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KEY POINTS

e Every child born with a craniofacial disorder should be evaluated by a clinical geneticist.

e Many craniofacial disorders have a genetic etiology, and large variety of genetic testing is available
for testing affected individual and family members.

e Although many genetic disorders are common, many patients present with rare or unique condi-
tions requiring specialized genetics evaluations and tests.

e All children with craniofacial disorders should be managed by an interdisciplinary craniofacial or

cleft team.

INTRODUCTION

Congenital anomalies and disorders are those
conditions that are present at birth and that
require some level of medical intervention. These
conditions occur in approximately 3% to 5% of all
live births.! Craniofacial conditions, including
orofacial clefts, craniosynostoses, the mandibu-
lofacial dysostoses, and craniofacial macroso-
mia, are among the most common birth
congenital anomalies. Many of these conditions
have a genetic etiology (chromosomal, single-
gene disorders, or epigenetic mutation) or may
be caused by teratogens. Because of this, it is
important for each child born with a craniofacial
condition to be evaluated and followed by a med-
ical geneticist. The American Cleft Palate-
Craniofacial Association in their Standards for
Cleft Palate and Craniofacial Teams states, “The
Team also must demonstrate access to refer to
a neurosurgeon, an ophthalmologist, a radiolo-
gist, and a geneticist.”? The role of the medical
geneticist is to assist in making a diagnosis of
any known genetic disorder or syndrome, assist

families and craniofacial team members in
understanding the natural history of any syn-
drome, and ensure that additional medical evalu-
ations and interventions are performed as
indicated. There are thousands of different
causes for craniofacial conditions. Identifying
the etiologies is important for understanding the
cause of a particular condition and influencing
the management of a particular disorder. Also,
craniofacial conditions are chronic conditions
and follow-up evaluations with a medical geneti-
cist should be encouraged.

THE GENETICS EVALUATION
The purpose of the genetics evaluation is to

e Make a diagnosis

e Characterize natural history

e Establish appropriate follow-up evaluations
and testing

e Determine recurrence risk and potential ge-
netic testing for family

e Provide genetic counseling for family
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Ideally, the genetics evaluation should be
performed as early as possible, often soon after
birth. Given the technical advances in prenatal
diagnosis, prenatal genetic evaluation has be-
come a common occurrence. The genetics evalu-
ation differs from the typical medical evaluation
with greater emphasis on prenatal and family
histories.

Prenatal Evaluation

Congenital craniofacial conditions begin in utero.
Therefore, obtaining a comprehensive pregnancy
history is essential to understanding etiology,
especially with regard to teratogen exposure,
maternal illness, and prenatal testing. Teratogens
are substances that interfere with normal embryo-
logic and fetal development. Teratogens include
medications and drugs, high-dose radiation,
viruses, and maternal illnesses.

Maternal illnesses that are known to cause
craniofacial anomalies are diabetes and maternal
phenylketonuria. Women with diabetes, both
type 1 diabetes mellitus and type 2 diabetes melli-
tus, have least a 2-fold risk for having a child with
birth defects, the greatest risks associated with
type 1 diabetes mellitus.® The major birth defects
are renal, vertebral, brain, and craniofacial anoma-
lies. Craniofacial anomalies include cleft lip, cleft
palate (CP), and Pierre Robin sequence (PRS). In
my institution, maternal diabetes is among the
most common causes of cleft lip with or without
CP (CLP) and CP. Women who have phenylketon-
uria are unable to properly metabolize the amino
acid phenylalanine. If an affected woman does
not follow a phenylalanine-restricted diet, the
elevated levels of the metabolites of phenylalanine
can cause multiple anomalies, including micro-
cephaly, ear anomalies, congenital heart defects,
and CP.* Maternal hyperthyroidism and Graves
disease have been associated with neonatal
craniosynostosis.®

Prenatal testing is commonly performed, espe-
cially fetal ultrasound. Ultrasound is performed in
midtrimester in most pregnancies in the United
States. Cleft lip can be identified with routine ultra-
sound in approximately 75% of cases® and diag-
nosis approaches 100% with high-resolution
ultrasound.” It is more difficult to diagnose CP by
ultrasound; however, micrognathia and PRS can
be diagnosed prenatally.® For more complex
cases, especially with those with multiple anoma-
lies, fetal MRI scans are performed at several high-
risk centers and can be useful for assessing
severity of fetal structural and brain anomalies
and have a direct impact on pregnancy manage-
ment (Fig. 1).°

Fig. 1. Fetal MRI scan demonstrating severe microgna-
thia in a fetus with PRS.

If fetal anomalies are suspected, prenatal
genetic testing should be considered. Invasive
testing includes amniocentesis, which can be
performed from 14 weeks’ gestation to term, and
chorionic villus sampling can be performed at
12 weeks’ gestation. These procedures are usually

g i

Fig. 2. Young girl with fetal valproate syndrome. Note
the short nose, long philtrum, and up-slanting palpe-
bral fissures.
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performed to obtain chromosome analysis, chro-
mosomal microarray, fluorescence in situ hy-
bridization (FISH), or single-gene sequencing
analysis.

Teratogens

Teratogens are those exogenous substances or
physical agents, which, if there is fetal exposure,

can cause birth defects. Many teratogens cause
craniofacial anomalies. These include but are not
limited to

e Physical agents — amniotic bands, radiation
Infectious agents

Medications

Maternal illnesses

Tobacco

Box 1

History of present illness
e Gestational age

Type of delivery and complications

e Other congenital anomalies or major illnesses

Neonatal complications

e Early feeding and growth
Pregnancy history

e Maternal illnesses

o Maternal medications

testing)

Past medical history
e Major illnesses

e Hospitalizations
e Surgeries

Feeding, nutrition, and growth

e Prior medical specialty evaluations
Comprehensive review of systems

e Ten-system review

e Overall health assessment

Developmental history

Early developmental milestones

e School performance

Family history

Four-generation pedigree
e Birth defects
e Pregnancy losses (miscarriages and stillbirths)

Infant, childhood, and early adult deaths
o Infertility

Consanguinity

Clinical genetics history for the evaluation for craniofacial conditions

Birth parameters: weight, length, and head circumference

Exposure to other substance (alcohol, cigarettes, and history of substance abuse)
Prenatal genetic testing (maternal screening tests, ultrasounds, and fetal chromosome or genetic

e Therapeutic interventions (early intervention, speech, physical, and occupational therapies)

e Developmental and neuropsychological evaluations
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e Alcohol
e Toluene (solvent for glues and spray paints)
e Cocaine

Alcohol is a commonly used and potent
teratogen. Exposed children are at risk for many
serious birth defects, the most common being
developmental delay and intellectual disability."®
Fetal alcohol syndrome and fetal alcohol spectrum
disorder are associated with a large number of
birth defects. Dysmorphic facial features are
common as are microcephaly, brain anomalies,
holoprosencephaly, limb anomalies, short stature,
and behavior disorders. Craniofacial anomalies
include CLP, CP, and PRS.""12

Isotretinoin is a medication prescribed for cystic
acne. Although this is an extremely effective
medication for treatment of acne, it is a potent
teratogen. Isotretinoin can cause multiple anoma-
lies, including microcephaly, brain anomalies,
microtia, absent auditory canal, hearing loss, and
congenital heart defects.'3

Valproic acid is an anticonvulsant with signifi-
cant teratogenicity. This medication causes neural
tube defects in approximately 1% of children
exposed in utero. Other reported findings include
facial dysmorphism, microcephaly, developmental
delay and cognitive impairment, CP, and metopic
craniosynostosis (Fig. 2)."*'® Diphenyl hydantoin
is another anticonvulsant that is teratogenic. It is

(D Normal female

Normal male

L
/@ Deceased

associated with short stature, developmental
disabilities, distal digital and nail hypoplasia, and
craniofacial anomalies, including CLP and CP.®

Methotrexate is used to treat malignancies,
autoimmune disorders, molar pregnancies, and
tubal pregnancies. It acts as a folic acid antagonist
and interferes with nucleic acid synthesis (thymi-
dine) and, therefore, is highly cytotoxic. Because
of this, methotrexate is a potent teratogen and
can cause multiple birth defects, including CLP,
CP, craniosynostosis, digital anomalies, micro-
cephaly, brain anomalies, and developmental
disabilities.”

Cigarette smoking, in addition to causing intra-
uterine growth restriction, can also cause birth de-
fects. There is an association between cigarette
smoking and gastroschisis.'® Cigarettes have
also been shown to cause CLP and CP. It is esti-
mated that 6.1% of oral clefts can be attributed
to smoking during pregnancy.'®2' In addition,
several genes have been identified, which have
been associated with risk for CLP in women who
smoke during pregnancy.??

Medical History

Obtaining a comprehensive history is essential for
genetic diagnosis. Data should include birth
history, including length of gestation, birth
weight, length, and head circumference. Any

. Stickler syndrome, male

. Stickler syndrome, female
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Fig. 3. Four-generation pedigree in a family with an autosomal dominant disorder, in this case Stickler syndrome.
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Box 2
Craniofacial genetics physical examination

e Growth parameters — including z scores and growth trends on standardized charts

(e}

(o}

o

o

Height

Weight

Head circumference

Arm span

Upper to lower segment ratios (for disproportionate short stature)

e Skin

o

(o}

(o}

o

o

Birth marks

Hemangiomas

Hyperpigmented or hypopigmented macules
Hair — alopecia, texture, or hypertrichosis
Nails — missing nails or dysplastic nails

e Head/craniofacial

(o]

o

Cranial shape - evidence of craniosynostosis, ridging of sutures, or plagiocephaly
Fontanelles

Inner canthal, interpupillary, and outer canthal distances (hypertelorism and hypotelorism)
Facial asymmetry

Palpebral fissures — length and epicanthic folds

Ear position — low set and posteriorly rotated

Ear shape, microtia, and anotia

External auditory canal (stenosis and atresia)

Preauricular skin tags or fistulae (ear pits)

Eye examination - red reflex, iris colobomas, epibulbar dermoids, extraocular movements,
nystagmus, and ptosis

Nose — short, anteverted nares, shape of nasal tip, and flat or prominent nasal bridge
Upper lip - clefting, unilateral, bilateral, and midline

Lower lip - clefting and lip pits

Palate — clefting (V-shaped or U-shaped), bifid uvula, and SMCP

Dentition — abnormally shaped teeth and missing teeth

Tongue - lobulations, microglossia or macroglossia, and asymmetry

Oral synechiae

Mandible — micrognathia, asymmetry, and ankylosis

o Neck

[e)

[e)

o

Masses
Torticollis
Branchial clefts or cysts

e Chest

[e)

o

o

(e}

(o}

Symmetry

Chest size and shape

Lung auscultation

Intercostal and subcostal retractions
Pectus deformities
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e Cardiovascular
o Heart murmurs
o Pulses (upper and lower extremities)
e Abdomen
o Organomegaly
o Masses
o Bowel sounds
e Genitalia — male
o Penis size
o Hypospadias
o Testes — cryptorchidism and testicular size
e Genitalia — female
o Labial adhesions and fusion
o Vaginal discharge
e Musculoskeletal
o Limb deformities
o Brachydactyly
o Clinodactyly (incurving of fifth finger)
o Contractures
o Joint hypermobility
o Syndactyly
o Polydactyly
o Broad thumbs and halluces
o Scoliosis
e Neurologic
o Muscle tone (hypertonia or hypotonia)
o Strength
o Gait

o Cranial nerve abnormalities (facial palsy, hearing loss, abnormal eye movements)

hospitalizations and surgeries should also be
recorded as well as significant illnesses. Informa-
tion regarding feeding and growth is also impor-
tant, especially to establish if feeding problems
are related to a CP or craniofacial anomaly or
perhaps caused by underlying neurologic or other
structural anomalies, such as a heart defect. Many
genetic disorders, especially chromosomal condi-
tions, are associated with poor growth.
Developmental history also gives important
clues to diagnosis and management. Major pa-
rameters of development include speech and lan-
guage development, gross motor skills, fine motor
skills and personal-social development. For pa-
tients with craniofacial disorders, speech and lan-
guage delays may indicate hearing deficits,

whether from middle ear effusions with recurrent
otitis media or possibly other structural neurologic
problems causing conductive and/or sensori-
neural deafness. See Box 1 for essential compo-
nents of the genetics medical history.

Family History

A family history is an essential component of a ge-
netics evaluation. Information from family history
can provide information regarding hereditary dis-
orders and birth defects. A pedigree is con-
structed, which is a pictorial representation of the
family history. Usually information for at least 3
generations is obtained (Fig. 3). Family history
should include information about
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Fig. 4. Chromosome karyograms. On the left is a normal male karyogram with a 46,XY karyotype (A). On the
right is an abnormal male karyogram with 47 chromosomes and trisomy 21 consistent with a diagnosis of

Down syndrome (B).

Birth defects

Consanguinity

Pregnancy loss (miscarriages and stillbirths)
Developmental delay and intellectual disability
Early or unexpected deaths and causes (if
known)

Mental illness and psychiatric disorders

Early or unusual cancers

Blindness

Deafness

Chromosome disorders

Physical Examination

A physical examination is an important component
of any medical evaluation. The medical genetics
physical examination differs from the typical phys-
ical examination because in addition to looking for
typical findings, the genetics evaluation focuses
on looking for atypical or dysmorphic physical fea-
tures, which may give clues to a genetic or other
syndromic disorder or possible etiology. Box 2
outlines many of the features that may be seen.
Any physical examination should include growth
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Fig. 4. (continued)

parameters, height, weight, and head circumfer-
ence and should be accompanied by growth per-
centiles and z scores. These data are essential for
diagnosis of short stature, microcephaly, and fail-
ure to thrive, all of which may give critical clues
to causes of craniofacial disorders and diagnoses.

Laboratory Analysis

There are more than 1000 different disorders that
can cause craniofacial anomalies, CLP, and CP.
The prenatal, medical, and family histories and
the physical examination often give clues as to
the specific diagnosis; it then becomes important
to confirm the diagnosis if a genetic etiology is
suspected. In an analysis of children born with
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CLP or CP at Cincinnati Children’s Hospital Medi-
cal Center, chromosomal anomalies were among
the most common group of genetic conditions
associated with orofacial clefts (Fig. 4). There
was no clustering of specific chromosome disor-
ders, but several chromosome conditions are
associated with CLP and CP, including trisomy
13, trisomy 18, and Wolf-Hirschhorn syndrome
(deletion of the short arm of chromosome 4).
Velocardiofacial syndrome, or deletion 22g11.2
syndrome, is caused by a microdeletion of the
long arm of chromosome 22 and can be diag-
nosed with a specific fluorescent-tagged DNA
sequence, which hybridizes to the specific
sequence of chromosome 22 by a test, FISH. In
22q11.2 deletion syndrome, 1 of the 2
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chromosome 22 homologues has a deletion of this
critical region (Fig. 5). Standard chromosome
analysis is helpful for many conditions with addi-
tional or missing chromosomes or for identifying
large chromosomal rearrangements. Chromo-
somal microarray is a more recently developed
test that not only can identify large chromosomal
rearrangements but also is able to identify small
submicroscopic rearrangements.?®24 Microarray
has many advantages over routine chromosome
analysis, including the ability to identify rare chro-
mosomal rearrangements and increase yield of
diagnoses.?*

Many genetic disorders are caused by
mutations in single genes. Some common cra-
niofacial disorders and syndromes are single-
gene disorders, such as Stickler syndrome and
many of the craniosynostosis syndromes. More
than 7000 single-gene disorders have been identi-
fied (https://globalgenes.org/rare-diseases-facts-
statistics/).2% Genetic testing is available for many
of these disorders using gene sequencing. This
testing, often called Sanger sequencing, uses po-
lymerase chain reaction to sequence single genes.
When ordering gene sequencing for specific ge-
netic disorders, there must be a degree of suspi-
cion of a diagnosis to determine which genetic
test or tests to perform.

Many children have rare or even unique genetic
disorders for which clinical genetic testing may not
be available. These types of cases can now be
evaluated using next-generation sequencing.
This technology allows for massive parallel
sequencing of the human genome. Because the

Fig. 5. FISH showing interstitial deletion of chromo-
some 22q11.2. The arrow points to the chromosome
with the deletion; note the absence of the hybridiza-
tion to the red fluorescence-tagged cDNA, which
would hybridize to this region if not deleted.

approximately 20,000 human genes comprise
only 1% to 2% of the entire human genome, how-
ever, only the coding portions of the genome
(exons) are sequenced and analyzed and this
test is called whole-exome sequencing.?® Whole-
exome sequencing has significantly increased
the ability to diagnose genetic disorders, leading
to a 25% to 40% increase in diagnostic yield.?”-28
Since the advent of whole-exome sequencing,
hundreds of new genetic disorders have been
identified.

Additional Evaluations

In addition to these studies, further clinical evalua-
tion is often helpful, including additional medical
evaluations, radiographs and other imaging studies,
and audiology evaluation. Imaging studies are
helpful to identify additional structural anomalies.
Ophthalmology evaluation can identify myopia, a
clue to Stickler syndrome or Marshall syndrome.
Iris and retinal colobomas may be clues to multiple
anomaly syndromes, such as CHARGE syndrome
(colobomas, heart defects, atresia choanae,
retarded growth and/or development, earanomalies
and/or deafness). Children with craniofacial macro-
somia may have epibulbar dermoids. An otolaryn-
gology evaluation is important for assessing ear
anomalies and laryngotracheal anomalies that may
be syndromic. Microtia and absent external auditory
canals are seen in the mandibulofacial dysostoses,
including Treacher Collins syndrome. Many cases
of glottic webs are associated with 22g11.2 deletion
syndrome.?® Cardiology evaluation is essential for
diagnosis and management of many syndromes
associated with heart defects. The evaluation in-
cludes an echocardiogram. Approximately 75% of
children with deletion 22q11.2 syndrome have a

Fig. 6. CT scan with 3-D reconstruction demonstrating
fusion of the left coronal suture.

413


https://globalgenes.org/rare-diseases-facts-statistics/
https://globalgenes.org/rare-diseases-facts-statistics/

414

Saal

congenital heart defect. Children with chromosome
anomalies frequently have heart defects. Congenital
heart defects are cardinal findings of CHARGE
syndrome.

Imaging studies that can be helpful include
radiographs, CT scans, and MRI scans. The

radiographs are most helpful when looking for
specific skeletal anomalies, including complete
skeletal surveys looking for skeletal dysplasia syn-
dromes. Vertebral anomalies are often seen with
craniofacial macrosomia, Klippel-Feil syndrome,
and diabetic embryopathy. Children with a large

Table 1

Syndromes associated with cleft lip with or without cleft palate

nondisjunction)

Disorder Etiology Gene Inheritance Clinical Features
Craniofacial Sporadic, possibly Sporadic, Facial asymmetry, microtia,
microsomia (see vascular Rarely AD vertebral anomalies, renal
Fig. 8) disruption anomalies, heart defect
Amniotic bands Sporadic Sporadic CLP, digit or limb amputation,
(see Fig. 9) encephalocele
Van der Woude Single-gene IRF6 AD Lower lip fistulae (pits), CLP,
syndrome (Fig. 7) mutation CP, SMCP
Opitz syndrome (G Single-gene MID1 XLR Hypertelorism, hypospadias,
syndrome; mutation SPECCIL AD CLP, congenital heart
hypertelorism- defects
hypospadias
syndrome)
Oral-facial-digital Single-gene OFD1 XLD CLP (midline), hyperplastic
syndrome type | mutation oral frenulae; tongue
lobulations with
hamartomas, digital
anomalies, syndactyly
CHARGE Single-gene CHD7 AD, most cases de Heart defects, deafness,
association mutation novo mutations colobomas, genitourinary
anomalies, choanal atresia,
developmental disabilities
Smith-Lemli-Opitz  Single-gene SLOS AR Growth retardation,
syndrome mutation microcephaly, CLP, CP, heart
defects, genital, syndactyly
of toes 2 and 3, anomalies,
developmental disabilities
Fetal alcohol Teratogenic Sporadic Growth retardation, CLP, CP,
syndrome heart defects, facial
dysmorphism,
developmental disabilities
Diabetic Teratogenic Maternal diabetes Heart defects, CLP, CP,
embryopathy vertebral anomalies, renal
anomalies, brain anomalies
Deletion 1p36 Chromosomal Sporadic CL, CP, facial dysmorphism,
syndrome deletion speech apraxia,
developmental disability
Wolf-Hirschhorn Chromosomal Sporadic CLP, facial dysmorphism,
syndrome (4p- deletion hypotonia
syndrome)
Trisomy 13 Chromosomal, 3 Sporadic (may be  CLP, CP, brain anomalies
copies of familial if there including
chromosome 13 is a holoprosencephaly, cutis
(meiotic translocation) aplasia of scalp,

microphthalmia, heart
defects, neural tube defects

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XLD, X-linked dominant; XLR, X-linked recessive.
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Fig. 7. Infant with Van der Woude syndrome and
bilateral cleft lip with CP. Note lip pits of lower lip.

number of genetic disorders may have renal
anomalies, including dysplastic kidneys, hydro-
nephrosis, and congenitally absent kidneys. Renal

- . ’ ; Fig. 9. Infant with cleft lip and CP secondary to amni-
anomalies are common in craniofacial macroso- otic band sequence. Note the remnant of the band

mia, diabetic embryopathy, Klippel-Feil syndrome, below the left eye and lower lid coloboma caused
and 22g11.2 deletion syndrome. Brain MRI is by the band.

« A .
Fig. 8. Young boy with right craniofacial microsomia. Photo on right shows facial asymmetry (A) and photo on
left shows microtia of right ear (B).
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useful for identifying structural brain anomalies. It
can be a useful test for diagnosis of neurofibroma-
tosis type 1, in which optic pathway gliomas are
commonly seen.®° CT scans are helpful for looking
at calcified tissues. This is an important test for
evaluation of cranial structures, especially with
3-D reconstruction, and is the test of choice for
diagnosing craniosynostosis (Fig. 6).

Genetic Counseling

Once all data are gathered and a diagnosis is
made (and in many instances no diagnosis is
made), it is important to discuss this information
with the family. This becomes a time of educating
the family regarding genetics and inheritance.
Many genetic conditions have a low recurrence
risks, either because these are de novo chromo-
somal anomalies, such as trisomy 13, or are de
novo gene mutations for autosomal dominant dis-
orders, such as CHARGE syndrome. Some disor-
ders are inherited. Although 22q11.2 deletion
syndrome is de novo in 90% of patients, in 10%
of cases 1 of the parents also has a deletion of
22911.2. Recurrence risk is 50% with each
pregnancy.

Many genetic disorders have variable expressiv-
ity. For example, if an infant has Stickler syndrome
with CP, the affected parent may have myopia as
the sole manifestation of Stickler syndrome. There-
fore, once a diagnosis is made, it is important to
examine the parents and other family members
and consider genetic testing of individuals at risk.
Recurrence risk analysis should also include infor-
mation regarding prenatal testing and reproductive
options. Prenatal testing, with amniocentesis or

Fig. 10. Feet of a man with popliteal pterygium syn-
drome. There is triangular tissue over the left great
toe and syndactyly.

chorionic villus sampling, is available for most
chromosomal and single-gene disorders. Preim-
plantation testing using assisted reproductive tech-
nology can be an option for some conditions.

It is important to discuss the natural history of a
genetic disorder or syndrome with the patient and
family. Because most genetic disorders involve
more than one organ system and frequently are
associated with developmental and learning is-
sues, medical and developmental interventions
should be discussed. Because most craniofacial
disorders are chronic conditions, long-term
follow-up by a geneticist can be helpful for antici-
patory management and to help address any addi-
tional medical issues that may arise.

CRANIOFACIAL DISORDERS
Cleft Lip with or Without Cleft Palate

CLPisamong the most common birth defects. Inthe
United States, between the years 2004 and 2006,
4437 infants were born with CLP with an incidence
of 1 in 940 live births.®' The prevalence of CLP de-
pends on race, gender, and socioeconomic factors.
Native Americans have the highest prevalence, with
3.6 cases of CLP per 1000 births, compared with
Asians, with 1.7 t0 2.1 cases per 1000 births, with Af-
ricans and African Americans having approximately
1 in 2500 births.®>33 Boys are more likely to be
affected than girls by a 2:1 ratio.®*

Approximately 30% of cases of CLP are associ-
ated with an underlying syndrome or multiple
anomalies disorders.3® The remaining 70% of
cases are nonsyndromic. Inheritance is multifacto-
rial, meaning that the condition is caused by both
genetic and nongenetic factors. Nongenetic fac-
tors may include maternal environment, fetal envi-
ronment, teratogenic exposures, placental factors,
maternal nutritional factors, and as yet several un-
defined factors.®® The importance of genetic fac-
tors in isolated multifactorial CLP is supported by
racial differences in prevalence. In addition, recur-
rence risk for first-degree relatives of individuals
with CLP is elevated to approximately 3% to
5%.%7 This recurrence risk is further elevated as
the number of affected individuals in the family in-
creases. In families with 2 affected first-degree rel-
atives, recurrence risk is increased to 5% to 10%.
There have been several genes that have been
implicated as predisposing to isolated nonsyn-
dromic CLP. In 1 review, 17 genes are listed,
including TGF-A, TGF-B3, MSX1, and IFR6.%8
Perhaps one of the better studied genes has
been IRF6, which causes Van der Woude syn-
drome and popliteal pterygium syndrome. A
recent study has demonstrated that 0.24% to



Table 2
Syndromes associated with cleft palate

Fetal alcohol syndrome  Teratogenic

Fetal valproate Teratogenic
syndrome (see Fig. 2)
Van der Woude Single-gene mutation IRF6
syndrome
Stickler syndrome Single-gene mutation COL2A1
(Fig. 11) (genetic COL11A1
heterogeneity) COL11A2
Treacher Collins Single-gene mutation TCOF1
syndrome (Fig. 12) (genetic POLR1D
heterogeneity) POLRI1C
22g11.2 Deletion Chromosomal deletion
syndrome (Fig. 13)
Smith-Lemli-Opitz Single-gene mutation SLOS
syndrome

Diabetic embryopathy  Teratogenic

Deletion 1p36 syndrome Chromosomal deletion

Branchio-oto-renal Single-gene mutation EYA1
syndrome (genetic SIX1
heterogeneity) SIX5
Cornelia de Lange Single-gene mutation NIPBL
syndrome (genetic SMCI1A
heterogeneity) HDAC8
RAD21
SMC3
Nager syndrome Single-gene mutation SF3B4
(Fig. 14)
Loeys-Dietz syndrome Single-gene mutation TGFBR1
(Fig. 15) TGFBR2

Environmental
Environmental
AD

AD
AD
AD
AD
AD
AR

AD
AR

Maternal
diabetes

Sporadic
AD

AD
AD

AD
XLD
XLD
AD
AD

AD

AD
AD

Disorder Etiology Gene Inheritance Clinical Features
Craniofacial microsomia Sporadic, possibly Sporadic, Facial asymmetry, microtia, vertebral anomalies
(see Fig. 8) vascular disruption rarely AD

Growth retardation, CLP, CP, heart defects, facial dysmorphism, developmental
disabilities

CP, metopic craniosynostosis, microcephaly, spina bifida, developmental
disabilities, facial dysmorphism

Lower lip fistulae (pits), CLP, CP, SMCP

Micrognathia, CP, SMCP, myopia, vitreoretinal degeneration (COL2A1 and
COL11A1), sensorineural hearing loss, early adult osteoarthritis, facial
dysmorphism

Micrognathia, hypoplastic zygomas, CP, conductive hearing loss, lower eyelid
colobomas

Facial dysmorphism, CP, CLP, SMCP, heart defects, developmental disabilities,
renal anomalies, psychiatric disorders, hypocalcemia, immunodeficiency
Growth retardation, microcephaly, CLP, CP, heart defects, genital, syndactyly of

toes 2 and 3, anomalies, developmental disabilities

Heart defects, CLP, CP, vertebral anomalies, renal anomalies, brain anomalies

CL, CP, facial dysmorphism, speech apraxia, developmental disability

Branchial cleft cysts, preauricular fistulae (pits), dysplastic ears, conductive
hearing loss, sensorineural hearing loss, CP, SMCP, renal dysplasia, renal
cysts, small kidneys

Growth restriction, microcephaly, CP, facial dysmorphism, micrognathia,
synophrys, small mouth, limb and digital anomalies, clinodactyly,
brachydactyly, oligodactyly, developmental disabilities

Growth restriction, micrognathia, CP, conductive hearing loss, hypoplastic
zygoma, microtia, thumb aplasia

Aortic root dilation, scoliosis, joint hypermobility, pectus deformity, narrow
arched palate, SMCP, bifid uvula craniosynostosis, mitral valve prolapse

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XLD, X-linked.
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Fig. 11. Young boy with Stickler syndrome. He has a short upturned nose, flat nasal bridge (A), and a flat facial
profile (B).

Fig. 12. Young boy with Treacher Collins syndrome Fig. 13. The 22g11.2 deletion syndrome in a boy. He
caused by a mutation of TCOF1. He has micrognathia, has an oval-shaped face with prominent nasal tip,
down-slanting palpebral fissures, ectropion of lateral prominent nasal pyramid, dysplastic ears, and up-
lower lids, and low-set ears with conductive hearing loss. slanting palpebral fissures.
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0.44% of isolated multifactorial CLPs are associ-
ated with IRF6 mutations.3°

Many syndromes have been identified as being
associated with CLP. The Online Mendelian Inheri-
tance in Man (OMIM), a catalog of genetic disor-
ders, lists 389 single-gene disorders with CP and
295 disorders with CLP.*0 At Cincinnati Children’s
Hospital Medical Center, the most common group
of disorders associated with CLP is chromosome
disorders followed by Opitz syndrome, craniofacial
microsomia, diabetic embryopathy, fetal alcohol
syndrome and less common disorders such as am-
niotic band syndrome (Table 1, Figs. 8 and 9).

Among the most common syndromes associated
with both CLP and CP is Van der Woude syndrome,
which is the most common single-gene cause of
CLP, responsible for 2% of all CLP cases.*'? The
classic clinical feature of Van der Woude syndrome
is the presence of congenital, bilateral, and parame-
dian lower lip fistulae (pits) (see Fig. 7). Other clinical
findings may include elevated mounds of the lower
lip with a sinus tract leading from a mucous gland of
the lip, CLP, CP, or submucous CP (SMCP).#?
Van der Woude syndrome is one of the few genetic
disorders in which affected individuals can have

& 4Aeh
Fig. 14. Infant with Nager syndrome. He has severe
micrognathia with PRS and absence of the radii and
thumbs.

CLP or CP. The penetrance of lip pits in Van der
Woude syndrome is 86%.4?

Popliteal pterygium syndrome is a genetic disor-
der also caused by IRF6 mutations.*243 In addition
to having lip pits with CLP or CP, individuals with
popliteal pterygium syndrome have popliteal pte-
rygia, syndactyly, abnormal external genitalia,
intraoral adhesions, and pyramidal skin on the
hallux (Fig. 10).*2

Cleft Palate

In the United States, between the years 2004 and
2006, the annual incidence of CP was 1in 1574 live
births.3" Unlike CLP, there is no racial or ethnic
predisposition for CP. CP is more likely to be asso-
ciated with syndromes and multiple anomaly
disorders than CLP. Approximately 50% of indi-
viduals with CP have an underlying syndrome or
multiple anomaly disorder.2*3% Although some
conditions with CP are common, diagnosis of an
underlying syndrome with CP can often be chal-
lenging because many of these disorders are
rare. SMCP is a microform of CP. In SMCP, there
is incomplete fusion of the muscular layers of the

Fig. 15. Boy with Loeys-Dietz syndrome. Note his long
oval-shaped face. Individuals with Loeys-Dietz syn-
drome are at risk for SMCP and craniosynostosis (usu-
ally sagittal).
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velum (soft palate) with fusion of the overlying
mucosa. Presenting features vary ranging from in-
fants with feeding disorders to children with velo-
pharyngeal dysfunction and hypernasal speech.
At Cincinnati Children’s Hospital Medical Center,
the most common disorders associated with CP
are Stickler syndrome, 22q11.2 deletion syn-
drome, fetal alcohol syndrome, and chromosome
disorders. See Table 2 for a list of common CP
syndromes (see Figs. 11 and 13).

The syndrome most commonly associated with
CP is Stickler syndrome. This disorder is geneti-
cally heterogeneous, with 6 genes implicated, 3
with autosomal dominant inheritance and 3 with
autosomal recessive inheritance.** Most cases
are autosomal dominantly inherited and associ-
ated with mutations in genes for type 2 collagen,
COL2A1, COL11A1, or COL11A2. Types | and I
Stickler syndrome are caused by mutations in
COL2A1 and COL11A1, respectively, and have a
similar presentation. The classic features of types
| and Il Stickler syndrome are micrognathia, RPS,
CP, myopia, vitreoretinal degeneration, elevated
risk for retinal detachment, early onset of osteoar-
thritis, and sensorineural hearing loss. Facial fea-
tures are characterized by micrognathia in
infancy with growth of the mandible as the child
gets older, flat midface, shallow orbits, flat nasal
bridge, and short upturned nose (see Fig. 11).
Stickler syndrome type lll is caused by mutations

in COL11A2 and has similar clinical presentation
as types | and Il Stickler syndrome with the excep-
tion of ocular involvement.*

The 22g11.2 deletion syndrome is a common
genetic disorder also called velocardiofacial syn-
drome and DiGeorge syndrome. This disorder is
caused by an interstitial deletion of the long arm
of chromosome 22.%5 The incidence is approxi-
mately 1 in 4000 live births.*® CP and SMCP are
common, seen in approximately 27% of patients.
Velopharyngeal dysfunction is also common,
even in the absence of CP or SMCP.#” This condi-
tion is also associated with multiple additional
anomalies. Congenital heart defects are common,
seen in more than 70% of affected individuals.
Other significant anomalies are immunodeficiency
related to thymus hypoplasia, hypercalcemia sec-
ondary to hypoparathyroidism, psychosis and
schizophrenia, and developmental disabilities.*®4°
Many patients have typical facial features of nar-
row face, prominent nasal tip, small mouth, and
dysplastic ears (see Fig. 13).

Pierre Robin Sequence

PRS is defined by the classic triad of micrognathia,
glossoptosis, and obstructive apnea PRS. Pa-
tients with PRS frequently have a CP as well
(Fig. 16). Previous studies have shown that PRS
is associated with an underlying syndrome or

Fig. 16. Infant with PRS. Lateral view shows micrognathia (A) and there is a U-shaped cleft of the secondary
palate (B).
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Table 3
Craniosynostosis syndromes
Chromosome
Syndrome Inheritance Gene(s) Location Clinical Features
Antley-Bixler AR POR 7911.23 Coronal and lambdoid synostosis,
syndrome radiohumeral synostosis, genital
anomalies, developmental
disabilities
Apert syndrome AD FGFR2 10926.13 Craniosynostosis, syndactyly of
(Fig. 17) hands and feet, midface
hypoplasia, developmental
disabilities
Baller-Gerold AR RECQLR 8qg24.3 Craniosynostosis, radial aplasia
syndrome
Carpenter syndrome AR RAB23 6p22.1-p11.2 Acrocephaly, craniosynostosis,
brachydactyly, syndactyly, preaxial
polydactyly, developmental
disabilities
Craniofrontonasal XLD EFNB1  Xq13.1 Female: craniofrontonasal dysplasia,
dysplasia craniofacial asymmetry, bifid nasal
tip. Male: hypertelorism
Craniosynostosis AD FGFR3 4p16.3 Coronal craniosynostosis
FGFR3 mutation
(Muenke
syndrome)
Crouzon syndrome  AD FGFR2  10g26.13 Coronal synostosis, maxillary
(Fig. 18) hypoplasia, mandibular
prognathism, exophthalmos
Crouzon syndrome  AD FGFR3 4p16.3 Coronal synostosis, maxillary
with acanthosis hypoplasia, mandibular
nigricans prognathism, exophthalmos,
acanthosis nigricans
Fetal methotrexate Environmental NA NA Craniosynostosis, cleft lip, CP, limb
syndrome Teratogenic anomalies, syndactyly, brain
anomalies, developmental
disabilities
Fetal valproate Environmental NA NA Metopic suture synostosis, spina
syndrome (see Teratogenic bifida, microcephaly, CP,
Fig. 2) developmental disability
Hyperthyroidism Environmental NA NA Craniosynostosis. May be neonatal
Teratogenic (maternal hyperthyroidism or
Graves disease) or acquired
hyperthyroidism
Hypophosphatasia, AR ALPL 1p36.12 Poorly mineralized bone, coronal
perinatal and synostosis, sagittal synostosis,
infantile metopic synostosis, limb
deformities, narrow thorax,
respiratory distress
Jackson-Weiss AD FGFR2 10926.13 Craniosynostosis, flat midface,
syndrome hypertelorism, exophthalmos,
broad deviated great toe
Loeys-Dietz AD TGFBR1 9qg22.33 Aortic root dilation, scoliosis, joint
syndrome (see TGFBR2 3p24.1 hypermobility, pectus deformity,

Fig. 15)

narrow arched palate, SMCP, bifid
uvula craniosynostosis, mitral
valve prolapse

(continued on next page)
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Table 3
(continued)
Chromosome
Syndrome Inheritance Gene(s) Location Clinical Features
Pfeiffer syndrome AD FGFR1 8p11.23 Type 1: craniosynostosis (coronal),
FGFR2 1026.13 broad thumbs and great toes,
maxillary hypoplasia. Type 2:
cloverleaf skull, broad thumbs and
great toes. Type 3: craniosynostosis
(coronal), ankyloses of elbows,
tracheobronchial anomalies.
Saethre-Chotzen AD TWIST 7p21.1 Craniosynostosis, ptosis, folded ear
syndrome (Fig. 19) pinna, broad great toes
Shprintzen-Goldberg AD SKiI 1p36.33-p36.32 Craniosynostosis, marfanoid body
syndrome habitus, aortic root dilation,
scoliosis, pectus deformity,
developmental disabilities

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; NA, not applicable; XLD, X-linked dominant.

multiple anomaly disorder in more than 50% of
cases.%%%" A recent study has shown that in pa-
tients with PRS both with and without CP, 54%
had syndromes.?®> The most common syndrome
was Stickler syndrome, followed by Treacher
Collins syndrome (see Fig. 12), arthrogryposis
multiplex congenital, and chromosome disorders.

Craniosynostosis

Craniosynostosis is the premature fusion of 1 or
more of the cranial sutures.53 The incidence is be-
tween 1 in 2000 to 2500.54%% Craniosynostosis can
be syndromic or nonsyndromic. Approximately
85% of all cases of craniosynostosis are

T

; N
Fig. 17. Infant with Apert syndrome. She has bicoro-
nal craniosynostosis with high forehead, depressed
nasal bridge, and beaked nose. She also has the
typical syndactyly with deviated thumb.

nonsyndromic. The etiologies of nonsyndromic
craniosynostoses are complex and these seem
to be heterogeneous.® Multiple genetic and tera-
togenic causes of craniosynostosis, however,
have been identified. The OMIM recognizes 183
single-gene disorders associated with craniosy-
nostosis.%® Teratogenic causes include valproate

Fig. 18. Boy with Crouzon syndrome. He has shallow
orbits and exophthalmos.
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Fig. 19. Girl with Saethre-Chotzen syndrome who was
born with bicoronal craniosynostosis. Note the down-
slanting palpebral fissures, posteriorly rotated ears,
and upturned nose.

embryopathy,5” which causes metopic suture syn-
ostosis, and hyperthyroidism, both neonatal and
acquired. Because there is variable expression
among the different craniosynostosis syndromes,
genetic testing is often required to confirm diag-
nosis and to give accurate recurrence risks. See
Table 3 for a list of the common craniosynostosis
syndromes (see Figs. 17-19).
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