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Abstract
Purpose of Review The ebb and flow of genetic influence
relative to the understanding of craniofacial and dental disor-
ders has evolved into a tacit acceptance of the current genetic
paradigm. This review explores the science behind craniofa-
cial and dental disorders through the lens of recent past and
current findings and using tooth agenesis as a model of ad-
vances in craniofacial genetics.
Recent Findings Contemporary studies of craniofacial biolo-
gy takes advantage of the technological resources stemming
from the genomic and post-genomic eras. Emerging data high-
lights the role of key genes and the epigenetic landscape con-
trolling these genes, in causing dentofacial abnormalities. We
also report here a novel Glu78FSMSX1mutation in one fam-
ily segregating an autosomal dominant form of severe tooth
agenesis as an illustration of an evolving theme, i.e., different
mutations in the same gene can result in a spectrum of
dentofacial phenotypic severity.
Summary The future of clinical therapeutics will benefit from
advances in genetics and molecular biology that refine the
genotype-phenotype correlation. Indeed, the past century sug-
gests a continued convergence of genetic science in the prac-
tice of clinical dentistry.
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Introduction

Themammalian craniofacial region is unique for its breadth of
function, ranging from housing the brain and vital sensory
organs (optic, auditory, and olfactory) to oronasal functions
of respiration, phonation, mastication, and deglutination.
Equally unique is its ontogenic and developmental complex-
ity, wherein the neural crest cells represent a central evolution-
ary feature, responsible for the distinctiveness of the vertebrate
head [1, 2]. It is therefore not surprising that a large number of
birth disorders involve the craniofacial region and pose con-
siderable challenges to patients as well as clinicians [3]. From
a lay point of view, it is apparent that the face represents
perhaps the most characteristic human feature with an impact
on our physical and social existence. Evenmore obvious is the
similarity of human faces among relatives—past and pres-
ent—validating the genetic underpinnings of human craniofa-
cial development. Nonetheless, the goal of unraveling the eti-
ology of craniofacial disorders, specifically the contribution of
specific genes versus the environment, continues to fuel the
debate of “nature versus nurture” and influence the conven-
tional diagnosis and treatment of dental disorders.

Genes Versus Environment

The all-important goal of determining the appropriate diagno-
sis and treatment modalities for dentofacial disorders, at least
partly, relies on dissecting the effect of genes from the envi-
ronment. Recently, advances in gene sequencing and data
mining have provided the field of craniofacial genetics with
a better understanding of the molecular fabric that represents
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our genetic make-up and how this leads to the shape, form,
and therefore function of the human face. It is still useful,
however, to consider those historical keystones that gave rise
to the “nature versus nurture” question so often debated in
craniofacial biology and malocclusion. Early studies of the
genetic basis of malocclusion sought to determine the causal-
ity of specific malocclusions—often using twins. Genetics
and heredity, as it relates to malocclusion, was not prominent
until the mid-twentieth century, long after the introduction of
the laws of segregation by Gregor Mendel (reviewed by
Carlson [4]). Nonetheless, in orthodontics, specifically, one
can observe that the literature reflects an emerging genetic
paradigm proximal to the discovery of the DNA structure by
Watson and Crick. Subsequently, in the late twentieth century,
heritability and twin studies formed the foundation of a chang-
ing landscape for understanding the biology of dental disor-
ders with genetics at the forefront [5–10].

The studies of craniofacial and dental traits of the past were
pivotal in the development of our theoretical knowledge base
of dental disorders but these studies were also limited in some
respects (reviewed by Carlson et al. [4]). Today, however,
genetic advances within the larger scientific community have
benefitted our understanding of craniofacial disorders and in
some cases confirmed the speculations of past researchers.
The scientific community has witnessed a breakthrough in
genotyping technology, especially since the completion of
the human genome sequence in 2001 [11]. The human ge-
nome contains approximately 3 billion base pairs within 23
pairs of chromosomes. Completion of the entire human ge-
nome sequence led to the discovery of over 1500 genes—
mainly those responsible for monogenic diseases [12]. The
emergence of this genetic paradigm led to rapidly evolving
technologies to expand our knowledge beyond monogenic
disorders to include complex traits due to more subtle genetic
variation. The HapMap (Haplotype Map) Project was one of
the first endeavors initiated to unravel the genetic variation
using single nucleotide polymorphisms (SNPs). Today, the
evolution of molecular biology has led to even more technol-
ogies, such as genome-wide association studies (GWAS) and
studies epigenetic regulation.

The Impact of Personalized Medicine on Craniofacial
Disorders

The end result of this technological boom defined as the “ge-
nomic era” was a push toward a translational model in the
clinical management of disease. In fact, some investigators
and even lay persons might posit that the translational appli-
cation of genetic information to the clinical diagnosis and
treatment was the primary goal of the genomic era. In other
words, the genomic era gave birth to the possibility of devel-
oping and employing diagnostic tests based on genomics,
proteomics, and metabolomics toward predicting the patients’

response to treatment, but served a critical purpose to expand
our basic scientific knowledge through unraveling the ge-
nome. The resultant field, termed “personalized medicine,”
and now dentistry, combines human genome, information
technology, and biotechnology with nanotechnology to pro-
vide treatment based on individual variation versus population
trends [13]. The application of genetic knowledge to cranio-
facial biology has shaped the current differential diagnosis of
disorders in this field ranging from skeletal, dentofacial to
isolated dental malocclusions.

The sheer multiplicity of genes involved in craniofacial and
specifically dental development encompasses a large range of
variation responsible for changes in individual appearance,
function, susceptibility to diseases, and response to treatment.
This review explores how such genetic variation resulting
from single nucleotide polymorphisms (SNPs), mutations in
single or multiple genes as well as altered gene regulation can
lead to vastly different phenotypic expression of the face and
dentition.

Genetic Disorders Specific to Teeth

Tooth development represents a distinctive example of organ-
ogenesis, orchestrated by multiple cell types that progress
through a series of morphological and functional stages.
Central to this process is a carefully coordinated, sequential
series of reciprocal epithelial -mesenchyme interactions which
are facilitated by an intricate communication between differ-
ent genetic pathways and signaling molecules [14].
Explicably, deficiencies in one or more of these processes
can lead to a wide range of dental abnormalities affecting the
number of teeth, size/shape of teeth, structural abnormalities
of individual mineralized tissues as well as eruption
abnormalities.

While numerous environmental influences can result in
dental abnormalities (prenatal/postnatal nutrition, chemother-
apy, radiotherapy, infections, trauma, pathologies etc.), genet-
ic and epigenetic factors play a major role, making the devel-
opmental and disease process truly multifactorial [15].
Collectively, more than a few hundred genes have been rec-
ognized as associated with tooth development [16, 17].
Among these, the WNT, BMP, FGF, and HH families of re-
ceptors, ligands, and intracellular signaling effectors are recur-
rently utilized and are presently considered the key signaling
pathways in odontogenesis. Expression patterns of these
genes, along the different tooth developmental stages, are
available in a database created at the University of Helsinki
(http://bite-it.helsinki.fi). The resultant genetic spectrum of
any disorder is defined by a large range of normal variation
that leads to changes in individual appearance, function,
susceptibility to diseases, and response to treatments (Fig. 1).

Dental abnormalities can also appear in a fairly isolated
manner and are usually diagnosed and treated by a dental
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practitioner. Briefly, isolated abnormalities can be familial
(inherited in a recessive, dominant, x-linked or multifactorial
manner) or sporadic—caused by stochastic, de novo muta-
tions in an individual. Alternatively, dental abnormalities fre-
quently present as part of larger genetic disorder or syndrome.
This fact is not surprising because the highly conserved sig-
naling pathways of tooth development are also involved in the
morphogenesis and patterning of other tissues, organs, and
structures [16, 18].

Isolated Dental Disorders and/or Those Co-Segregating
with a Larger Syndrome

Recent studies have revealed that mutations in the same genes
can lead to both, isolated dental disorders and those which co-
segregate with a syndrome. In such instances, it is not only the
gene identity, but also the specific type and/or localization of
the mutation, which dictates the severity of a disease and
spectrum of the phenotype. A good example of this occur-
rence is the genetic determinants of tooth agenesis. In humans,
tooth agenesis refers to the congenital absence of teeth (in-
cluding hypodontia, <6 missing teeth, oligodontia >6 missing
teeth or anodontia, complete absence of teeth) with
hypodontia being observed most frequently [19]. Notably,
some form of tooth agenesis appears as a phenotype in more
than 150 syndromes [20].

The MSX1 gene (muscle segment homeobox 1 which en-
codes for MSX1) was one of the first genes to be linked with
tooth agenesis [21]. Molecular genetic analyses over the years
have elaborated on the genotype-phenotype correlation be-
tween MSX1 mutations and tooth agenesis [22]. For instance,
a recent study found a novel non-stop MSX1 mutation in a
Chinese family [23], which results in an inappropriately elon-
gated MSX1 protein. Another nonsense mutation Trp139Stop

was discovered in a Japanese family with hypodontia/
oligodontia [24]. In all instances, there is a selective bilateral
loss of posterior teeth, mainly the second premolar and third
molars. Moreover, the dental phenotype appears fairly isolated
in most affected individuals. A more severe phenotype has
been reported however, when a nonsense mutation—
Ser202Stop—results in a truncated MSX1 protein lacking
the C-terminal end of the homeodomain, causing dysplastic
tooth and nail formation (part of Witkop syndrome) [25] and
when there is a complete loss of the MSX1 homeodomain
resulting in tooth agenesis and orofacial clefts [26]. One sce-
nario we report here is illustrated by the segregation of an
MSX1frameshift mutation (Glu78FS) in a nuclear family
resulting in a more severe tooth agenesis phenotype than a
missense mutation at the same residue (Fig. 2a–d). A similar
genotype-phenotype correlation is found for PAX9 mutations
wherein nonsense and frameshift mutations give rise to a more
severe phenotype than missense mutations [27, 28]. These
correlations are not only useful for diagnostic purposes but
also provide fundamental information into the mechanisms
governing the functions of individual gene products in tooth
development.

Similar to tooth agenesis, supernumerary teeth can occur
either as part of a larger disease or syndrome or they can
present as an idiopathic finding. [29], Lubinsky et al. [30••]
reviewed the existing literature to find evidence of specific
associations between supernumerary teeth and syndromes
and reported that eight syndromes have strong evidence for
an association: cleidocranial dysplasia, familial adenomatous
polyposis, trichorhinophalangeal syndrome, type I;
Rubinstein–Taybi syndrome, Nance–Horan syndrome, Opitz
BBB/G syndrome, oculofaciocardiodental syndrome, and au-
tosomal dominant Robinow syndrome. A related but perhaps
independent occurrence is seen in patients with cleft lip and

Fig. 1 Dentofacial phenotypes
can be found within a spectrum of
severity: normal variation,
isolated dental abnormities, co-
segregation with other non-dental
abnormalities, or as part of a more
severe syndrome. Genetic,
epigenetic, and environmental
factors contribute individually or
jointly to this spectrum
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palate (CLP) who present with associated dental abnormalities
including supernumerary teeth, hypodontia, enamel hypopla-
sia, taurodontism, and altered crown shape and size [31]. The
putative association of supernumerary teeth and orofacial
clefts may be a non-specific consequence of the bony

disruptions [32], but Chu et al. [33] found abnormal crown
and root patterning, taurodontism, variable hypodontia and
supernumerary teeth as well as reduced enamel density after
conditionally knocking-out Irf6. Although this does not rule
out the explanation of an indirect environmental consequence

Fig. 2 a Representative chromatogram from an individual with severe
tooth agenesis. Comparison of the WT MSX1 sequence (above) and the
mutated DNA sequence (below) of the MSX1 gene that was found to
contain a complex rearrangement, GAG deletion, and C insertion at
nucleotide 250 that resulted in a frameshift mutation and a premature
stop codon. b The mutation described above co-segregates in an
autosomal dominant manner with a severe form of tooth agenesis in a
nuclear family as shown in the pedigree (shaded symbols = affected,
circle = female, squares = male, and proband indicated with an arrow).
c Panoramic image shows a representative phenotypic pattern seen in the
proband involving premolars and molars. d Multi-alignment of the
MSX1 protein (amino acid sequence) showing the Glu78FS mutation
segregating with tooth agenesis in one family as compared to multiple
species (human, mouse and cow MSX1 and MSX2). Other mutations
previously reported in tooth agenesis and CL/P are indicated and
labeled above the Glu78FS sequence. The observation that our

frameshift mutation at Glu78FS resulted in a more severe tooth
agenesis phenotype than a missense mutation at the same residue
(Glu78Val) would be expected since the frameshift mutation resulted in
a missing homeodomain region and likely led to the disruption of folding
of most or the entire protein. Sequence alignment of Glu78FS with other
reported mutations in MSX1 suggests that mutations leading to tooth
agenesis result when the function of the homeodomain is destroyed,
either directly due to a mutation within the homeodomain itself
(Arg196Pro, Ser202Stop), or indirectly as a result of a stop mutation
(Ser104X). We can further speculate from this observation that the
M61K mutation, which is a point mutation not directly affecting the
homeodomain, may define a region which interacts with the
homeodomain. Conversely, all of the point mutations that lead to oral
clefting shown in green highlight are found in the region including
residues 78 through 151. We speculate the latter may define a region
important in the formation of oral clefting
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of tooth number defects due to the proximity of orofacial
clefts, it does attribute a more direct effect of a genetic defect
(in this case IRF6) to the observed dental anomalies.

As discussed above, the same genes that result in a dental
disorder co-segregating with a syndrome can also cause iso-
lated dental disorders. For example, mutations in WNT10A
were identified in 25–50% of isolated hypodontia cases de-
pending on the specific population tested [34, 35]. Unlike
MSX1 and PAX9, premolars were the most frequently missing
teeth in individuals with WNT10A mutations. Moreover,
biallelic WNT10A mutations were associated with missing
molars as well as mandibular central incisors [34]. Indeed,
the genotype-phenotype correlation of tooth agenesis has been
studied more than most isolated dental disorders. But, exam-
ples of isolated dental disorders are not limited to tooth agen-
esis. For instance, disorders of tooth eruption represent the
archetypal scenario where the genetic basis of the eruption
failure was overlooked for other explanations of causality,
such as ankylosis or mechanical obstruction [36, 37]. More
specifically, primary failure of eruption (PFE-OMIM
125350), was previously thought to be sporadic and not

inherited, but in fact is due to a genetic mutation in the
PTH1R gene [36, 38].

The intrigue of the PFE story lies not in the fact that this
isolated dental condition is caused by genetic mutations in
PTH1R, but that similar to the examples described in tooth
agenesis above, one gene, PTH1R, when mutated can cause
either a lethal syndrome or a dental-specific eruption disorder
(discussed below). The etiology of eruption disorders includes
local and non-syndromic causes (cysts, ankylosis, lateral
tongue pressure, supernumerary teeth, thumb habit) [39–42]
but also by co-segregation with a genetic syndrome such as
cleidocranial dysplasia, Hunter’s disease, and osteopetrosis
(reviewed by Wise et al. [43]).

Despite the strides made to definitively characterize PFE
and other eruption disorders, a clear understanding remains
elusive. First described by Proffit and Vig, canonical reports
describe PFE as a local/non-syndromic eruption disorder
marked by a failure of permanent (adult) tooth eruption in
the absence of mechanical obstruction affecting only the pos-
terior dentition [39]. The use of the term “primary” originated
from the clinical observation that the defect is presumed to be

Fig. 2 (continued)
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within the eruption mechanism of the tooth and bony crypt,
since there is no apparent mechanical interference.

Discovery of at least one gene that causes PFE and the clear
segregation of the PFE phenotype within families established
the genetic basis of PFE by mutations in PTH1R [36, 38].
Nonetheless, the specific molecular mechanisms that orches-
trate a normal eruption process are poorly understood. And,
the pathogenesis of PTH1Rmutations in PFE is unknown. For
example, there is no clear explanation as to why PFE, caused
by genetic mutations in PTH1R, may result in either uni- or
bilateral eruption failure, or include involvement of the max-
illa or mandible. Furthermore, mutations in the PTH1R gene
present in clinically diverse conditions, such as Jansen’s
metaphyseal chondrodysplasia (OMIM ID: 156400),
Blomstrand’s lethal chondrodysplasia (OMIM ID: 215045),
enchondromatosis (Ollier’s Disease) (OMIM ID: 166,000),
osteoarthritis, and PFE represent a breakthrough in the dental
and orthodontic communities.

Subsequently, the knowledge that PFE occurs as an isolat-
ed condition due to a mutation in the same gene that causes a
lethal syndrome creates a paradigm shift in how we diagnose
and therefore manage dental anomalies. Specifically, this
alerts the clinician that the adverse response of PFE-affected
teeth to orthodontic treatment would be the intrusion of adja-
cent teeth and no movement of affected teeth. The distinction
of a genetically based PFE diagnosis is critical; if a tooth is
instead misdiagnosed as “ankylosed,” or fused to the bone
based on clinical parameters, it will lead to inappropriate treat-
ment and the chance for success is futile. Hence, our advances
in genotype-phenotype studies have also cautioned us to ap-
proach clinical scenarios of eruption disorders with a more
discerning diagnostic rubric and therefore appropriate treat-
ment plan.

The genetic basis of tooth eruption also presents a unique
opportunity for investigating the fundamental mechanisms
that dictates tooth-bone interactions. For instance, the
PTH1R gene is critical in the skeletal and endocrine systems,
but there is a paucity of information explaining the role in the
dental tissues. We already know that PTHrP has been shown
to be integral in the process of tooth eruption based on studies
in the mouse model; the presence of PTHrP was shown in the
enamel organ and especially the stellate reticulum of the den-
tal follicle [44]. Furthermore, studies documenting the
conditional-PTHrP knockout mouse revealed that otherwise
normal developing teeth became impacted and encapsulated
by a bony crypt. Central to this process in tooth eruption is the
activation of the cAMP/PKA pathway (via Gs protein activa-
tion) by either ligand resulting in the progression of tooth
development and eruption—while the disruption of the same
pathway results in a cessation of eruption (upregulation of the
biomineralization of cementoblasts) [45].

The PFE/PTH1R story does not end with the initial
genotype-phenotype accomplishments described above. The

apparent crosstalk between eruption and other tooth develop-
mental process was described by Ono et al. (2016) who inves-
tigated dental root formation using a lineage-tracing model
[46]. Ono and collaborators found that cells in the dental fol-
licle and root surface express parathyroid hormone-related
peptide (PTHrP), and deletion of the PTHrP receptor (PPR)
in these progenitors leads to failure of eruption and signifi-
cantly truncated roots lacking periodontal ligaments. The jux-
taposition of eruption failure and root formation sparks the
question of whether there is a parallel phenomena in humans.
Remarkably, reports of short root anomaly in humans failed to
show the co-segregation of shortened roots and eruption fail-
ure, but categorically provides an interesting model to explore
what, if any, epistatic interactions lead to one condition (i.e.,
short roots) in the absence of the other (i.e., eruption failure) in
humans versus mice [47].

Epigenetic Regulation in Dental Development

Epigenetic analyses provide viable alternative theories to ex-
plain apparent genetic etiology in dentofacial development.
For example, the epigenetic architecture of patients with X-
linked hypohidrotic ectodermal dysplasia (XLHED) present
with an unclear correlation between the severity of mutations
in ectodysplasin A (EDA) gene and the observed severity of
the resultant XLHED phenotype. XLHED patients have con-
spicuous clinical features: small, oddly shaped or missing
teeth, decreased salivary flow, reduced sweating, and sparse
hair and often carry distinctive craniofacial features. Distinct
mutations in the EDA gene [48, 49] have been cited as respon-
sible for XLHED, but the correlation is unlike the results of
specific MSX1 mutations described above. In fact, moderate,
minor or an absence of features has been reported in individ-
uals who are heterozygous carriers of an EDA mutation [50].
Yin et al. found an epigenetic control of EDA (via cytosine
methylation) was due to large CpG islands within the promot-
er of EDA; its transcription can be significantly modulated
depending by the degree of methylation. [51]. The CpG rich
EDA promoter region was found to be hypermethylated in
~78% of carriers of XLHED [51], a modification which could
presumably inhibit expression of the mutated gene product. A
similar finding was reported when investigators completed a
DNA methylation profiling of patients with non-syndromic
tooth agenesis [52]. They found a group of differentially meth-
ylated promoters in novel genes in affected patients compared
to controls. While the obvious, hypodontia-related genes
(MSX, PAX9, EDA, AXIN) did not display significant meth-
ylation status differences, some of the identified genes do
participate in signaling pathways important for tooth develop-
ment [53••].

Another level of epigenetic control can be found in gene
regulation via microRNAs (miRNAs), and it is thought to
influence the expression of almost 30% of all protein-coding
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genes [54]. miRNAs have been found to be differentially
expressed in dental epithelial and mesenchyme tissues of dif-
ferent tooth types [55–58] and participate in the differentiation
of odontogenic cells including ameloblasts, odontoblasts, den-
tal follicular, and pulp cells [55, 59–61, 58]. Abnormal dental
phenotypes have also been found in mouse studies where
microRNA function is disrupted by knockout of Dicer1,
which is required for miRNA maturation. Using Pitx2-Cre
mice, Dicer1 was conditionally knocked-out in dental epithe-
lial cells at an early stage [55]. This resulted in the upregula-
tion of several hundred genes, with increased proliferation and
decreased differentiation of progenitor cells. Moreover,
knockout animals had prominent dental anomalies: extra inci-
sors, severely misshapen teeth, enamel-free incisors, cuspless
molars as well as a uniquely “branched” incisor [55].
Recently, Fan et al. [62] injected a soluble miR-224 agomir
(miRNA mimics) into incisors of neonatal mice and found
significant structural differences in enamel, including disorga-
nization of enamel prism structure, deficient crystal growth,
and reduced microhardness. Studies such as these highlight
the role of microRNAs in tooth development and suggest that
disturbances in microRNAs may result in tooth developmen-
tal abnormalities.

Current and Future Milestones

Molecular Diagnosis and Pharmacological Interventions
to Manage Dental Disorders

We anticipate that dentistry, similar to medicine, will trans-
form clinical practice based on genetic knowledge. To this
end, Prasad et al. [62] are utilizing contemporary next-
generation sequencing (NGS) methods to develop array
panels that specifically target isolated and syndrome-
associated dental disorders. Their panel consists of genes
compiled from human and animal studies that are known
to be involved in tooth development as well as diseases
with orodental phenotypes [63••]. In preliminary studies
using a pilot panel in a cohort of 101 patients with no
molecular diagnosis of orodental abnormalities, mutations
were identified in 39 of the cohort with several novel path-
ogenic variants [63••]. As our knowledge of genetic and
epigenetic control of tooth developmental disorders im-
proves, such panels can be enlarged and employed for di-
agnostic purposes.

Taken together, advances in genetics, molecular and phar-
macological research, coupled with the utilization of animal
models, are indeed paving the way for novel interventions to
manage human genetic developmental disorders. A great ex-
ample is the multitude of research into abovementioned
XHLED, and its causative mutations in the ectodysplasin A
gene (EDA). When tested in a dog model of XLHED,

postnatal intravenous administration of soluble recombinant
EDA (to replace the mutant EDA-A1) was tolerated well and
provided a significant improvement in phenotype, including
the stable restoration of permanent dentition and recovered
function of secretory glands [64]. The FDA has now approved
the recombinant protein (EDI200) for human studies [65],
which promises to be a therapeutic intervention for patients
suffering from XLHED.

Conclusion

It is clear from the examples stated above that many genetic
diseases involving the dental tissues have varied clinical pre-
sentations. Indeed, a dental finding may be the singular early
discovery that leads to the diagnosis of a more complex gene
defect. However, it is critical to make a distinction between
unrelated dental findings observed with other phenotypes, as
highlighted by Lubinsky et al. [30••].

In this post-genomic era, the role of epigenetic regulatory
mechanisms in controlling various developmental processes
has an important impact on human dentofacial development.
Recent clinical studies utilizing large cohorts of twins are
proving valuable in looking beyond genetics, highlighting
the influences of epigenetics in phenotype determination
[66–68]. Moreover, declining costs of genome sequencing
allows increasing opportunities to analyze the unique
genotype-phenotype relationships for the purposes of diagno-
sis, prevention, and treatment of dentofacial abnormalities. A
potential bottleneck in appropriately utilizing this genetic in-
formation stems from our dissimilar and often ambiguous
methods to identify, categorize, and describe dentofacial
anomalies and phenotypes. Certainly, as the above-described
NGS-based methods for identifying genetic mutations [63••]
becomemore refined and widely utilized, precise phenotyping
will be paramount for the accuracy and efficacy of these novel
diagnostic tools. Future efforts should be directed toward
more unambiguous methods of reporting and defining
findings.
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