 
auriculocondylar syndrome strengthen a common dominant negative effect. 
Eur J Hum Genet. 2015; 23: 481-485.

7. Weinberg SM, Parsons TE, Raffensperger ZD, Marazita ML. Prenatal sex 
hormones, digit ratio, and face shape in adult males. Orthod Craniofac Res. 
2015; 18: 21-26.

8. http://mindthegraph.com/blog/index.php/2016/02/05/infographic-gene-
editing-in-human-embryo/#.VreR5UgrK7x.

9. Sperber GH, Guttman G, Sperber SM. Craniofacial Embryogenetics and 
Development. Shelton CT, USA: People’s Medical Publishing House. 2010.

10. Robinson DO, Howarth RJ, Williamson KA, van Heyningen V, Beal SJ, Crolla 
JA. Genetic analysis of chromosome 11p13 and the PAX6 gene in a series 
of 125 cases referred with aniridia. Am J Med Genet A. 2008; 146: 558-569.

11. Yin X, Li J, Salmon B, Huang L, Lim WH, Liu B, et al. Wnt Signaling and 
Its Contribution to Craniofacial Tissue Homeostasis. J Dent Res. 2015; 94: 
1487-1494.

12. Merlo GR, Zerega B, Paleari L, Trombino S, Mantero S, Levi G. Multiple 
functions of Dlx genes. Int J Dev Biol. 2000; 44: 619-626.

13. Krivicka-Uzkurele B, Pilmane M, Akota I. Barx, growth factors and apoptosis 
in facial tissue of children with clefts. Stomatologija. 2008; 10: 62-66.

14. Sperber SM, Dawid IB. Barx1 is necessary for ectomesenchyme proliferation 
and osteochondroprogenitor condensation in the zebrafish pharyngeal 
arches. Dev Biol. 2008; 321: 101-110.

15. Parry DA, et al. SAMS, a syndrome of short stature, auditory-canal 
atresia, mandibular hypoplasia, and skeletal abnormalities is a unique 
neurocristopathy caused by mutations in Goosecoid. Am J Hum Genet. 2013; 
93: 1135-1142.

16. Bonilla-Claudio M, et al. Bmp signaling regulates a dose-dependent 
transcriptional program to control facial skeletal development. Development. 
2012.139: 709-719.

17. Choe Y, Kozlova A, Graf D, Pleasure SJ. Bone morphogenic protein signaling 
is a major determinant of dentate development. J Neurosci. 2013; 33: 6766-
6775.

18. Cinque L, Forrester A, Bartolomeo R. FGF signaling regulates bone growth 
through autophagy. Nature. 2015; 528: 272-275.

19. Mostowska A, Zadurska M, Rakowska A, Lianeri M, Jagodzi ski PP. Novel 
PAX9 mutation associated with syndromic tooth agenesis. Eur J Oral Sci. 
2013; 121: 403-411.

20. Tubbs RS, Bosmia AN, Cohen-Gadol AA. The human calvaria: A review of 
embryology, anatomy, pathology, and molecular development. Childs Nerv 
Syst. 2012; 28: 23-31.

21. Ketwaroo PD, Robson CD, Estroff JA. Prenatal Imaging of Craniosynostosis 
Syndromes. Semin Ultrasound CT MR. 2015; 36: 453-464.

22. Fennell N, Foulds N, Johnson DS, Wilson LC, Wyatt M, Robertson SP. 
Association of mutations in FLNA with craniosynostosis. Eur J Hum Genet. 
2015; 23: 1684-1688.

23. Liu YH, et al. Msx2 gene dosage influences the number of proliferative 
osteogenic cells in growth centers of the developing murine skull: A possible 
mechanism for MSX2-mediated craniosynostosis in humans. Dev Biol. 1999; 
205: 260-274.

24. Rice R, Rice DP, Olsen BR, Thesleff I. Progression of calvarial bone 
development requires Foxc1 regulation of Msx2 and Alx4. Dev Biol. 2003; 
262: 75-87.

25. Pallares LF, Carbonetto P, Gopalakrishnan S, Parker CC, Ackert-Bicknell CL, 
Palmer AA, et al. Mapping of Craniofacial Traits in Outbred Mice Identifies 
Major Developmental Genes Involved in Shape Determination. PLoS Genet. 
2015; 11: e1005607.

26. Ishii M, Sun J, Ting MC, Maxson RE. The Development of the Calvarial 
Bones and Sutures and the Pathophysiology of Craniosynostosis. Curr Top 
Dev Biol. 2015; 115: 131-156.

27. Lee YH, Saint-Jeannet JP. Sox9 function in craniofacial development and 
disease. Genesis. 2011; 49: 200-208.

28. Chen Z, et al. ERK1 and ERK2 regulate chondrocyte terminal differentiation 
during endochondral bone formation. J Bone Miner Res, 2015; 30: 765-774.

29. Bastir M, Rosas A. Cranial base topology and basic trends in the facial 
evolution of Homo. J Hum Evol. 2016; 91: 26-35.

30. Lan Y, Xu J, Jiang R. Cellular and Molecular Mechanisms of Palatogenesis. 
Curr Top Dev Biol. 2015; 115: 59-84.

31. Pagano AS and Laitman JT. Three-dimensional geometric morphometric 
analysis of the nasopharyngeal boundaries and its functional integration 
with the face and external basicranium among extant hominoids. Anat Rec 
(Hoboken). 2015; 298: 85-106.

32. Oka K, Oka S, Sasaki T, Ito Y, Bringas P Jr, Nonaka K, et al. The role of 
TGF-beta signaling in regulating chondrogenesis and osteogenesis during 
mandibular development. Dev Biol. 2007; 303: 391-404.

33. Yunis JJ, Prakash O. The origin of man: a chromosomal pictorial legacy. 
Science. 1982; 215: 1525-1530.

34. IJdo JW, Baldini A, Ward DC, Reeders ST, Wells RA. Origin of human 
chromosome 2: An ancestral telomere-telomere fusion. Proc Natl Acad Sci 
U S A. 1991; 88: 9051-9055.

35. Ventura M, Catacchio CR, Sajjadian S, Vives L, Sudmant PH, Marques-
Bonet T, Graves TA. The evolution of African great ape subtelomeric 
heterochromatin and the fusion of human chromosome 2. Genome Res. 
2012; 22: 1036-1049.

36. Dumas L, Kim YH, Karimpour-Fard A, Cox M, Hopkins J, Pollack JR, Sikela 
JM. Gene copy number variation spanning 60 million years of human and 
primate evolution. Genome Res. 2007; 17: 1266-1277.

37. Yuan B, et al. Comparative Genomic Analyses of the Human NPHP1 
Locus Reveal Complex Genomic Architecture and Its Regional Evolution in 
Primates. PLoS Genet, 2015; 11: 1005686.

38. Franchini LF, Pollard KS. Genomic approaches to studying human-specific 
developmental traits. Development. 2015; 142: 3100-3112.

39. Prescott SL, Srinivasan R, Marchetto MC, Grishina I, Narvaiza I, Selleri L, et 
al. Enhancer divergence and cis-regulatory evolution in the human and chimp 
neural crest. Cell. 2015; 163: 68-83.

http://www.ncbi.nlm.nih.gov/pubmed/15496913
http://www.ncbi.nlm.nih.gov/pubmed/15496913
http://www.heraldopenaccess.us/fulltext/Human-Genetics-&-Clinical-Embryology/Embryogenetics-The-Coalescence-of-Genetics-and-Embryology.pdf
http://www.heraldopenaccess.us/fulltext/Human-Genetics-&-Clinical-Embryology/Embryogenetics-The-Coalescence-of-Genetics-and-Embryology.pdf
http://www.ncbi.nlm.nih.gov/pubmed/26494794
http://www.ncbi.nlm.nih.gov/pubmed/26494794
http://www.ncbi.nlm.nih.gov/pubmed/26350960
http://www.ncbi.nlm.nih.gov/pubmed/26350960
http://www.ncbi.nlm.nih.gov/pubmed/26581292
http://www.ncbi.nlm.nih.gov/pubmed/26581292
http://www.ncbi.nlm.nih.gov/pubmed/26581292
http://www.ncbi.nlm.nih.gov/pubmed/25026904
http://www.ncbi.nlm.nih.gov/pubmed/25026904
http://www.ncbi.nlm.nih.gov/pubmed/25026904
http://www.ncbi.nlm.nih.gov/pubmed/25026904
http://www.ncbi.nlm.nih.gov/pubmed/25257381
http://www.ncbi.nlm.nih.gov/pubmed/25257381
http://www.ncbi.nlm.nih.gov/pubmed/25257381
http://www.readcube.com/articles/10.1002/ajmg.a.35630
http://www.readcube.com/articles/10.1002/ajmg.a.35630
http://www.ncbi.nlm.nih.gov/pubmed/18241071
http://www.ncbi.nlm.nih.gov/pubmed/18241071
http://www.ncbi.nlm.nih.gov/pubmed/18241071
http://www.ncbi.nlm.nih.gov/pubmed/26285808
http://www.ncbi.nlm.nih.gov/pubmed/26285808
http://www.ncbi.nlm.nih.gov/pubmed/26285808
http://www.ncbi.nlm.nih.gov/pubmed/11061425
http://www.ncbi.nlm.nih.gov/pubmed/11061425
http://www.ncbi.nlm.nih.gov/pubmed/18708738
http://www.ncbi.nlm.nih.gov/pubmed/18708738
https://www.researchgate.net/publication/5262330_barx1_is_necessary_for_ectomesenchyme_proliferation_and_osteochondroprogenitor_condensation_in_the_zebrafish_pharyngeal_arches
https://www.researchgate.net/publication/5262330_barx1_is_necessary_for_ectomesenchyme_proliferation_and_osteochondroprogenitor_condensation_in_the_zebrafish_pharyngeal_arches
https://www.researchgate.net/publication/5262330_barx1_is_necessary_for_ectomesenchyme_proliferation_and_osteochondroprogenitor_condensation_in_the_zebrafish_pharyngeal_arches
http://www.ncbi.nlm.nih.gov/pubmed/24290375
http://www.ncbi.nlm.nih.gov/pubmed/24290375
http://www.ncbi.nlm.nih.gov/pubmed/24290375
http://www.ncbi.nlm.nih.gov/pubmed/24290375
http://www.ncbi.nlm.nih.gov/pubmed/22219353
http://www.ncbi.nlm.nih.gov/pubmed/22219353
http://www.ncbi.nlm.nih.gov/pubmed/22219353
http://www.ncbi.nlm.nih.gov/pubmed/23595735
http://www.ncbi.nlm.nih.gov/pubmed/23595735
http://www.ncbi.nlm.nih.gov/pubmed/23595735
http://www.ncbi.nlm.nih.gov/pubmed/26595272
http://www.ncbi.nlm.nih.gov/pubmed/26595272
http://www.ncbi.nlm.nih.gov/pubmed/24028587
http://www.ncbi.nlm.nih.gov/pubmed/24028587
http://www.ncbi.nlm.nih.gov/pubmed/24028587
http://www.ncbi.nlm.nih.gov/pubmed/22120469
http://www.ncbi.nlm.nih.gov/pubmed/22120469
http://www.ncbi.nlm.nih.gov/pubmed/22120469
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prenatal+Imaging+of+Craniosynostosis+Syndromes.Semin+Ultrasound+CT+MR%2C+2015%3B+36%3A+p.+453-464.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prenatal+Imaging+of+Craniosynostosis+Syndromes.Semin+Ultrasound+CT+MR%2C+2015%3B+36%3A+p.+453-464.
http://www.ncbi.nlm.nih.gov/pubmed/25873011
http://www.ncbi.nlm.nih.gov/pubmed/25873011
http://www.ncbi.nlm.nih.gov/pubmed/25873011
http://www.ncbi.nlm.nih.gov/pubmed/?term=Msx2+gene+dosage+influences+the+number+of+proliferative+osteogenic+cells+in+growth+centers+of+the+developing+murine+skull%3A+a+possible+mechanism+for+MSX2-mediated+craniosynostosis+in+humans.+Dev+Biol%2C+1999.+205%253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Msx2+gene+dosage+influences+the+number+of+proliferative+osteogenic+cells+in+growth+centers+of+the+developing+murine+skull%3A+a+possible+mechanism+for+MSX2-mediated+craniosynostosis+in+humans.+Dev+Biol%2C+1999.+205%253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Msx2+gene+dosage+influences+the+number+of+proliferative+osteogenic+cells+in+growth+centers+of+the+developing+murine+skull%3A+a+possible+mechanism+for+MSX2-mediated+craniosynostosis+in+humans.+Dev+Biol%2C+1999.+205%253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Msx2+gene+dosage+influences+the+number+of+proliferative+osteogenic+cells+in+growth+centers+of+the+developing+murine+skull%3A+a+possible+mechanism+for+MSX2-mediated+craniosynostosis+in+humans.+Dev+Biol%2C+1999.+205%253
http://www.ncbi.nlm.nih.gov/pubmed/14512019
http://www.ncbi.nlm.nih.gov/pubmed/14512019
http://www.ncbi.nlm.nih.gov/pubmed/14512019
http://www.ncbi.nlm.nih.gov/pubmed/26523602
http://www.ncbi.nlm.nih.gov/pubmed/26523602
http://www.ncbi.nlm.nih.gov/pubmed/26523602
http://www.ncbi.nlm.nih.gov/pubmed/26523602
http://www.ncbi.nlm.nih.gov/pubmed/26589924
http://www.ncbi.nlm.nih.gov/pubmed/26589924
http://www.ncbi.nlm.nih.gov/pubmed/26589924
http://www.ncbi.nlm.nih.gov/pubmed/21309066
http://www.ncbi.nlm.nih.gov/pubmed/21309066
http://www.ncbi.nlm.nih.gov/pubmed/?term=ERK1+and+ERK2+regulate+chondrocyte+terminal+differentiation+during+endochondral+bone+formation.J+Bone+Miner+Res%2C+2015%3B+30%3A+765-774.
http://www.ncbi.nlm.nih.gov/pubmed/?term=ERK1+and+ERK2+regulate+chondrocyte+terminal+differentiation+during+endochondral+bone+formation.J+Bone+Miner+Res%2C+2015%3B+30%3A+765-774.
http://www.ncbi.nlm.nih.gov/pubmed/26852811
http://www.ncbi.nlm.nih.gov/pubmed/26852811
http://www.ncbi.nlm.nih.gov/pubmed/26589921
http://www.ncbi.nlm.nih.gov/pubmed/26589921
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pagano+AS+and+Laitman+JT.+Three-dimensional+geometric+morphometric+analysis+of+the+nasopharyngeal+boundaries+and+its+functional+integration+with+the+face+and+external+basicranium+among+extant+hominoids.+Anat+Rec+(Ho
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pagano+AS+and+Laitman+JT.+Three-dimensional+geometric+morphometric+analysis+of+the+nasopharyngeal+boundaries+and+its+functional+integration+with+the+face+and+external+basicranium+among+extant+hominoids.+Anat+Rec+(Ho
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pagano+AS+and+Laitman+JT.+Three-dimensional+geometric+morphometric+analysis+of+the+nasopharyngeal+boundaries+and+its+functional+integration+with+the+face+and+external+basicranium+among+extant+hominoids.+Anat+Rec+(Ho
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pagano+AS+and+Laitman+JT.+Three-dimensional+geometric+morphometric+analysis+of+the+nasopharyngeal+boundaries+and+its+functional+integration+with+the+face+and+external+basicranium+among+extant+hominoids.+Anat+Rec+(Ho
http://www.ncbi.nlm.nih.gov/pubmed/17204263
http://www.ncbi.nlm.nih.gov/pubmed/17204263
http://www.ncbi.nlm.nih.gov/pubmed/17204263
http://www.ncbi.nlm.nih.gov/pubmed/7063861
http://www.ncbi.nlm.nih.gov/pubmed/7063861
http://www.ncbi.nlm.nih.gov/pubmed/1924367
http://www.ncbi.nlm.nih.gov/pubmed/1924367
http://www.ncbi.nlm.nih.gov/pubmed/1924367
http://www.ncbi.nlm.nih.gov/pubmed/22419167
http://www.ncbi.nlm.nih.gov/pubmed/22419167
http://www.ncbi.nlm.nih.gov/pubmed/22419167
http://www.ncbi.nlm.nih.gov/pubmed/22419167
http://www.ncbi.nlm.nih.gov/pubmed/17666543
http://www.ncbi.nlm.nih.gov/pubmed/17666543
http://www.ncbi.nlm.nih.gov/pubmed/17666543
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+Genomic+Analyses+of+the+Human+NPHP1+Locus+Reveal+Complex+Genomic+Architecture+and+Its+Regional+Evolution+in+Primates.+PLoS+Genet%2C+2015%3B+11%3A+p.+e1005686.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+Genomic+Analyses+of+the+Human+NPHP1+Locus+Reveal+Complex+Genomic+Architecture+and+Its+Regional+Evolution+in+Primates.+PLoS+Genet%2C+2015%3B+11%3A+p.+e1005686.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+Genomic+Analyses+of+the+Human+NPHP1+Locus+Reveal+Complex+Genomic+Architecture+and+Its+Regional+Evolution+in+Primates.+PLoS+Genet%2C+2015%3B+11%3A+p.+e1005686.
http://www.ncbi.nlm.nih.gov/pubmed/26395139
http://www.ncbi.nlm.nih.gov/pubmed/26395139
http://www.ncbi.nlm.nih.gov/pubmed/26365491
http://www.ncbi.nlm.nih.gov/pubmed/26365491
http://www.ncbi.nlm.nih.gov/pubmed/26365491


Austin Dent Sci 1(1): id1004 (2016)  - Page - 04

Sperber GH Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

40. King MC, Wilson AC. Evolution at two levels in humans and chimpanzees. 
Science. 1975; 188: 107-116.

41. Gilbert SF, Epel D. Ecological Developmental Biology: The Environmental 
Regulation of Development, Health and Evolution. 2015; 1: 531-551.

42. Wallace B. Can Embryologists Contribute to an Understanding of Evolutionary 
Mechanisms? In Science and Philosophy, W. Bechtel, Editor. 1986; 149-163.

43. Hernando-Herraez I, Garcia-Perez R, Sharp AJ, Marques-Bonet T. DNA 
Methylation: Insights into Human Evolution. PLoS Genet. 2015; 11:1005661.

44. Marcucio R, Hallgrimssonn B, Young NM. Facial Morphogenesis: Physical 
and Molecular Interactions between the Brain and the Face. “Current Topics 
in Developmental Biology”. Craniofacial Development. Y. Chai Editor. 
Amsterdam; Academic Press, Elsevier. 2015; 12: 299-320.

45. Lacruz RS, Bromage TG, O’Higgins P, Arsuaga JL, Stringer C, Godinho RM. 
Ontogeny of the maxilla in Neanderthals and their ancestors. Nat Commun. 
2015; 6: 8996.

46. Diogo R, Smith CM, Ziermann JM. Evolutionary developmental pathology 
and anthropology: A new field linking development, comparative anatomy, 
human evolution, morphological variations and defects, and medicine. Dev 
Dyn. 2015; 244: 1357-1374.

47. Weinberg SM, Raffensperger ZD, Kesterke MJ, Heike CL, Cunningham 
ML, Hecht JT, et al. The 3D Facial Norms Database: Part-1. A Web-Based 
Craniofacial Anthropometric and Image Repository for the Clinical and 
Research Community. Cleft Palate Craniofac J. 2015. In Press.

Citation: Sperber GH and Sperber SM. The Role of Genetics in Craniofacial Biology. Austin Dent Sci. 2016; 
1(1): 1004.

Austin Dent Sci - Volume 1 Issue 1 - 2016
Submit your Manuscript | www.austinpublishinggroup.com 
Sperber et al. © All rights are reserved

http://www.ncbi.nlm.nih.gov/pubmed/1090005
http://www.ncbi.nlm.nih.gov/pubmed/1090005
http://www.ncbi.nlm.nih.gov/pubmed/26658498
http://www.ncbi.nlm.nih.gov/pubmed/26658498
http://www.ncbi.nlm.nih.gov/pubmed/26589930
http://www.ncbi.nlm.nih.gov/pubmed/26589930
http://www.ncbi.nlm.nih.gov/pubmed/26589930
http://www.ncbi.nlm.nih.gov/pubmed/26589930
http://www.ncbi.nlm.nih.gov/pubmed/26639346
http://www.ncbi.nlm.nih.gov/pubmed/26639346
http://www.ncbi.nlm.nih.gov/pubmed/26639346
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.24336/abstract
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.24336/abstract
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.24336/abstract
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.24336/abstract
http://www.ncbi.nlm.nih.gov/pubmed/26492185
http://www.ncbi.nlm.nih.gov/pubmed/26492185
http://www.ncbi.nlm.nih.gov/pubmed/26492185
http://www.ncbi.nlm.nih.gov/pubmed/26492185

	Title
	Abstract
	Introduction
	Craniofacial Embryogenesis
	Skull Development
	Evolutionary Considerations
	Acknowledgments
	References
	Figure 1
	Figure 2

