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Abstract Malocclusions affect individuals worldwide, resulting in compro-
mised function and esthetics. Understanding the etiological factors con-
tributing to the variation in dentofacial morphology associated with
malocclusions is the key to develop novel treatment approaches.
Advances in dentofacial phenotyping, which is the comprehensive char-
acterization of hard and soft tissue variation in the craniofacial complex,
together with the acquisition of large-scale genomic data have started to
unravel genetic mechanisms underlying facial variation. Knowledge on
the genetics of human malocclusion is limited even though results
attained thus far are encouraging, with promising opportunities for future
research. This review summarizes the most common dentofacial varia-
tions associated with malocclusions and reviews the current knowledge
of the roles of genes in the development of malocclusions. Lastly, this
review will describe ways to advance malocclusion research, following
examples from the expanding fields of phenomics and genomic medi-
cine, which aim to better patient outcomes.
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Introduction

Human malocclusion is a disarrangement of teeth and jaws that
may lead to distorted facial appearance, limited masticatory
function, increased risk for dental trauma, and compromise
quality of life (1, 2).

The interactions of genetic and environmental factors may
account for the variability in expression of malocclusion. The
etiological complexity lies not only in unpredictable expression,
but also in the wide spectrum of dentofacial variation present in
affected individuals. This complexity explains in part why most
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treatment approaches for malocclusion are
directed to the symptoms rather than to etiol-
ogy. However, despite this complexity, the study
of malocclusion etiology is fundamental to
understanding the biology underlying craniofa-
cial growth and dental relations. Understanding
the biology will aid progress toward effective
treatment, prevention, thereby decreasing the
burden of this condition.

Dentofacial variation in human
malocclusion

Given the abundance of hard and soft tissue
information contained within lateral cephalo-
metric images, most phenotypic characterization
has been in two dimensions. Different analytical
methods have been employed, including shape
analyses, and principal components and cluster
analyses. The following is a brief review of these
studies.

Class |

Longitudinal studies indicated that Class II
dentoskeletal characteristics can appear during
the primary dentition (3). Although catch up
growth can occur in some individuals, such dis-
crepancies in general do not self-correct due to
differences in growth magnitudes and directions
between individuals with Class II and Class I

PC1, 25% of variation explained

malocclusions (4). The most recent study of
Class II variation evaluated 309 Class II Cauca-
sian adults and resulted in seven principal
components explaining 81% of the variation.
About half of this variation was depicted by
vertical mandibular rotation, incisor angulations
and the size of the ramus and body of the
mandible (Fig. 1). Moreover, five distinct clus-
ters representing the spectrum of Class II phe-
notypes were identified, thereby highlighting
how variation of a limited number of principal
components affect the craniofacial complex (5)
(Fig. 2).

Class lll

Similarly to the class II malocclusion, class III
malocclusion features affect multiple craniofacial
structures, appear early in development, worsen
with age, and are present in most Class III indi-
viduals regardless of ethnicity (6, 7). A recent
study in 292 Caucasian adults identified six prin-
cipal components which accounted for 81% of
the phenotypic variation recorded. About 54% of
the variation was explained by the anterior—pos-
terior (AP) position of the mandible compared to
the cranial base, the size of the maxillomandibu-
lar horizontal discrepancy, and the lower incisor
AP position (Fig. 3). Cluster analyses identified
five distinct phenotypic subgroups (8) (Fig. 4)
which were remarkably similar to those found
by previous studies (9).

PC2, 15% of variation explained

PC3, 12% of variation explained

Fig. 1. Individuals in the extreme opposite ends for the first three principal components explaining about 50% of the total varia-
tion in Class II malocclusion. PC1 refers to variation in the inclination of the mandibular plane angle. PC2 depicts maxillary inci-
sor angulation. PC3 refers to the mandibular AP and vertical length and posterior facial height.
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Fig. 2. Cluster analyses for Class II malocclusion showing dentofacial features of cluster centroids and their main features. Pro,
profile; Cb, cranial base; Mx, maxilla; Md, mandible; Vert, vertical; U1, upper incisor; L1, lower incisor; St, soft tissue.
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Fig. 3. Individuals in the extreme opposite ends for the first three principal components explaining about 54% of the total varia-
tion in Class III malocclusion. PC1 shows the anteroposterior position of the mandible in relationship to the cranial base. PC2
depicts the maxillomandibular horizontal and vertical size discrepancies. PC3 refers to the lower incisor and lower lip variation.
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Fig. 4. Cluster analyses for Class III malocclusion showing dentofacial features of cluster centroids and their main features. Pro,
profile; Cb, cranial base; Mx, maxilla; Md, mandible; Vert, vertical; U1, upper incisor; L1, lower incisor; St, soft tissue.
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The studies described above have demon-
strated the utility of data reduction methods
applied to multidimensional data to capture
meaningful categorical and quantitative maloc-
clusion phenotypes for future studies of maloc-
clusion etiology.

Current knowledge on the genetics of
human malocclusion

Multiple data sources suggest that genetic fac-
tors contribute to malocclusion susceptibility.
Moderate to high heritability proportions (>60%)
have been reported for many dental and facial
features such as mid and lower facial dimen-
sions, dental spacing, arch dimensions and Bol-
ton type tooth size discrepancies. Conversely,
overbite (53%) and overjet (28%) have lower her-
itability, which suggested a higher susceptibility
to environmental factors (10, 11).

Familial aggregation studies suggested that an
autosomal dominant model with incomplete
penetrance has the greatest validity for Class III
pedigrees, including the royal Habsburg family
(12) and others from Middle Eastern (13), South
American (14, 15), and Eastern European des-
cent (16). In contrast, polygenic inheritance and
autosomal dominance models, with incomplete
penetrance and variable expressivity, have been
suggested for Class II subdivision 1 and 2,
respectively (17-19).

The frequent presentation of malocclusion in
patients with craniofacial birth defects also sup-
ports a strong genetic etiology. About 150 genes/
loci are associated with craniofacial conditions
presenting (OMIM  http://
www.ncbi.nlm.nih.gov/omim). These genes rep-
resent molecular pathways to explore in maloc-
clusion etiology.

Similarly, about 275 mouse models of maloc-
clusion have been cataloged, with 235 genes/loci
identified in the MGI database (http://
www.informatics.jax.org/), contributing impor-
tant information for the etiology of human mal-
occlusions. Recently, mouse studies showed that
long-range transcriptional enhancers regulate
the expression of genes near and far during

malocclusion
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craniofacial development, resulting in subtle dif-
ferences in craniofacial shape (20). Thus, these
enhancers could be a mechanism to explain
dentofacial variations underlying malocclusion.

Human genetic mapping approaches for iden-
tification of risk loci include linkage and associa-
tion methods. Linkage analysis is applied to
large families or affected sibling pairs and aims
at detecting rare variants with large effects. Asso-
ciation analyses applied to case—control or case—
parent triad samples are more powerful at
detecting common variants with smaller effects
(21). Currently, large-scale genomic data genera-
tion in the form of genomewide association
scans (GWAS) and next-generation sequencing
of full exomes and full genomes coupled with
meta-analysis tools to identify common and rare
genetic variants have significantly increased the
scale and scope of complex trait mapping pro-
jects (22). However, despite this technological
expansion, the identification of susceptibility
genes for human malocclusion is just beginning.

Most malocclusion studies to date have
focused in Class III malocclusion (Table 1).
Although linkage and association findings thus
far seem to cluster around chromosome 1 (loci
1p22-p36) and 12 (loci 12q13-q24), a study in 10
large Brazilian pedigrees failed to replicate link-
age to chromosome 1 (23) underscoring the
genetic heterogeneity of Class III malocclusions
in different ethnicities.

Association studies have found positive corre-
lations for mandibular prognathism and genes
EPB41, MATNI1, SSX2IP, and PLXNA, located
within the 1p22-p36 locus. Also positive associa-
tions have been found for genes COL2AI,
MYOIH, TGFB3, and LTBP2 within the 12ql13-
q24 locus. Interestingly, variants in Matnl (1p35)
were associated with mandibular prognathism
and anterior cross bites in donkeys (24).

Recently, full exome sequencing of five siblings
with maxillary hypoplasia identified a heterozy-
gous missense mutation c¢.545C>T (p.Ser182Phe)
in the gene DUSP6 (12g21) (16). In a mouse
model, Dusp6 expression correlates with Fgfis
domains in the branchial arches and it is stimu-
lated by Fgf signaling, a key morphogenetic
pathway in the outgrowth of maxillary promi-
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Table 1. Summary of mapping studies for Class Ill malocclusion
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Region Genefloci Method Phenotype Population References
1p36 Linkage Mand. prog. 40 Korean & 50 Japanese sibling pairs (30)
1p35.3 EPB41 Association Mand. prog. 211 cases vs. 224 controls Chinese (31)
1p35.2 MATNA1 Association Mand. prog. 164 cases vs. 132 controls Koreans (32)
1p22.3 SSX2IpP Association Mand. prog. 240 cases vs. 360 controls (33)
1p22.1 Linkage Max def. 4 Hispanic families, Colombia (34)
1g32.2 PLXNA2 Association Mand. prog. 240 cases vs. 360 controls (33)
3026.2 Linkage Max def. 4 Hispanic families, Colombia (34)
4p16 EVC, EVC2 Linkage Mand. Prog. 2 Large Chinese pedigrees (35)
6925 Linkage Mand. Prog. 40 Korean & 50 Japanese sibling pairs (30)
11922 Linkage Max def. 4 Hispanic families, Colombia (34)
12913.13 COL2A1 Linkage, Max def., 4 Hispanic families, Colombia, 211 cases (34, 36)
Association Mand. Prog. vs. 224 controls Chinese
12921.33 DUSP6 Causal/ Max def. 1 Estonian family (5 siblings) (16)
etiologic
12923 IGF1 Linkage Max def. 4 Hispanic families, Colombia (34)
12924.11 MYO1H Association Mand. Prog. 44 cases vs. 36 controls Pittsburgh, (37)
USA, mostly Caucasian
14924.3 TGFB3, Linkage Mand. Prog. 1 Han Chinese large family (38)
LTBP2

19p13.2 Linkage Mand. Prog. 40 Korean & 50 Japanese sibling pairs (30)
nences. Mice null for Dusp6 exhibit skeletal ability of results to populations of other

dwarfism and craniosynostosis (25). It is possible
that variants within DUSP6 could account for
Class IIT malocclusion due to maxillary hypopla-
sia subsequent to premature fusion of maxillary
sutures.

Genetic studies for Class II and Class I maloc-
clusion are more rare. In four Colombian fami-
lies, individuals with mandibular hypoplasia
were homozygous for the rare allele on SNP
rs1348322, within the Noggin gene (26). This
gene is essential for mandibular formation in
mice (27). For Class I malocclusion, a reported
SNP 16504340 within the HOXB cluster was
associated with delayed tooth eruption and
occlusion irregularities that required orthodontic
therapy (28). Also, significant associations
between more than 5 mm of crowding and
genes EDA (rs3764746 and 1s3795170), XEDAR
(rs372024), and BMP2 (rs1005464) were reported
in Class I Chinese subjects (29).

While informative, the studies above are lim-
ited by modest sample sizes, unknown generaliz-

ancestries, and restrictive traits that ignore the
complex phenotypic spectrum of malocclusion.
Nonetheless, these studies have converged to
highlight that genes implicated in bone (TGFB3,
LTBP, IGF1, ENPPI, EVC, and EV(C2), cartilage
development (Matrilin-1 and COL2AI), muscle
function (MYOIH and DUSP6) and tooth mor-
phogenesis (EDA, XEDAR, and BMP2), may be
putative candidates for jaw and tooth size dis-
crepancies.

Phenotypic resources for
malocclusion studies

To understand causal mechanisms of human
disease, a large emphasis has been placed in the
field of phenomics, the comprehensive study of
the full set of possible phenotypes on an individ-
ual (39). Comprehensive phenotypes in combi-
nation with large-scale genomic data maximize
the efficiency at detecting genotype-phenotype

Orthod Craniofac Res 2015;18(Suppl.1):91-99 | 95
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correlations of clinical importance. Conse-
quently, phenomic initiatives and specimen
repositories have been developed for various
human conditions. The website dbGAP (http://
www.ncbi.nlm.nih.gov/gap), for example, is a
repository of phenotype-genotype correlation
studies, which includes data on dental caries,
oral clefts, and limited dental malocclusion vari-
ables. Also, the FaseBase consortium (https://
www.facebase.org/) offers access to a central
repository of 3D facial surface images and DNA
resources for normative data. Also, dental phe-
nomic initiatives for caries, periodontal disease,
and dental morphology are underway (40). With
respect to orthodontics, there is limited informa-
tion available through orthodontic growth stud-
ies (e.g., http://www.aaoflegacycollection.org/
aaof_home.html) since no biological specimens
were collected during the periods over which
serial lateral cephalometric radiographs were
produced. To date, none of the existing databas-
es contains comprehensive dentofacial data for
malocclusions. Therefore, phenotype-genotype
correlation studies of malocclusion are greatly
needed as the knowledge gained from them will
aid in our understanding of the mechanisms
responsible for human malocclusions and cra-
niofacial anomalies.

The orthodontic community constitutes a
great resource for phenomic data and biological
specimens because of access to large patient
pools with wide ranges of malocclusions and the
routine use of diagnostic records. Of these, lat-
eral cephalometric radiographs and clinical pho-
tographs are the most abundant and thus are
likely to be the primary data source for large-
scale genotype-phenotype correlation projects.
Although 2D photographs have dimensional
errors due to variations in projection and patient
positioning, 2D photographs can still be utilized
for facial phenotyping through estimates of
facial proportions, angles, and shape analyses.

3D facial surface imaging offers more accurate
data, without errors due to projection distortion
or patient positioning. This imaging method
increases the scope of facial variation studies
(41). It can be used to detect soft tissue features
specific to craniofacial conditions such as cleft

96 | Orthod Craniofac Res 2015;18(Suppl.1):91-99

lip and palate (42). However, 3D facial surface
images do not include dentoalveolar data, limit-
ing its use in characterizing malocclusion phe-
notypes unless accompanied by cone-beam
computed tomographic imaging (CBCT), or den-
toalveolar data generated from scanned dental
casts or intraoral scanners.

Despite the challenges of cost, storage, and
analyses of deep phenotypic approaches, the
advantages of generating malocclusion phenom-
ic data will be numerous. For instance, compre-
hensive  phenotyping may help predict
individuals with adverse or favorable treatment
responses, thus making practice more rewarding
for clinicians. Also, comprehensive phenotyping
could reduce problems with missing heritability
in genetic studies, as will be discussed below.

Clinical relevance of phenotype—
genotype studies of malocclusion

Candidate gene (42-44) and GWAS studies (45—
47) of 3D facial soft tissue variation resulted in
significant associations between genes PRDM]I6,
PAX3, TP63, C50rf50, Coll7A1, HMGA2, AJUBA,
and ADK, and facial width and height. Also,
genes and loci associated with oral clefts (IRF6,
8g24, SNAII, MSX1, ABCA4-ARHGAP29, and
MAFB) were found to be associated with normal
facial variation and facial features within the
cleft phenotypic spectrum. Although studies
above did not evaluate malocclusion directly,
their results help prioritize genes for future pro-
jects given these gene’s roles in craniofacial and
dental development.

Unfortunately, similar to other complex traits
such as human height (48, 49) and dental tooth
eruption (47), the variants identified above have
small size effects in facial variation (<10% of trait
variability) and explain only a small proportion
of the trait’s heritability. This missing heritability
has been attributed to poor genotyping coverage
of low frequency (0.5-5%) and rare variants
(<0.5%) and small effect sizes of common vari-
ants. Moreover, the presence of gene-gene and/
or gene-environment interaction as mechanisms
in the trait’s etiology, partial or incomplete phe-
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notypic approaches and the combined effect of
genetic variants in non-coding regulatory regions
(50, 51) could also result in missing heritability.

Given the etiological complexity of malocclu-
sion, future studies could anticipate missing her-
itability problems. These could be minimized
utilizing multivariate phenotypes which include
both quantitative and dichotomous phenotypes
simultaneously to capture more variation infor-
mation and thus increase analytical power (52).
Also, malocclusion studies could benefit from a
‘comparison of extremes’ approach. This power-
ful method requires fewer individuals and can
reduce genetic heterogeneity as at the extremes
of the trait’s distribution, the expectation is to
find fewer loci with greater effect sizes (49). To
date, the comparison of extremes approach has
been applied to individuals with long or short
mandibular ramus, resulting in significant corre-
lations for the growth hormone receptor (GHR)
gene in Asian populations (53).

The benefits of identifying genotype-phenotype
correlations rest on the potential to develop
approaches to improve treatment outcomes. Car-
riers of risk alleles can be screened for prevention,
and risk alleles can be targeted for pharmaceuti-
cal interventions that may increase the efficiency
of orthopedic appliances in patients with maxillo-
mandibular discrepancies. For example, 3D imag-
ing to date has provided direct visualization of
size and volume changes in the condyle produced
by orthopedic effects (54). This knowledge cou-
pled with the identification of molecular regula-
tors of cell proliferation in the condylar cartilage
following mandibular propulsion experiments
(55) suggest exciting translational approaches to
carry this research into the clinical setting. This
includes the possibility of identifying detrimental
genetic variation in patients with mandibular size
deficiencies, particularly if these are found in
molecular mediators of condylar cartilage prolif-
eration. Moreover, studies may confirm that such
variants lead to poor orthopedic force responses,
and lastly, localized pharmaceutical interventions
can be developed to target or compensate for the
functional deficiencies caused by such variants.
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Conclusions and future directions

Understanding the genetics underlying the
dentofacial variation in patients with malocclu-
sion is fundamental to develop preventive strate-
gies and innovative treatment modalities that
will benefit individual patients. The technology
to acquire phenotypic and
genetic data to accomplish these discoveries is
within our reach, and therefore, it is important
for the orthodontic academic centers to establish
large consortiums of images and data to speed
up such discoveries.

Advances in this field will require researchers
to move beyond the discovery of genetic variants
conferring susceptibility to malocclusion into
translational research to identify those with clin-
ical utility. Moreover, methods to provide access
to this information need to be developed almost
simultaneously so that actionable genetic infor-
mation gets rapidly implemented in the clinical
setting (56), one of the constant challenges in
genomic medicine to date (57).

comprehensive

Clinical relevance

As progress in comprehensive phenotyping and
genomic data generation continue, clinically
relevant phenotype-genotype correlations will be
discovered, providing orthodontists with opportu-
nities to use this information for clinical action.
This article summarizes the current knowledge on
these topics with the goal of making orthodontists
aware of their future potential for making signifi-
cant impacts in clinical practice.

Acknowledgements: We are thankful for the funding
received to complete projects in dentofacial phenotyp-
ing and malocclusion. AAOF OFDFA 2008-2011, AAO
BRA 2012-2013, the Carver Charitable Trust Grant
(#12-4058), the National Center for Advancing Transla-
tional Sciences, and the National Institutes of Health
(NIH), through Grants CDCR01D000295, 2 UL1
TR000442-06, and T32-DEO14678-09. The content is
solely the responsibility of the authors and does not
necessarily represent the official views of the NIH.

Orthod Craniofac Res 2015;18(Suppl.1):91-99 | 97



Moreno Uribe and Miller Genetics of human malocclusion

References

1.

10.

11.

Proff P. Malocclusion, mastication
and the gastrointestinal system: a
review. J Orofac Orthop 2010;71:96—
107.

. Claudino D, Traebert J. Malocclu-

sion, dental aesthetic self-perception
and quality of life in a 18 to 21 year-
old population: a cross section
study. BMC Oral Health 2013;13:3.

. Baccetti T, Franchi L, McNamara JA

Jr, Tollaro 1. Early dentofacial fea-
tures of Class II malocclusion: a lon-
gitudinal study from the deciduous
through the mixed dentition. Am J
Orthod Dentofacial Orthop 1997;111:
502-9.

. Stahl F, Baccetti T, Franchi L, McNa-

mara JA Jr. Longitudinal growth
changes in untreated subjects with
Class II Division 1 malocclusion. Am
J Orthod Dentofacial Orthop 2008;
134:125-37.

. Moreno Uribe LM, Howe SC, Kum-

met C, Vela KC, Dawson DV, Sout-
hard TE. Phenotypic diversity in
white adults with moderate to
severe Class II malocclusion. Am J
Orthod Dentofacial Orthop 2014;145:
305-16.

. Jacobson A, Evans WG, Preston CB,

Sadowsky PL. Mandibular progna-
thism. Am J Orthod 1974;66:140-71.

. Miyajima K, McNamara JA Jr, Sana

M, Murata S. An estimation of cra-
niofacial growth in the untreated
Class III female with anterior cross-
bite. Am J Orthod Dentofacial Ort-
hop 1997;112:

425-34.

. Moreno Uribe LM, Vela KC, Kummet

C, Dawson DV, Southard TE. Pheno-
typic diversity in white adults with
moderate to severe Class III maloc-
clusion. Am J Orthod Dentofacial
Orthop 2013;144:32-42.

. Bui C, King T, Proffit W, Frazier-

Bowers S. Phenotypic characteriza-
tion of Class III patients. Angle
Orthod 2006;76:564-9.

Naini FB, Moss JP. Three-dimen-
sional assessment of the relative
contribution of genetics and envi-
ronment to various facial parame-
ters with the twin method. Am J
Orthod Dentofacial Orthop 2004;
126:655-65.

Townsend G, Hughes T, Luciano M,
Bockmann M, Brook A. Genetic and
environmental influences on human

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

98 | Orthod Craniofac Res 2015;18(Suppl.1):91-99

dental variation: a critical evaluation
of studies involving twins. Arch Oral
Biol 2009¢;54(Suppl 1):545-51.

Wolff G, Wienker TF, Sander H. On
the genetics of mandibular progna-
thism: analysis of large European
noble families. ] Med Genet 1993;30:
112-6.

El-Gheriani AA, Maher BS, El-Gheri-
ani AS, Sciote JJ, Abu-Shahba FA, Al-
Azemi R et al. Segregation analysis

of mandibular prognathism in Libya.

J Dent Res 2003;82:523-7.

Cruz RM, Krieger H, Ferreira R, Mah
J, Hartsfield J Jr, Oliveira S. Major
gene and multifactorial inheritance
of mandibular prognathism. Am J
Med Genet A 2008;146A:71-7.

Otero L, Quintero L, Champsaur D.
Inheritance of craniofacial features
in Colombian families with class III
malocclusion. Appl Clin Genet
2010;3:1.

Nikopensius T, Saag M, Jagomagi T,
Annilo T, Kals M, Kivistik PA et al. A
missense mutation in DUSP6 is
associated with Class III malocclu-
sion. J Dent Res 2013;92:893-8.
Harris JE. Genetic factors in the
growth of the head. Inheritance of
the craniofacial complex and maloc-
clusion. Dent Clin North Am
1975;19:151-60.

Peck S, Peck L, Kataja M. Class II
Division 2 malocclusion: a heritable
pattern of small teeth in well-devel-
oped jaws. Angle Orthod 1998;68:9—
20.

Morrison MW. Relative risk of Class
II Division 2 malocclusion in first-
degree relatives of probands with
Class II Division 2 malocclusion.
2008.

Attanasio C, Nord AS, Zhu Y, Blow
MJ, Li Z, Liberton DK et al. Fine
tuning of craniofacial morphology
by distant-acting enhancers. Science
2013;342:1241006.

Manolio TA. Study designs to
enhance identification of genetic
factors in healthy aging. Nutr Rev
2007;65(12 Pt 2):S228-33.

Hu Y]J, Berndt SI, Gustafsson S,
Ganna A, Genetic Investigation of
ANthropometric Traits (GIANT)
Consortium, Hirschhorn J et al.
Meta-analysis of gene-level associa-
tions for rare variants based on sin-
gle-variant statistics. Am J Hum
Genet 2013;93:236-48.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cruz RM, Hartsfield JK Jr, Falcao-
Alencar G, Koller DL, Pereira RW,
Mabh J et al. Exclusion of Class III
malocclusion candidate loci in Bra-
zilian families. J Dent Res
2011;90:1202-5.

Rodrigues JB, Araujo S, Guedes-
Pinto H, San Roman F, Viegas C,
Bastos E. Analysis of new Matrilin-1
gene variants in a case-control study
related to dental malocclusions in
Equus asinus. Gene 2013;522:70-4.
Li C, Scott DA, Hatch E, Tian X,
Mansour SL. Dusp6 (Mkp3) is a neg-
ative feedback regulator of FGF-
stimulated ERK signaling during
mouse development. Development
2007;134:167-76.

Gutierrez SJ, Gomez M, Rey JA, Oc-
hoa M, Gutierrez SM, Prieto JC.
Polymorphisms of the noggin gene
and mandibular micrognathia: a first
approximation. Acta Odontol Lati-
noam 2010;23:13-9.

Stottmann RW, Anderson RM, Klin-
gensmith J. The BMP antagonists
Chordin and Noggin have essential
but redundant roles in mouse man-
dibular outgrowth. Dev Biol 2001;
240:457-73.

Pillas D, Hoggart CJ, Evans DM,
O’Reilly PF, Sipila K, Lahdesmaki R
et al. Genome-wide association study
reveals multiple loci associated with
primary tooth development during
infancy. PLoS Genet 2010;6:e1000856.
Ting TY, Wong RW, Rabie AB. Analy-
sis of genetic polymorphisms in skel-
etal Class I crowding. Am J Orthod
Dentofacial Orthop 2011;140:e9-15.
Yamaguchi T, Park SB, Narita A,
Maki K, Inoue I. Genome-wide link-
age analysis of mandibular progna-
thism in Korean and Japanese
patients. J Dent Res 2005;84:255-9.
Xue F, Wong R, Rabie AB. Identifica-
tion of SNP markers on 1p36 and
association analysis of EPB41 with
mandibular prognathism in a Chi-
nese population. Arch Oral Biol
2010;55:867-72.

Jang JY, Park EK, Ryoo HM, Shin HI,
Kim TH, Jang JS et al. Polymor-
phisms in the Matrilin-1 gene and
risk of mandibular prognathism in
Koreans. J Dent Res 2010;89(11):
1203-7.

Ikuno K, Kajii TS, Oka A, Inoko H,
Ishikawa H, Iida J. Microsatellite
genome-wide association study for



34.

35.

36.

37.

38.

39.

40.

41.

42.

mandibular prognathism. Am J Or-
thod Dentofacial Orthop 2014;145:
757-62.

Frazier-Bowers S, Rincon-Rodriguez
R, Zhou ], Alexander K, Lange E.
Evidence of linkage in a Hispanic
cohort with a Class III dentofacial
phenotype. J Dent Res 2009;88:56—
60.

Li Q, Zhang F, Li X, Chen F. Genome
scan for locus involved in mandibu-
lar prognathism in pedigrees from
China. PLoS ONE 2010;5:e12678.
Xue F, Rabie AB, Luo G. Analysis of
the association of COL2A1 and IGF-
1 with mandibular prognathism in a
Chinese population. Orthod Cranio-
fac Res 2014;17:144-9.
Tassopoulou-Fishell M, Deeley K,
Harvey EM, Sciote ], Vieira AR.
Genetic variation in myosin 1H con-
tributes to mandibular prognathism.
Am J Orthod Dentofacial Orthop
2012;141:51-9.

Li Q, Li X, Zhang F, Chen F. The
identification of a novel locus for
mandibular prognathism in the Han
Chinese population. J Dent Res
2011;90:53-7.

Robinson PN. Deep phenotyping for
precision medicine. Hum Mutat
2012;33:777-80.

Yong R, Ranjitkar S, Townsend G,
Smith R, Evans A, Hughes T et al.
Dental phenomics: advancing geno-
type to phenotype correlations in
craniofacial research. Aust Dent |
2014;59(1 Suppl):34-47.

Hammond P, Suttie M. Large-scale
objective phenotyping of 3D facial
morphology. Hum Mutat 2012;33:
817-25.

Miller SF, Weinberg SM, Nidey NL,
Defay DK, Marazita ML, Wehby GL
et al. Exploratory genotype-pheno-
type correlations of facial form and
asymmetry in unaffected relatives of
children with non-syndromic cleft
lip and/or palate. ] Anat 2014;224:
688-709.

43.

44.

45.

46.

47.

48.

49.

50.

Moreno Uribe and Miller Genetics of human malocclusion

Boehringer S, van der Lijn F, Liu F,
Gunther M, Sinigerova S, Nowak S
et al. Genetic determination of
human facial morphology: links
between cleft-lips and normal
variation. Eur ] Hum Genet 2011;19:
1192-7.

Peng S, Tan J, Hu S, Zhou H, Guo J,
Jin L et al. Detecting genetic associ-
ation of common human facial mor-
phological variation using high
density 3D image registration. PLoS
Comput Biol 2013;9:€1003375.
Paternoster L, Zhurov Al, Toma AM,
Kemp JP, St Pourcain B, Timpson NJ
et al. Genome-wide association study
of three-dimensional facial morphol-
ogy identifies a variant in PAX3 asso-
ciated with nasion position. Am J
Hum Genet 2012;90:478-85.

Liu F, van der Lijn F, Schurmann C,
Zhu G, Chakravarty MM, Hysi PG
et al. A genome-wide association
study identifies five loci influencing
facial morphology in Europeans.
PLoS Genet 2012;8:€1002932.
Fatemifar G, Hoggart C, Paternoster
L, Kemp JP, Prokopenko I, Horikoshi
M et al. Genome-wide association
study of primary tooth eruption
identifies pleiotropic loci associated
with height and craniofacial dis-
tances. Hum Mol Genet 2013;22
(18):3807-17.

Lango Allen H, Estrada K, Lettre G,
Berndt SI, Weedon MN, Rivadeneira
F et al. Hundreds of variants clus-
tered in genomic loci and biological
pathways affect human height. Nat-
ure 2010;467:832-8.

Berndt SI, Gustafsson S, Magi R,
Ganna A, Wheeler E, Feitosa MF

et al. Genome-wide meta-analysis
identifies 11 new loci for anthropo-
metric traits and provides insights
into genetic architecture. Nat Genet
2013;45:501-12.

Zuk O, Schaffner SF, Samocha K,
Do R, Hechter E, Kathiresan S et al.
Searching for missing heritability:

51.

52.

53.

54.

55.

56.

57.

designing rare variant association
studies. Proc Natl Acad Sci U S A
2014;111:E455-64.

Corradin O, Saiakhova A, Akhtar-
Zaidi B, Myeroff L, Willis J, Cowper-
Sal lari R et al. Combinatorial effects
of multiple enhancer variants in
linkage disequilibrium dictate levels
of gene expression to confer suscep-
tibility to common traits. Genome
Res 2014;24:1-13.

Melton PE, Pankratz N. Joint analy-
ses of disease and correlated quanti-
tative phenotypes using next-
generation sequencing data. Genet
Epidemiol 2011;35(Suppl 1):S67-73.
Tomoyasu Y, Yamaguchi T, Tajima
A, Nakajima T, Inoue I, Maki K.
Further evidence for an association
between mandibular height and
the growth hormone receptor gene
in a Japanese population. Am ]
Orthod Dentofacial Orthop 2009;
136:536-41.

Yildirim E, Karacay S, Erkan M. Con-
dylar response to functional therapy
with Twin-Block as shown by cone-
beam computed tomography. Angle
Orthod 2014;84:1018-25.

Patil A, Sable R, Kothari R. Genetic
expression of MMP-Matrix-mettalo-
proteinases (MMP-1 and MMP-13)
as a function of anterior mandibular
repositioning appliance on the
growth of mandibular condylar car-
tilage with and without administra-
tion of Insulin like growth factor
(IGF-1) and Transforming growth
factor-B (TGF-beta). Angle Orthod
2012;82:1053-9.

Ramos EM, Din-Lovinescu C, Berg
JS, Brooks LD, Duncanson A, Dunn
M et al. Characterizing genetic vari-
ants for clinical action. Am J Med
Genet C Semin Med Genet 2014;166:
93-104.

Manolio TA, Green ED. Leading the
way to genomic medicine. Am J Med
Genet C Semin Med Genet 2014;166:
1-7.

Orthod Craniofac Res 2015;18(Suppl.1):91-99 | 99



Copyright of Orthodontics & Craniofacial Research is the property of Wiley-Blackwell and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individua use.



