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Introduction

The development of the face is a dynamic process that starts
with a relatively rapid and orderly composition of both
mesodermal and cranial neural crest cells via a complex
signaling network. During normal embryogenesis, the first
and second branchial arches form facial prominences that
develop into specific craniofacial and skeletal structures.
Portions of the first branchial (or mandibular) arch develop
into the skeletal, muscular, and neural elements of the
mandible, whereas the dorsal edge of the first branchial
(or hyomandibular) cleft forms the auditory meatus.

The size and growth of each of the facial bones are in part
genetically predetermined, yet environmental influences
play a role. Malformations occur when there is perturba-
tion due to genetic anomalies, environmental influences, or
both." Malocclusion is defined as any significant deviation
from what is considered a normal relationship between the
upper jaw (maxilla) and lower jaw (mandible). Angle
classified a patient’s occlusion by the relationship of the
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Genetic etiologies for congenital anomalies of the facial skeleton, namely, the maxilla
and mandible, are important to understand and recognize. Malocclusions occur when
there exist any significant deviation from what is considered a normal relationship
between the upper jaw (maxilla) and the lower jaw (mandible). They may be the result of
anomalies of the teeth alone, the bones alone, or both. A number of genes play a role in
the facial skeletal development and are requlated by a host of additional requlatory
molecules. As such, numerous craniofacial syndromes specifically affect the develop-
ment of the jaws. The following review discusses several genetic anomalies that
specifically affect the bones of the craniofacial skeleton and lead to malocclusion.

maxillary and mandibular first molar teeth.” A class I
occlusion is considered normal and occurs when the me-
siobuccal cusp of the first maxillary molar articulates with
the buccal groove of the first mandibular molar. This is
noted in roughly 30 to 40% of the population.

Malocclusions may be the result of dental anomalies,
skeletal anomalies, or both. Many different variables com-
prise the normal occlusion, including the size of the maxil-
la; the size of the mandible; the number, size, and position
of the upper teeth; the number, size, and position of the
lower teeth; the surrounding perioral soft tissue anatomy;
as well as environmental factors. Severe malocclusions or
dentofacial anomalies are noted in roughly 20% of the
population. When there is some combination of maxillary
and/or mandibular hyperplasia or hypoplasia, a skeletal
malocclusion will result.

All bones develop within a functional milieu that is
composed of environmental conditions, including muscle
strength, bone length, and craniofacial dimensions among
others. Some of these may be genetic. Soft tissue influences,
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such as lip incompetence and tongue protrusion on upper
incisor proclination and lower lip closure on lower incisor
retroclination, may thus have significant influences on the
occlusion. Salzmann demonstrated the concordance
between familial tongue thrusting and jaw posturing and
resulting occlusions or malocclusions.> There may also
exist profoundly negative influences, such as illness, star-
vation, and stress.*

Homeobox genes function in regulating the pattern of
the developing embryo and as such are highly conserved
across diverse organisms. They encode transcription factor
proteins that regulate the creation of RNA from a DNA
template. The homeobox genes are likely to play a role in
the development of specialized organ systems. The Msx1
and Msx2 (muscle segment) genes, the Hox genes, and the
Shh (sonic hedgehog) gene, among others, likely play
important roles. Their function is expressed through sev-
eral regulatory molecules, including fibroblast growth fac-
tor (FGF), epidermal growth factor, transforming growth
factor-a, transforming growth factor-B, and many bone
morphogenetic proteins (BMPs).” These molecules coordi-
nate cell interactions and cell migrations that regulate
growth. Different regions of DNA are activated in different
cells to regulate which proteins are produced in which
organ systems. Polymorphisms in these genes are prime
targets in the search for maxillary and mandibular devel-
opmental anomalies.

Class Il Malocclusion

An Angle class Il malocclusion is more commonly referred to
as an “overbite,” and more technically defined when the
mesiobuccal cusp of the first maxillary molar lies anterior
to the corresponding mandibular buccal groove. The class II,
division 1 malocclusion occurs when there is a deep overbite,
excessive overjet, and normal or proclined incisors. This
occurs more commonly when the mandible is underdevel-
oped rather than a hyperplastic maxilla. Specifically, the body
of the mandible is smaller and the overall length is reduced.®

The class II, division 2 malocclusion occurs when there is a
deep overbite and retroclined incisors. These patients dem-
onstrate a high lip line and hyperactivity of the mentalis
muscle, which strains to get the lips to meet. Regarding a
genetic influence, prior studies have highlighted this mor-
phology in family pedigrees’ and twin and triplet studies.?
The latter examined the phenotype and cephalograms of 48
pairs of twins and 6 sets of triplets. There was 100% concor-
dance of the malocclusion among the monozygotic twins and
10% among the dizygotic twins.

Class Il Malocclusion

A class Il malocclusion is commonly referred to as an “under-
bite” and technically defined when the mesiobuccal cusp of
the first maxillary molar is in a posterior position (~Fig. 1).
The class III skeletal deformity is a dentofacial phenotype that
can be the result of a mandible that is disproportionately
larger than other facial structures, or a maxilla that is
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Fig. 1 Preoperative class lll malocclusion.

disproportionately smaller than other facial structures or a
combination of the two (=Fig. 2). Several anatomic discrep-
ancies can result from this type of growth pattern, and is
expressed in varying degrees depending on the subtype.
Nevertheless, the discrepancies can be present in all three
dimensions of growth. Vertically, the facial structures (max-
illa/mandible or both) can be excessive or deficient. Trans-
versely, the clinical presentation can be a maxillary
constriction, mandibular overgrowth, or a combination of
both. In the sagittal plane, the presentation is most often
noted by the relative mandibular prognathism.

Due to a lack of coordination between the dental arches,
the teeth often compensate by changing their angulation to
mask the severity of the malocclusion. Pressure from the
lips and tongue compensate for the bony abnormality by
retroclining the lower incisors and proclining the upper
incisors. If the jaw base is deficient, then dental crowding
and ectopic eruption are often present. Conversely, if the
jaw base is excessive, then dental spacing is usually noted.
The resulting soft tissue changes include a deep labiomen-
tal fold, a prominent nasolabial fold, and a lack of infraor-
bital and alar support.

The prevalence of a class Ill malocclusion varies from 1 to
5% in the Caucasian population in the United States to 20 to
25% in Asian populations. A class III skeletal growth pattern
may be noted with the primary dentition (often referred to as
congenital malocclusion) or with the mixed or permanent
dentition (developmental malocclusion). The resulting func-
tional and psychological handicap can range in severity, and it
is estimated that half of these individuals require orthog-
nathic surgery as the only treatment modality.” Based on
radiographic data, the anomaly may not be isolated to the
jaws. Finite element analysis demonstrated an acute cranial
base angle and shortened posterior cranial base that contrib-
uted to a more anterior position of the glenoid fossa and thus
a more prognathic mandible.°

Class III skeletal deformities have been attributed to both
genetic and environmental etiologies. There has been much
debate as to which is the greater influence. Angle argued that
malocclusion arises as a result of local factors that influence
the shape and position of the jaws relative to one another.
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Fig. 2 Cephalometric radiograph of Class Il skeletal growth pattern.

This may include enlargement of the tonsils,? blockage of the
nasal passages,'' endocrine abnormalities,'? posture, and
trauma.'> The preponderance of evidence for the genetic
influence in malocclusion comes from family and twin
studies. Boys have been shown to have a greater similarity
to their parents than girls, especially when comparing the
transmission from mothers to sons versus mothers to
daughters.® Linear cephalometric measurements have
been compared in fraternal and identical twin pairs and
have demonstrated significant variability between the two
groups regarding anterior cranial base dimensions, mandib-
ular body length, and total facial height."® Other twin
studies, however, argue against this by showing either
disparity among families or even members of monozygotic
twin pairs.'®

This anomaly was historically noted in the Hapsburg
family line of Hungary and Austria. A study of the family
pedigree revealed this to be an autosomal-transmitted trait."”
This was similarly noted in the families of Japanese patients
with a class III malocclusion where there was a higher
incidence of a class Il malocclusion than in the families of
patients with a normal occlusion.'® Concordance of maloc-
clusion was six times higher in monozygotic twins than in

dizygotic twins.”® Based on lateral cephalometry data,
Watnick further hypothesized that certain areas of the man-
dible were under greater genetic control, including the lateral
ramus and lingual symphysis.?® Other areas by reasoning,
such as the antegonial notch, were therefore under predomi-
nantly environmental control.

In cases involving a familial recurrence of mandibular
prognathism, many studies have investigated the molecular
basis for the observed disorders. While specific genes have
not yet been reported, multiple mandibular prognathism
susceptibility loci have been identified with mouse pheno-
types consistent with a role in mandibular development
(=Table 1). Although this is an important first step in under-
standing mandibular prognathism, it does not cover the full
spectrum of class III skeletal malocclusion, as it addresses only
two of the five subtypes listed in =Table 2. Thus, these studies
are currently of limited value to the clinician.

Suture development in the cranium has been related to FGF
genes. The dura mater overlying the brain, through an FGF
pathway, is thought to signal the overlying suture and prevent
premature ossification.3® Mutations in the FGF receptor
protein have been noted in several craniofacial syndromes
where premature suture fusion is a hallmark. These include
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Table 1 Genes associated with mandibular prognathism and implicated in craniofacial or skeletal development in mice

Gene Evidence Mouse mutants

Plxna2 GWAS?! No reported craniofacial or skeletal phenotype

Ssx2ip GWAS'3 Unknown

Ghr SNP%-22 Reduced postnatal growth, impaired bone development?3

Col2a1 SNpZ425 Failed cartilage development, shortened limbs, cleft palate26

Kat6b I\/Iicroarray/rt—qPCR27 Abnormal brain/cranium development, abnormal jaw morphology28

Hdac4 Microarrayrt—qPCR17 Abnormal skeletal morphology, domed cranium, premature
endochondral ossification, exencephaly

Dusp6 Whole exome seq30 Abnormal cranium, middle ear morphology31

Tgfb3 Genome wide linkage scan3? Cleft palate, abnormal cartilage®3

Ltbp2 Genome wide linkage scan'? No reported craniofacial or skeletal phenotype

Matn1 SNP-PCR3* Overtly normal®?

Igf1 Genome wide linkage scan'’ Variable phenotype, skeletal defects, delayed ossification>®

Hoxc Genome wide linkage scan'’ Vertebral transformations>’

Apert, Crouzon, and Pfeiffer syndromes, which also present
with class Ill malocclusion.>®

When the above pathways are disturbed, anomalies are seen.
Hemifacial microsomia is believed to be a disordered migration
of neural crest cells. In patients with cleidocranial dysostosis, an
autosomal dominant mutation in the core binding factor 1 gene
(CBFA1) causes improper signaling between periosteum and
chondrocytes and results in anomalies of the membranous
bones of the cranium and clavicles.*? Similarly, in Treacher
Collins syndrome (TCS) there is a defect in a gene located on
chromosome 5 responsible for the production of the treacle
protein leading to hypoplasia of the zygomatic arch and mandi-
ble, as well as cleft palate and deafness.*’

Syndromic Malocclusions

Manifestations of first and second branchial arches anomalies
depend on which phase of neural crest cell development is
disrupted (formation vs. differentiation). For example, if
neural crest cell formation is perturbed, such as few neural
crest cells are produced or they fail to migrate to final
destinations, this can result in phenotypes of small noses,
jaws, and ears as well as cleft palate. The characteristic
disorder of this abnormal type is TCS.*? Aberrant neural crest
cell differentiation, on the other hand, results in premature
suture mesenchyme ossification, which fuses the calvarial

Table 2 Five subtypes comprising class Ill skeletal malocclusions

1. Mandibular prognathism, long face

2. Maxillary deficient, low angle

3. Maxillary deficient, high angle

4. Mild mandibular prognathism, normal

5. Combination, normal
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bones (craniosynostosis) consequently restricting skull
growth and impacting upon facial and brain growth, devel-
opment, and maturation.*3

Mandibulofacial dysostosis (MFD), a heterogeneous group
of developmental disorder of the first and second branchial
arches, is characterized by malar and mandibular hypoplasia,
slanting of the palpebral fissures, exophthalmos with ectro-
pion, coloboma of the lower lid, macrostomia, dysplastic ears
which can be associated with conductive hearing loss, and cleft
palate. Associated anomalies may include choanal atresia, and/
or lacrimal atresia.***> Computed tomography imaging of the
skull may demonstrate zygomatic arch clefts in some individ-
uals. A major subgroup of the MFD comprises those with
frequent limb defects, known as acrofacial dysostoses
(AFDs).*® The best-known syndromic MFD is TCS, which is
caused by mutations in TCOF1, POLR1D, or POLR1C. Nager and
Miller syndromes, both much rarer, are AFDs caused by
mutations in SF3B4 and DHODH, respectively. More recently,
mutations in EFTUD2 (elongation factor TU GTP-binding
domain containing 2) have been shown to cause MEFD,
Guion-Almeida type (MFDGA), also known as MFD with
microcephaly or AFD type Guion-Almeida.*’° Other MFD
syndromes are less well characterized and their specific
genetic etiologies are still unknown. These MFDs include
autosomal dominant types, such as Hedera-Toriello-Petty,”’
Bauru,>? as well as the X-linked type Toriello.”>

Treacher Collins Syndrome
TCS, also known as Franceschetti-Klein syndrome, is the most
common MFD affecting ~1/50,000 live births.>* It was first
described by a British ophthalmologist Edward Treacher
Collins in 1900 and subsequently classified as MFD by the
Swiss ophthalmologist Adolphe Franceschetti and Klein in
1949.

TCS is caused by impaired development of the first and
second branchial arches during the early embryonic stage and
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primarily affects the mid and lower face. The signs and
symptoms of this disorder vary greatly, ranging from cases
of obstruction sleep apnea due to airway narrowing by severe
micrognathia to those that remain clinically undiagnosed.
Characteristic clinical features of TCS are symmetrical in nature
and include: (1) external ears abnormalities, external auditory
canals atresia, middle ear ossicles malformation which result
in bilateral conductive hearing loss (mixed or sensorineural
hearing loss is rare); (2) lateral downward slanting of palpebral
fissures, coloboma of the lower eyelid with lack of eyelashes
medial to the defect; (3) hypoplasia of facial bones, particularly
the maxilla, mandible, and zygomatic complex which result in
macrostomia and micrognathia; (4) high arched palate, more
than half cases with cleft palate with or without cleft lip.!
Other rarer features include microcephaly, mental retardation,
and psychomotor delay.>®>’ Some patients have additional
ophthalmological findings, such as vision loss, strabismus,
amblyopia, refractive error, anisometropia, and delayed-onset
infantile cataracts. Hypoplasia of the facial bones often results
in dental anomalies, including class II malocclusion, anterior
open bite, and temporomandibular joint dysplasia. Craniosyn-
ostosis is not a feature of TCS but most patients have an
abnormal cranium shape.

About 40% of TCS patients have positive family history and the
remaining 60% cases possibly arise as a result of de novo
mutations. So far, more than 250 heterozygous disease-causing
TCOF1 mutations have been identified in a majority of patients
(71-93%), spanning the whole gene region. Of these variants,
57% are small deletions or insertions, 16% are splice-site muta-
tions, 23% nonsense mutations, and 4% missense mutations.>®
Large deletions of one or more exon have also been found in up
to 5% of TCS patients.”®>° In one case, a synonymous mutation in
TCOF1 led to missplicing of a constitutive exon.®? Although
several mutations have occurred more than once, only one
mutation, ¢.4369_4373delAAGAA, has been identified as com-
monly recurrent. This mutation is present in 16% of individuals
with an identifiable mutation. Because the majority of mutations
lead to the introduction of a premature termination codon, it is
likely that RNA transcripts from the abnormal gene are lost as a
result of haploinsufficiency and nonsense-mediated decay of
functional TCOF1 protein.61

Missense mutations that allow production of an abnormal
protein can disrupt either the N- or C-terminus nuclear
localization signals and affect the TCOF1 ability to transport
into the nucleus, causing neural crest cells to undergo apo-
ptosis during embryogenesis.®"%? In addition to the TCOF1
gene, two additional genes accounting for an approximate 9%
of TCOF1-negative patients. These two RNA polymerase 1
polypeptide genes: POLR1IC (OMIM 613715) and POLR1D
(OMIM 613715), located on 13q12.2 and 6p22.3, encoding
subunits of the RNA polymerases I and III respectively.®3
Similar to TCOF1, mutations in POLR1D are also dominant
and lead to haploinsufficiency of RNA polymerase 1 polypep-
tide D. However, mutations in POLRIC act in an autosomal
recessive way. Compound heterozygous mutations in this
gene lead to functional depletion. Since then, it is known
that TCS is mostly inherited in an autosomal dominant
manner, but autosomal recessive inheritance is also possible.

Genetics of Malocclusion Ahmed et al.

Some individuals with typical clinical signs of TCS do not have
mutations in TCOF1, POLRIC, or POLRI1D, therefore, other
genes need to be identified in the future.

TCOF1 (OMIM 606847), located on 5q32-q33.1, comprises
26 coding exons and encodes a serine/alanine-rich, nucleolar
phosphoprotein: treacle. Treacle is a 144-kDa serine/alanine-
rich nucleolar phosphoprotein with a function that has yet to
be fully established. Bioinformatics analyses indicated that
treacle contains three domains; unique amino and carboxy
termini, and a characteristic central repeat domain. Evidence
has shown that treacle is involved in ribosomal DNA gene
transcription through its interaction with an upstream bind-
ing factor,®® and perhaps neural crest cell migration.®* Treacle
haploinsufficiency in patients with TCS may result in abnor-
mal development caused by inadequate ribosomal RNA pro-
duction in the prefusion neural folds during the early stages of
embryogenesis.%®> POLR1D and POLR1C are RNA polymerase 1
binding factor, implicating that TCS is a ribosomopathy and
these three genes involved in ribosome biogenesis are
essential for cell growth and proliferation. It will be interest-
ing to explore the function of POLR1C and POLR1D and
determine whether they share similar or overlapping func-
tions with TCOF1 during embryogenesis and in the patho-
genesis of TCS.

Mouse studies revealed that TCOF1 is broadly expressed in
both embryonic and adult tissues. The extent and severity of
the phenotype in TCOF1*~ mouse were dependent on the
mouse genetic background. TCOF1*~ neonates obtained
through an intercross of DBA heterozygotes and wildtype
C57BL/6 mice exhibited phenotypes that mimicked human
TCS, including frontonasal hypoplasia, particularly of the
maxilla and mandible, together with high arched or cleft
palate, and choanal atresia or agenesis of the nasal passages.
The zygomatic arch, tympanic ring, and middle ear ossicles
are all hypoplastic and misshapen.*> TCOF1*/~ neonates dis-
played gasping behavior and abdominal distention and died
within 24 hours of birth. Skeletal analysis indicated that
TCOF1*~ neonates died from respiratory arrest due to mal-
formations of the nasal, premaxilla, maxilla, and palatine
skeletal elements. Whole embryo culture of wild-type and
TCOF1*/~ mouse embryos showed that TCOF1 haploinsuffi-
ciency resulted in neural crest cell precursors through neuro-
epithelial apoptosis, which results in a reduced number of
neural crest cells migrating into the developing craniofacial
complex. Thus, TCOF1*~ haploinsufficient mice provided an
important resource to decipher the in vivo cellular basis of
TCS together with the biochemical function of treacle. Genetic
and pharmacological inhibition of p53 in TCOF1*/~ embryos
can suppress neuroepithelial apoptosis ensuring the normal
production of migrating neural crest cells. Remarkably, this
can prevent the pathogenesis of craniofacial anomalies char-
acteristic of TCS in TCOF1*/~ mouse.%® Interestingly, the rescue
phenomenon occurred without restoration of ribosome bio-
genesis, which implies that TCOF1 may play other essential
roles in neural progenitor cell and neural crest cell survival
distinct from its previously recognized function in ribosome
biogenesis. Treacle has been shown in vivo to localize to the
centrosome during metaphase and play a key role in
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Table 3 List of EFTUD2 mutations identified in patients with MFDGA syndrome (updated to 2014)
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Nucleotide change Protein Location Predicted effect
Deletion N/A N/A N/A
c.198C > G p.Y66" Exon 3 Nonsense
¢.351-1G > C N/A Intron 4 Splicing
c.498C > A p.C166" Exon 7 Nonsense
c.529-1G > A N/A Intron 7 Splicing
c.594T > G p.Y198* Exon 8 Nonsense
c619 +1G>A N/A Intron 8 Splicing
c.620-1G > T N/A Intron 8 Splicing
c.623A > G p.-H208R Exon 9 Missense
c.670G > A p.G224R Exon 9 Missense
c.698delA N/A Exon 9 Frameshift
€.702 + 1del N/A Intron 9 Splicing
c.702 + 5G > C N/A Intron 9 Splicing
c.745G > T p.E249" Exon 10 Nonsense
c.784C>T p.R262W Exon 10 Missense
€.784_785delCGins p.Arg262fs*1 Exon 10 Frameshift
TGATCCTGGAGC

c994 + 1G> C N/A Intron 12 Splicing
€.1058 + 3_1058 + 7delAAGTA N/A Intron 12 Possibly splicing
¢.1172_1179delGCCTCCCA p.Ser391fs*57 Exon 12 Frameshift
c.1757_1758delCT N/A Exon 13 Frameshift
¢.1759_1760delGT N/A Exon 13 Frameshift
c.1149 + 5G>T N/A Intron 13 Splicing
c.1221G > C p.E407D Exon 15 Missense
c.1306C > G p.Q436E Exon 15 Missense
c.1426T > C p.C476R Exon 16 Missense
c.1435dupA p.-Thr479Asnfs*2 Exon 16 Frameshift
c.1607 + 3A > G p.Tyr537fs*25 Intron Splicing
c.1705C > T p.R569" Exon 17 Nonsense
¢.1758_1759del p.Ser586fs*19 Exon 17 Frameshift
c.1860G > C p.-K620N Exon 18 Missense
c.1910T > G p.L637R Exon 19 Missense
€.1962 + 1G > A N/A Intron 19 Splicing
¢.1976delTinsCCACC p.Val659Alafs*7 Exon 20 Frameshift
c.2155C> T p.Q719* Exon 22 Nonsense
€.2198G > A p.W733" Exon 22 Nonsense
€.2245dupA p.Thr749Asnfs*5 Exon 22 Frameshift
€.2259 + 1G > A N/A Intron 22 Splicing
c.2296delA p.lle766Serfs*18 Exon 23 Frameshift
c.2467-1G > T N/A Intron 24 Splicing
€.2485GC > A p.E829K Exon 24 Missense
€.2493C > A p.Y831* Exon 24 Nonsense
€.2496C > G p.Y832* Exon 24 Nonsense
€.2562-1G > A N/A Intron 25 Splicing
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Table 3 (Continued)
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Nucleotide change Protein Location Predicted effect
€.2562-2delA N/A Intron 25 Splicing
€.2562-2_2562-1delAG N/A Intron 25 Splicing
€.2566C> T p.H856Y Exon 26 Missense
€.2619_2621delTTTinsGGTC p.Phe874Valfs*11 Exon 26 Frameshift
€.2622dupT N/A Exon 26 Frameshift
c.2770C > T p.Q924* Exon 26 Nonsense
€.2823 + 1delG N/A Intron 27 Splicing

Abbreviation: N/A, not available.

regulating chromosome segregation.®’ Perturbation of one or
more of these functions may underpin the activation of p53
and provide additional ways to prevent TCS.

Mandibulofacial Dysostosis

MFDGA or MFD with microcephaly (MFDM) is a rare sporadic
syndrome comprising craniofacial malformations and micro-
cephaly. MFDGA was first described by Guion-Almeida et al,%8
who reported four sporadic patients presenting with MFD,
microcephaly, developmental delay, cleft palate, characteris-
tic dysplastic external ears with preauricular tags and radial
ray anomalies. They proposed that this condition is a new
syndrome distinct from the known MFDs. The same group
subsequently reported a mother and a son with MFD, intel-
lectual disability, microcephaly, and growth retardation.®?
MFDM is characterized by malar and mandibular hypoplasia;
microcephaly (congenital or postnatal onset); malformations
of the pinna, auditory canal, and/or middle ear (ossicles and
semicircular canals) with associated conductive hearing loss;
distinctive facial features (metopic ridge, up- or downslanting
palpebral fissures, prominent glabella, broad nasal bridge,
bulbous nasal tip, and everted lower lip). Associated cranio-
facial malformations may include cleft palate, choanal atresia,
and facial asymmetry. Intellectual disability (ID) is a promi-
nent feature. Major extracranial malformations include:
esophageal atresia (40%), congenital heart disease (40%),
and thumb abnormalities (25%). Short stature is present in
approximately one-third of individuals. Because half of the
patients with this condition known as MFD type Guion-
Almeida have thumb anomalies, they should be reclassified
as AFD type Guion-Almeida. The microcephaly in AFD type
Guion-Almeida, which is usually absent in Nager syndrome,
might help to distinguish these conditions.

Recently, several whole exome sequencing studies have
revealed causative mutations in EFTUDZ2 (elongation factor TU
GTP-binding domain-containing 2, OMIM 603892).”%72 Collec-
tively, a range of mutation types have been uncovered, including
large deletions and frameshifts, splice-site, nonsense, and mis-
sense mutations were identified, consistent with haploinsuffi-
ciency as the disease mechanism (= Table 3). Therefore, MFDM is
the first multiple malformation syndrome attributed to a defect
of the major spliceosome, which is critical for removing introns
and ligating exon splicing during transcription. EFTUD2 encodes
U5-116-kDa protein, a small nuclear ribonucleoprotein, occu-

pies a central position within the U4/U6-U5 tri-snRNP particle. It
is a highly conserved spliceosomal GTPase that plays an impor-
tant role in either the splicing process itself or the recycling of
spliceosomal snRNPs.”® The defects observed in individuals with
MFDM could be due to aberrant splicing of genes involved in
craniofacial development. However, to date, nothing is known
about the spatiotemporal activity of EFTUD2 during embryo-
genesis. Eftud2 is widely expressed in E11.5 mice, with more
intense expression in the distal limb bud, the lung bud, trachea,
esophagus, mandibular mesenchyme, the ventricular zone of the
forebrain, and the epithelium of the otic vesicle.”* These obser-
vations are consistent with the pattern of affected derivatives in
MFDM patients. Interestingly, EFTUD2 mutations lead to a
complex multiple malformation syndrome with ID, whereas
mutations in other genes encoding spliceosomal subunits
(hBrr2, hPRP8, hPRP6, and hPRP31) only produce retinitis
pigmentosa, a result of the tissue-specific death of photoreceptor
cells. In addition, mutations in EFTUD2 are also causative of a
type of syndromic esophageal atresia (EA), namely, AFD with EA.
Thus, phenotypes caused by EFTUD2 mutations are important in
the differential diagnoses of CHARGE and Feingold syndromes.
Eftud?2 loss-of-function mutant animals will help to elucidate the
underlying pathogenesis in vivo.

Nager Syndrome

Nager syndrome is the best-known subgroup of preaxial acro-
facial dysostoses (AFD). First described in 1948 by Nager and De
Reynier,”® the anomaly is due to aberrations in development of
the first and second branchial arches and limb buds. The main
clinical features are: (1) craniofacial abnormalities, such as
downslanting palpebral fissures, malar hypoplasia, microgna-
thia, atresia of the external auditory canal as well as bilateral
conductive hearing loss, and cleft palate; (2) preaxial limb
defects, such as radial and thumb hypoplasia or aplasia, duplica-
tion of thumbs or proximal radioulnar synostosis. Involvement
of the lower extremities has been described,’®’” but is usually
considered an uncommon feature of Nager syndrome. Other
associations observed in clinically diagnosed patients with Nager
syndrome include genitourinary abnormalities, such as vesi-
coureteral reflux, duplication of the ureter or renal agenesis,
cardiovascular abnormalities, such as ventricular septal defect
and Fallot tetralogy, and gastrointestinal abnormalities, such as
Hirschsprung disease. Neurological and psychosocial develop-
ments are normal to mildly delayed, with the latter possibly
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Table 4 List of SF3B4 mutations identified in patients with Nager syndrome (updated to 2014)
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Nucleotide change Protein Location Predicted effect
c.2T > C p.-M1T Exon 1 Missense
c1A>G p-M1V Exon 1 Missense
c.88delT p-W30Gfs*10 Exon 2 Frameshift
c.382C>T p.Q128* Exon 3 Nonsense
c.452C > A p.S151* Exon 3 Nonsense
c.546dupC N/A Exon 3 Frameshift
c.574G > T p.E192" Exon 3 Nonsense
c.577C>T p.R193" Exon 3 Nonsense
€.661_664dupCCCA p.N222Tfs*265 Exon 3 Frameshift
c.625C > T p.Q209* Exon 3 Nonsense
€.671_674delTGGTinsCTCCCA N/A Exon 3 Frameshift
¢.737dupC N/A Exon 4 Frameshift
€.769delA p.1257Yfs*63 Exon 4 Frameshift
€.796dupA p-M266Nfs*220 Exon 4 Frameshift
c.817delC N/A Exon 4 Frameshift
¢.827dupC p.S277Ifs*209 Exon 4 Frameshift
€.836_837insGGGTATG p.T280Gfs*208 Exon 4 Frameshift
c.864delT p.-H288Qfs*32 Exon 4 Frameshift
c913 + 1G> A N/A Intron 4 Splicing
c.914-1G > A N/A Intron 4 Splicing
c.1006C > T p.R336" Exon 5 Nonsense
¢.1060dupC p.R354Pfs*132 Exon 4 Frameshift
c.1147delC p.H383Mfs*75 Exon 6 Frameshift
¢.1147dupC p.H383Pfs*103 Exon 6 Frameshift
c.1148dupA p.-H3830Qfs*103 Exon 6 Frameshift
¢.1199delC p.P400Lfs*58 Exon 6 Frameshift
c.1229delC N/A Exon 6 Frameshift
c.1232delC p.P411Qfs*47 Exon 6 Frameshift
€.1252_1258delCTTCGAG p.L418Afs*38 Exon 6 Frameshift

Abbreviation: N/A, not available.

being induced or aggravated by the common clinical sign of
hearing loss.”® Case reports have shown that a considerable
number of affected patients did not survive their newborn
period,”® mainly because of severe airway obstruction compli-
cations.?%81 Most Nager syndrome patients appear to be spo-
radic, however, autosomal dominant or autosomal recessive
inheritance has been reported as well. This led to the widespread
speculation that Nager syndrome is genetically heterogeneous.

Nager syndrome shares many phenotypic features with
TCS, but mandibular hypoplasia in Nager syndrome tends to
be more severe. It can be distinguished from TCS by preaxial
upper-limb deformities, such as thumb anomaly, radial defect,
and radioulnar synostosis. Limb anomalies are a cardinal sign
of Nager syndrome and, in combination with the characteristic
facial features, are diagnostic. The presence of anterior upper-
limb defects as opposed to posterior upper-limb defects and
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the typical lack of lower limb involvement distinguishes Nager
syndrome from Miller syndrome, another rare AFD. Patients
with Nager syndrome often have normal intelligence and do
not show any evidence of cognitive deficiencies, which is
different from the patients with MFDM.

By whole exome sequencing, the causative gene of Nager
syndrome was identified to be SF3B4 (splicing factor 3B,
subunit 4, OMIM 605593). SF3B4 encodes a spliceosome-
associated protein 49 (SAP49), a component of the pre-
mRNA spliceosomal complex, which is part of U2snRNP and
is assumed to anchor U2snRNP to pre-mRNA during the
splicing process (=Table 4). SAP49 is a spliceosomal protein
that is one of seven core proteins of the mammalian SF3B
complex and is highly conserved with two RNA recognition
motifs followed by a proline-glycine rich domain. During
assembly of the U2SNP prespliceosomal complex, SAP49
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binds to the pre-mRNA just upstream of the branch point
sequence but also interacts specifically with other U2
snRNPs, particularly SAP145, suggesting that SAP49 plays
a crucial role in tethering the U2 snRNP to the branch
site.8283 In addition to its role in mRNA splicing, SAP49 also
specifically inhibit BMP-mediated osteochondral cell dif-
ferentiation.®* This may contribute to the predominantly
skeletal phenotype in Nager syndrome.

Miller Syndrome

Miller syndrome, described in 1979%%is a type of AFD, which
is also referred to as Genée-Wiedemann, Wildervanck-
Smith, or postaxial acrofacial dysostosis syndrome. It is a
rare autosomal recessive disorder and is mainly characterized
by malar hypoplasia, aplasia of the medial lower lid eyelashes,
coloboma of the lower eyelid and cup-shaped ears, micro-
gnathia, cleft lip, and/or palate combined with postaxial limb
deformities, including apparent absence of either the fifth or
both the fourth and fifth rays of the hands and feet, with or
without ulnar and fibular hypoplasia. Normal intelligence
was typical and internal malformations were rare.

Miller syndrome was the first Mendelian disorder whose
molecular basis was identified via whole exome sequencing.
Compound heterozygous mutations in DHODH gene (dihy-
droorotate dehydrogenase, OMIM 126064), which encodes an
enzyme required for de novo pyrimidine biosynthesis are
responsible for Miller syndrome. The lack of homozygous
mutations and the paucity of nonsense or frameshift alleles
are unusual in a rare autosomal recessive disorder and
suggest that the molecular mechanism underlying Miller
syndrome is atypical. The fact that no individual has yet
been indentified in which both alleles show severe loss of
function suggests that such a combination may be lethal.

Generally, pyrimidine nucleotides are synthesized through
two pathways: the de novo synthesis pathway and the salvage
pathway. The enzyme DHODH catalyzes the fourth step in the de
novo biosynthesis of pyrimidine by converting DHO (dihydro-
orotate) into orotate. DHODH is also the only enzyme of this
pyrimidine biosynthesis pathway that is located on the inner
membrane of mitochondria, while all the other enzymes are
located within the cytosol. DHODH catalyzes the oxidation of
DHO to orotate by transferring electrons to the respiratory
molecule ubiquinone through an enzyme-bound redox cofactor
flavin mononucleotide. Thus, DHODH relies on ubiquinone,
thereby forming a functional link between the mitochondrial
respiratory chain and pyrimidine biosynthesis. DHODH has two
binding sites. The substrate DHO binds to the first site and is
oxidized via a cosubstrate electron acceptor. After the release of
orotate, ubiquinone binds to a second site and receives an
electron from the cosubstrate. The orotate synthesized by
DHODH is converted into uridine monophosphate (UMP) by
the enzyme complex UMPS (UMP synthase). These findings
suggest that DHODH may affect mitochondria in neural crest
cells. In situ analysis of mouse embryos showed DHODH is
strongly expressed in the pharyngeal arch and limb bud, sup-
porting a site and stage-specific requirement for de novo
pyrimidine synthesis. Also, use of the DHODH inhibitor lefluno-
mide during pregnancy causes a wide range of limb and
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craniofacial defects, the most common of which are exencephaly,
cleft palate, and failure of the eyelid to close.® However, recently,
treatment of zebrafish with inhibitors of DHODH such as
leflunomide, resulted in an almost complete abrogation of neural
crest cell development principally by blocking the transcription-
al elongation of critical neural crest cell genes.87 This suggests the
cellular basis of Miller syndrome may lie in deficient neural crest
cell formation and the failure to generate sufficient numbers of
migrating neural crest cells, which is analogous to the pathogen-
esis of TCS. Furthermore, similar to TCOF1, DHODH has also been
implicated in oxidative stress,%8 suggesting there may be some
considerable mechanistic overlap in the pathogenesis of Miller
syndrome and TCS.

Genetic factors play a substantial role in the etiology of
malocclusion,? yet most conditions, however, are multifactorial.
There is most likely a spectrum of influence that governs the
ultimate shape of the upper and lower jaws. Some patients (and
likely regions of bone) are more under genetic control, while the
shape and size for others are determined more by environmental
pressure. To correct anomalies caused more significantly by
environmental pressure(s), these need to be addressed in
conjunction with the orthodontic and/or surgical plan.
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