
PRACTICAL GENETICS In association with

CHARGE syndrome: an update

CHARGE syndrome is a rare, usually sporadic autosomal dominant disorder due in 2/3 of cases to
mutations within the CHD7 gene. The clinical definition has evolved with time. The 3C triad (Coloboma-
Choanal atresia-abnormal semicircular Canals), arhinencephaly and rhombencephalic dysfunctions are
now considered the most important and constant clues to the diagnosis. We will discuss here recent
aspects of the phenotypic delineation of CHARGE syndrome and highlight the role of CHD7 in its
pathogeny. We review available data on its molecular pathology as well as cytogenetic and molecular
evidences for genetic heterogeneity within CHARGE syndrome.

Introduction
‘CHARGE association’ (or Hall-Hittner syndrome1) was

originally delineated by Bryan Hall in 17 children with

multiple congenital anomalies (MCA) with choanal

atresia2 and, independently, by HM Hittner in 10 MCA

patients with coloboma.3 In a further review of 21 patients

with choanal atresia and/or coloboma, R Pagon coined the

term ‘CHARGE’, an acronym summarizing six cardinal

clinical features: ocular Coloboma, Heart defects of any

type, Atresia of the choanae, Retardation (of growth and/or

of development), Genital anomalies and Ear anomalies

(abnormal pinnae or hearing loss).4 Patients with CHARGE

syndrome were reported before its formal delineation (ie

Edward’s case,5 or patient 3 in Angelman’s report 6) As

CHARGE is a multiple anomaly pattern proven to be

pathogenetically related, ‘CHARGE syndrome’ should be

used instead of ‘CHARGE association’.7
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In brief

� CHARGE syndrome is an autosomal dominant disorder

with a prevalence of one in 10 000. Most cases are

sporadic, but, in rare instances, transmission from a

mildly affected parent has been reported.

� The acronym CHARGE is based on the cardinal features

identified when the syndrome was delineated: Colobo-

ma, Heart malformation, choanal Atresia, Retardation

of growth and / or development, Genital anomalies,

and Ear anomalies. Since that time, new frequent

clinical finding have been added to the clinical

spectrum of CHARGE syndrome, such as dysmorphic

features, rhombencephalic dysfunction, hypoplasia of

the semicircular canals and arhinencephaly.

� Diagnostic criteria for CHARGE syndrome were up-

dated by Blake and later Verloes, who stressed the

importance of the 3C triad (Coloboma-Choanal atre-

sia-abnormal semicircular Canals).

� CHARGE syndrome results from a dysblastogenetic and

dysneurulative process and could be related by a

common pathogenetic mechanism resulting in dis-

turbed neural crest development.

� Using a CGH microaray approach, the gene CHD7 (in

8q12) was identified as causative for CHARGE syn-

drome in approximately 2/3 of patients with a clinical

diagnosis of CHARGE syndrome.

� CHD7 belongs to a large family of evolutionarily

conserved proteins thought to play a role in chromatin

organization. CHD7 is a regulatory element that

potentially affects a large number of developmental

pathways, explaining the pleiotropic nature of its

phenotypic spectrum

� CHD7 (chromodomain helicase DNA-binding protein)

mutations were in majority truncating mutations

including nonsense mutations and frameshift muta-

tions. Rarely, 8q12 microdeletion was present. No

phenotype / genotype correlation could be proposed.



In a national study of CHARGE syndrome conducted

through the Canadian Pediatric Surveillance Programme,

its incidence was evaluated at 1/8500, in accordance with a

previous reports of 1/12 500 in North America.8,9 By

contrast, extrapolation from the incidence of choanal

atresia lead to far lesser apparent incidence in Europe:

1/110 000 births.10 Almost all cases are sporadic, and mean

paternal age is increased (34 years11.) Recurrence rate is

close to 1%. Recurrences in a sibship4,12, parent-to-child

transmission3,4,13,14 and concordant MZ twins have been

reported.15–18

Clinical manifestations
More than 400 patients have been reported in the world

literature, including several large series and re-

views4,9,11,19 –21 of which frequencies of the major signs

are extrapolated. In the present review, we will stress the

more recently delineated anomalies. Figure 1 presents

recommended diagnostic algorithm.

Dysmorphia

The face is typically square-shaped, with narrow bifrontal

diameter, broad nasal bridge, small mouth and inverted

V-shaped upper lip. Facial palsy and dysplasia of the pinnae

often lead to significant facial asymmetry. Cleft lip and

palate are present in 15–20%. Several dental anomalies are

reported such as oligodontia and delayed eruption of

teeth.22

Ocular anomalies

Chorioretineal coloboma, with (40%) or without micro-

phthalmia, is present in 75–90%. Coloboma is often of

small size, and must be actively searched by fundoscopy.

In a minority of case, they may extend to the iris and/or

the optic disk. Bilateral involvement is present in 70–80%.

Among patients with uveal coloboma, CHARGE could

represent almost 20%.23 Other anomalies include hypo-

plasia of optic nerve, anophthalmia, nystagmus, squint

and refractive errors. Palpebral defects have been reported

such as ankyloblepharon, coloboma of the lid and atresia

of the lachrymal ducts.11,18,20,24 Most patients with

CHARGE syndrome have preserved vision.

Auditory and vestibular anomalies

The three segments of the ear are affected. In 95–100%, the

pinnae are asymmetrically misshaped, low set, anteverted,

cup-shaped, wide, but with reduced vertical height

(Figure 2). Preauricular tags, hypoplastic auditory canal

and microtia can be associated. Middle ear is sometimes

affected:25,26 absence of the stapedius muscle, absence of

the oval window, and hypoplastic incus and stapes, with

ossicular chain fixation.25,27 Chronic serous otitis is often

present, and may contribute to hypoacousia.

Initially described in 1976,28 but definitively settled by

Guyot29 who described the ‘CHARGE type of Mondini

dysplasia’, malformation of the inner ear has become

increasingly important in the diagnostic workup, with the

development of inner ear imaging. The prevalence of inner

ear anomalies could be higher than 90%.26,30 These consist

of a specific form of labyrinthine dysplasia that includes

complete absence of the pars superior (utricle and semi-

circular canals) with or without Mondini dysplasia of the

pars inferior (cochlea and saccule). Although Mondini

dysplasia is relatively nonspecific, and can be observed in

many syndromal deafness, aplasia of the semicircular

canals and hypoplastic uncus are probably the most

specific anomaly of CHARGE syndrome.31,32 In a recent

series, nine out of 15 patients ascertained by this anomaly

had CHARGE.33 In the newborn, agenesis of the semicir-

cular canals can be visualized on plain profile X-ray of

the skull (Figure 3a, b). In older patients, compu-

terized tomography (Figure 3c, d) or MRI is necessary.

Figure 1 Diagnostic algorithm for CHARGE syndrome. This
algorithm would lead to definite molecular confirmation in 60% of
clinically validated CHARGE patients.
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Malformation of the inner ear results in complete absence

of nystagmic response to bithermal caloric stimuli. Vesti-

bulo-ocular responses to earth-vertical axis rotation are

abolished, but otolith vestibulo-ocular responses to the off-

vertical axis rotation test are preserved.34

Deafness affects 60–90% of cases. The commonest hearing

defects are severe conductive or mixed loss, and usually

affects more the high frequencies than the low ones.35

Choanal atresia and other ENT anomalies

This sign is present in 3521 to 65% of cases. Atresia is most

often osseous and bilateral. In a series of patients with

choanal atresia, CHARGE syndrome was found in 38/130

cases.36 Laryngeal cleft, subglottic stenosis, tracheomala-

cia, vocal cord palsy have been reported.26 Gastro–

esophageal reflux affects at least half of the cases. Velar

incompetence seems common.15,18 Choanal atresia is

usually absent when palate is cleft.

Central nervous system malformations

Depending on ascertainment and mode of investi-

gation, 55–85% of patients have definite CNS anoma-

lies.37,38 Arhinencephaly or hypoplastic olfactory bulbs,

with or without other defects, is the most common

defect.39 It was observed by MRI scan in 18/18 patients.38

Anosmia has recently be found to be a common

anomaly,40 in relation with abnormal olfactory bulbs.

Holoprosencephaly sequence is the next most common

anomaly. Many other defects have been reported, in

the forebrain (eg dysgenesis of the frontal lobe, agenesis

of the septum pellucidum, nodular heterotopias,

lissencephaly) and the hindbrain (Dandy–Walker anom-

aly, vermis hypoplasia, stenosis of Sylvius aqueduct).

CNS malformations are strongly associated with choanal

atresia.Figure 2 Typical cup-shaped aspect of ‘CHARGE ear’.

Figure 3 (a) Profile view of normal newborn skull. The semicircular canals are densely mineralized, bulging over the petrous bone (circle). (b)
Profile of the skull in an affected newborn. Note absence of the canals. (c–d) Computerized tomography scan of the inner ear of an affected child,
revealing absence of the canals.
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Rhombencephalic dysfunction (excluding
sensorineural deafness)

Besides the acoustic nerve VIII, all other cranial nerves can

be affected in CHARGE syndrome, usually in association.41

Of children with the CHARGE syndrome, 50–90% have

congenital facial paralysis and 80% have feeding and

swallowing difficulties.42 In Byerly’s review of 150 cases,

the affected nerves were nerve VII (43%), IX and/or X

(31%), III and VI (2% each). Facial palsy is usually

asymmetric or unilateral. Multiple involvements may

result in Moebius sequence. Tellier et al.11 stressed the

complex dysregulation of brainstem functions in neonate

and infants with CHARGE syndrome. Pharyngeal incoor-

dination is associated with a high risk of aspiration

(30%42). Many children require G-tube feeding or gastro-

stomy for several months or years. Thermal dysregulation

and irregularities of cardiac rhythm are other signs of

rhombencephalic dysfunction.

Hypothalamo-hypophyseal dysfunction and
Kallmann syndrome

Hypothalamo-hypophyseal dysfunction is the cause of

growth retardation, genital hypoplasia and delayed pub-

erty. Seven out of nine boys tested before the age of 5

months during the neonatal peak period had extremely

low testosterone levels; LH response to GnRH stimulation

was variable during the first year of life and not correlated

with existing clinical abnormalities.38 By contrast, no

endocrine dysfunction were demonstrable in four children

with short stature and micropenis,43 indicating that the

hypothalamo-hypopituitary control of gonadotrophin

may be variably affected during life. Delayed or absent

puberty affected 2/3 of 21 cases, in relation with hypogo-

nadotropic hypogodadism.44 In Jongmans series (with

CHD7 mutation),gonadotrophin deficiency was present

in 7/10 girls and 6/7 boys age over 14–15 years.45 Hormone

substitution is recommended.

Growth retardation

Despite its presence in the original acronym, growth

retardation is seldom a primary problem in CHARGE

syndrome. Most patients have low normal birth weight

and length (around 10th centile).46 Postnatal growth

retardation should be in relation to feeding difficulties

and/or surgical problems.47 Growth tends to catch up after

infancy, but insufficient and inadapted intakes may have

adverse outcome on growth and bone mineralization.

Osteoporosis seems frequent in elder patients with

CHARGE, because of ‘relative’ malnutrition and insuffi-

cient secretion of steroids. True GH deficiency is excep-

tional.

Genito-urinary anomalies

Genital anomalies are observed in 50–70% of cases (males:

80–90%, females: 15–25%). Thus, the use of this sign in

diagnostic score biases diagnosis to boys. Hypoplastic

external genitalia is the most common anomaly: 80% of

boys have micropenis and/or cryptorchidism, and 1/3 of

the girls have hypoplastic labiae majorae. Mullerian tract

agenesis has been reported twice.48 Sex steroid therapy has

been tried for penile growth and descent of testis in males

with CHARGE syndrome. The main use for testosterone is

for delayed male puberty in adolescence. Females often

require hormone replacement at puberty.49 Anomalies of

the urinary tract may be present in 10–40%, such as renal

ectopia, horseshoe kidneys, ureteral anomalies, but are

nonspecific and may be asymptomatic, or diagnosed

beyond infancy because of infections.

Other visceral malformations

Congenital heart defects (CHD) are observed in 50–85% of

cases. Conotruncal defects as Fallot tetralogy (1/3 of cases),

atrioventricular canal, VSD, ASD, aortic coarctation an PDA

represent 75% of the defects. Aberrant subclavian arteries

are often present. CHD are statistically associated with

tracheo-esophageal fistula, renal anomalies and cleft

lip/palate.50

Immune deficiency

Immune deficiencies is uncommon and variable in

CHARGE: (impaired T-cell proliferation, T-cell lympho-

penia, immunoglobulin G2 subclass deficiency20,51,52).

Rarely patients may exhibit true DiGeorge syndrome.53

Orthopedic problems

Limb anomalies, usually minor, are reported in 37%.54

Spine may be malformed: vertebral fusions, hemivertebrae,

abnormal cervico-cranial junction, abnormal number of

ribs. Scoliosis is a frequent problem in older children

with CHARGE (60% of patients beyond infancy55). It is

promoted by hypotonia, but may be worsened in case of

vertebral defects.

Mental retardation and behavioral disturbances

Motor milestones are commonly delayed, at least partially

because of vestibular and visual impairments. Sitting is

possible after 1 year and walking occurs between 24 and

36 months. Mental retardation (MR), that is, IQ o70, is

present in more than 70% of cases. IQ range from normal

(115 in Money and Norman56) to severe retardation. In

Jongmans series of patients with CHD7 mutations, 8/32

patients had IQ above 70. There is strong mixture of

primary developmental factors and acquired postnatal

damages in the etiology of MR. In a recent series,11 almost

50% of patients had MRI evidences of anoxo–ischemic

brain lesions. In series of 21 children,57 extensive bilateral

coloboma with poor vision, microcephaly and brain

malformation are the only three parameters that were

predictive of poor intellectual outcome; the main psycho-

motor milestones (normally reached before age 4 years)
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were severely delayed, although intellectual outcome (at

primary-school age) was satisfactory for half the children.

There has been a recent interest on behavioral aspects of

CHARGE syndrome.58,59 Children with CHARGE syn-

drome frequently have relatively low adaptive behavior

skills, motor impairments being particularly significant.

Adaptative skills are negatively correlated with age at

walking, degree of hearing and visual impairment and

medical involvement, and tend to decrease with aging.

Nevertheless, individual adaptive behavior scores revealed

a broader and higher reaching range of ability.60 Patients

with CHARGE syndrome often are diagnosed with

obsessive-compulsive disorder, attention deficit disorder,

Tourette syndrome and autism. The diagnosis of autism

remains challenging in individuals with sensory impair-

ments, although autistic features appear more common in

CHARGE than in other syndromes sharing a similar level of

mental handicap. Whether that symptomatology is really

autism or only the consequence of sensory deprivation

remains disputed.

Clinical particularities of CHARGE syndrome owing to
CHD7 mutation

The frequency of signs in the subgroup of patients carrying

a CHD7 mutation has recently been reported in 69/107

patients45 and 59/110 patients61 (Table 1) In a recent small

series, Aramaki et al.62 found CHD7 mutations in 17/24

(74%). Comparison between patients with or without

mutation of CHD7 is only available in Lalani’s series. They

showed a relative excess of coloboma, PDA and facial palsy,

whereas the two groups were not different for the other

types of CHD, choanal atresia, deafness, external and

internal ear anomaly, urogenital and tracheoesophageal

anomalies and cleft.61 These differences disappear when

the two large series are combined (see Table 1). Postnatal

growth also appeared more severely impaired in the

mutated group (mean stature:�2.53 vs �1.76 SD). Vestibu-

lo–cochlear defects appears to be the most important

feature of CHD7-related CHARGE syndrome; altogether,

57/58 mutation-positive patients for which appropriate

studies were performed, had anomalies of the semicircular

canal.

It must be stressed that the three series are made of

clinically typical cases and are thus self-limiting. As for

other developmental genes, the spectrum of clinical

manifestations linked to CHD7 mutations is expected to

become wider and more variable than the strict clinical

phenotype that can be driven from these early series.

Diagnostic criteria

Originally, to make a diagnosis of CHARGE complex, four

to six cardinal signs were needed to be present, one being

either choanal atresia or a coloboma.4,63 These criteria were

updated by Blake et al8, who proposed new diagnostic

criteria, expanding the original picture to encompass

brainstem anomalies and visceral malformations. Verloes

proposed renewed clinical criteria, focusing on the colo-

boma–choanal atresia-abnormal semicircular canals (3C)

triad, and giving a formal definition for partial and atypical

CHARGE syndromes.32 Table 2 presents the three diagnos-

tic systems with their inclusion criteria. At this point of

knowledge, they remain important in preselecting patients

for CHD7 mutational screen (although this may change

when the full clinical spectrum of CHD7 mutants will be

known). A combination of coloboma, choanal atresia and

abnormal semicircular canals (3C) is highly predictive of

the presence of a CHD7 mutation.61 On the other hand,

only 1/47 screen-positive patients did not fulfill these

criteria. Nevertheless, the clinical spectrum of CHD7

mutations is not yet fully defined and further series are

still necessary to refine the diagnostic criteria to search a

CHD7 mutation.

Prenatal diagnosis and fetal pathology

Prenatal diagnosis of CHARGE syndrome has been reported

at least twice.64,65 Many developmental anomalies of

CHARGE syndrome can be detected by fetal ultrasono-

graphy. Hydramnios is present in 50% of cases with

choanal atresia20 and with tracheo-esophageal fistula.

Absence of semicircular canal is detectable by ultrasound,

Table 1 Frequencies of major anomalies in patients with CHD7 from two series compared with the CHD7-negative patients
from some of them. No significant differences can be shown

Sign Jongmans Lalani CHD7 mutated Combined Lalani CHD7 (not mutated) P (w2)

CHD 31/47 54/59 85/106 (80%) 30/42 0.68
Coloboma 33/47 55/62 88/109 (81%) 30/43 0.60
Facial asymmetry 10/47 36/56 46/103 (45%) 13/39 0.42
Choanal atresia 17/47 34/57 51/104 (49%) 23/39 0.56
Hearing loss 37/41 54/59 91/100 (91%) 36/38 0.88
Inner ear anomaly 21/21 21/22 43 (42?)?/44 (98%) 9/10 0.87
External ear anomaly 47/47 59/62 106/109 (97%) 39/42 0.86
Urogenital anomalies 17/22 (males) 29/53 46/75 (61%) 26/39 0.79
Cleft lip/palate 17/47 18/60 35/107 (33%) 9/41 0.37
TE fistula 8/47 10/55 18/102 (18%) 3/40
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and should be searched for, in fetuses with conotruncal

heart defects. In a series of 10 fetuses with CHD7

mutations, arhinencephaly and semicircular canal agenesis

were two constant features.39 CHD7 mutational screening

on CVS is an option for recurrence screening, when a

parent is affected, or to exclude gonadal mosaicism.

Etiologies

CHARGE syndrome is etiologically heterogeneous. Chromo-

some anomalies and single gene defects are responsible for

CHARGE syndrome. Exposure to teratogenic agents may

result in a phenocopy. Recently, the CHD7 gene has been

shown to be mutated in roughly 58% of cases in an

American series61 and 64% of cases in the Dutch series.45,66

Both series used Blake’s and Verloes’ criteria and similar

analytical strategy (complete sequencing). Several explana-

tions could be proposed to explain the patient without

mutation: genetic heterogeneity, intronic mutations in the

CHD7 gene, exonic deletion (missed by sequencing) and 3’

or 5’ UTR mutations.

CHD7 A truncated version of CHD7, initially labeled

KIAA1416, was cloned in 2000.67 Vissers et al68 reported

two CHARGE patients with de novo overlapping microdele-

tions on 8q12, including a previously reported patient with

an apparently balanced chromosome 8 translocation.69

They sequenced the nine known genes located in the

shortest region of deletion overlap and detected mutations

in the chromodomain helicase DNA-binding protein 7

(CHD7) gene in 10 of these 17 patients. Almost simulta-

neously, a patient with an interstitial deletion 8q11.2–q1370

and affected twins with apparently balanced translocation

involving the 8q12 region71 were reported. For these twins,

the translocation breakpoint occurred between exons 3 and

8 of CHD7 leading to CHD7 haploinsufficiency.

CHD7 is located in 8q12.1. It is 188 kb in size, consists of

37 coding exons and one non-coding exon, and codes for a

2997 amino-acid protein. CHD7 belongs to the MI-2/CHD

family of chromodomain proteins, which counts at least

nine members (CHD1–CHD9). The CHD family proteins

act by modifications of chromatin structure-altering access

of the transcriptional apparatus to its chromosomal DNA

Table 2 Clinical criteria

Major criteria Minor criteria Inclusion rule

Pagon 1. Choanal atresia
2. Ocular coloboma

1. Heart defects of any type
2. Retardation (of growth and/or of
development),
3. Genital anomalies
4. Ear anomalies (abnormal pinnae or hearing
loss)

Four criteria out of six,
and at least one major

Blake 1. Coloboma – of iris, retina, choroid, disc;
microphthalmia
2. Choanal atresia – unilateral/bilateral,
membranous/bony, stenosis/atresia
3. Characteristic ear abnormalities – external ear
(lop or cup-shaped), middle ear (ossicular
malformations, chronic serous otitis), mixed
deafness, cochlear defects
4. Cranial nerve dysfunction – facial palsy
(unilateral or bilateral), sensorineural deafness
and/or swallowing problems

1. Genital hypoplasia – males: micropenis,
cryptorchidism; females: hypoplastic labia; both
males and females: delayed, incomplete
pubertal development
2. Developmental delay – delayed motor
milestones, language delay, mental retardation
3. Cardiovascular malformations – all types,
especially conotruncal defects (eg, tetralogy of
Fallot), AV canal defects, and aortic arch
anomalies
4. Growth deficiencies – short stature, growth
hormone deficiency
5. Orofacial cleft – cleft lip and/or palate
6. Tracheoesophageal-fistula –
tracheoesophageal defects of all types
7. Characteristic face – sloping forehead,
flattened tip of nose

Four majors OR three
majors +three minors

Verloes 1. Ocular coloboma
2. Choanal atresia
3. Hypoplasia of semicircular canals

1. Rhombecephalic dysfunction (brainstem and
cranial nerve III to XII anomalies, including
sensorineural deafness)
2. Hypothalamo-hypophyseal dysfunction
(including GH and gonadotrophin defects)
3. Malformation of the ear (internal or external)
4. Malformation of mediastinal organs (heart,
esophagus,)
5. Mental retardation

Typical CHARGE: three
majors OR two majors +
two minors
Partial CHARGE : two
majors +one minor
Atypical CHARGE: two
majors but no minors OR
one major + two minors
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template.72 CHD7 protein counts several functional do-

mains: two chromo (chromatin organization modifier),

one SNF2/SWI, one helicase and two BRK domains

(Figure 4). Chromo domains are implicated in the recogni-

tion of lysine-methylated histone tails and of DNA (and

RNA) targets. They mediate chromatin interactions in a

variety of different protein context.73 SWI/SNF2 domains

are found in proteins characterized by DNA-dependent

ATPase activity, involved with the maintenance, transmis-

sion and expression of the eukaryotic genome by regulat-

ing the structure of chromatin.74 The helicase domain

plays a role in DNA strand separation during replication,

repair, recombination and transcription. Function of the

BRK domain is unknown.

By semi-quantitative reverse transcriptase-polymerase

chain reaction assay, CHD7 is expressed ubiquitously in

fetal and adult tissues: including eye, olfactory epithelium,

inner ear and vascular system.68 By contrast, in 10.5-day

mice embryos, Chd7 is selectively expressed in the outflow

tract of the heart, optic vesicle, facio–acoustic preganglion

complex, forebrain, hindbrain, olfactory pit and mandib-

ular component of the first branchial arch.61 Microarray

gene-expression analysis of lymphoblastoid cell lines

showed a signature pattern of gene-expression differences

that distinguished the individuals with CHARGE syndrome

with CHD7 mutation from the controls.

The function of CHD7 protein is still largely unknown.

The closely related CHD1, CHD3 and CHD4 are known to

contribute to the nucleosome remodeling and deacetylat-

ing complex, leading to anticipate a similar function for

CHD7. CHD7 has recently been shown to be a nuclear

protein, physically associated with chromatin. It coloca-

lizes with promoters specifically marked with methylation

of lysine 4 on histone H3 (H3K4me), suggesting that CHD7

targets a specific subset of transcriptionally active genes,

including several genes within the HOXA cluster, and may

act as an activator of transcription.75

Published mutations in CHD7 are scattered throughout

the gene, and do not show preferential domain aggrega-

tion, nor hot spot (although some identical mutations

were found in two or three unrelated individuals.) They

include missense, nonsense and splicing mutations

Furthermore, small intragenic deletions have been show

in one case76 (Table 3). In Lalani’s series 61, 73% of

mutations were predicted to be truncating, clearly indicat-

ing haploinsufficiency as the pathogenic mechanism.

There is no clear genotype/phenotype relationship. Muta-

tions were shown to be dominantly transmitted in some

families, and proven recurrence of a mutation in two sibs

confirmed the possibility of germinal mosaicism. Interest-

ingly, a pair of affected MZ twins61 showed remarkable

discrepancies in the cardiac malformation patterns. So-

matic mosaicism was detected in the unaffected mother of

a sib pair, supporting the existence of germline mosai-

cism.45

With the ENU mutagenesis program, Bosman et al77

reported the identification of mutations in the Chd7 gene

in nine of these mice mutant , including six nonsense and

three splice-site mutations. These Wheels heterozygous

mutant mice revealed a range of defects with reduced

penetrance, such as truncations of the lateral semicircular

canal, cleft palate, choanal atresia, septal defects of the

heart, hemorrhages, prenatal death, vulva and clitoral

defects and keratoconjunctivitis sicca that mimics human

CHARGE syndrome. Lalani et al61 studied mouse embryo

whole-mount and section in situ hybridization and showed

the expression of Chd7 in the outflow tract of the heart,

optic vesicle, facio–acoustic preganglion complex, brain,

olfactory pit and mandibular component of the first

branchial arch. The in situ hybridization analysis of the

CHD7 gene during early human development by Sanla-

ville78 showed a good correlation between specific CHD7

expression pattern and the developmental anomalies

observed in CHARGE syndrome. In particular, CHD7 is

expressed in the semicircular canals, the forebrain, pitui-

tary gland, olfactory bulbs and nerves, the nasal epithelia,

the neural retina, the optic nerve sheath and the anterior

and median lobes of the pituitary gland.

SEMA3E After having mapped a de novo balanced

t(2;7)(p14;q21.11) translocation, in a CHARGE patient,

interrupting the SEMA3E gene located in 7q21, Lalani79

reported a de novo missense mutation S703L of SEMA3E in

another affected patient with iris coloboma, choanal

atresia, ear malformation, profound deafness, tetralogy of

Fallot, developmental delay and growth retardation. Array-

based expression analysis showed a non-CHD7 pattern in

this patient. Although this amino acid is conserved in

human, mouse and rat, the role of SEMA3E remains

putative and functional relations between CHD7 and

SEMA3E unexplained.

Chromosomal anomalies

Several chromosomal anomalies (including trisomy 13 and

18) show elements of CHARGE syndrome. More specifi-

cally, 11qter deletion and 13qter deletion are confusing, as

coloboma, heart defects and holoprosencephaly/arhinen-

cephaly are commonly reported. Table 4 summarizes the

chromosomal anomalies reported with convincing

Figure 4 Genomic (up) and protein (bottom) map of CHD7.
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CHARGE phenotype. Although the overlap of CHARGE

and DiGeorge syndromes has been repeatedly reported,

reports of the deletion in bona fide CHARGE remains

exceptional80 A single patient has been reported with both

del(22)(q11) and CHD7 mutation.45

Phenocopies CHARGE syndrome has been reported in

patients exposed in utero to thalidomide, retinoic acid,

hydantoines, alcohol or maternal diabetes.81–85 Those

reports are anecdotic and could be fortuitous.

Pathogeny

Abnormal events, in CHARGE occurs at the end of the first

month of development (closure of colobomic cleft: days

34–44; rupture of bucopharyngral membrane: day 35–38,

colonization of cardiac tube by neural crest cells: day 32–

45; cochlea: begins at day 36) to after the 9th week of

gestation. CHARGE syndrome results from a dysblastoge-

netic and dysneurulative process: abnormal differentiation

of cephalic mesoderm and ectoderm (otic placode and first

branchial cleft), abnormal setting (differentiation, migra-

tion, survival) of neural crest cells, abnormal interaction of

neural crests (forming e.a. first and second arch) with the

cephalic mesoderm and the developing forebrain, and

concomitant disorder in the development of the prosence-

phalon, mesencephalon and rhombencephalon out of

which the neural crest cells have migrated. CHARGE is

thus a complex neurocristopathy.37,86–88

Van Meter,88 and later Kallen,89 suggested that oculo-

auriculo-vertebral, VATER and CHARGE could be related by

a common pathogenetic mechanism resulting in disturbed

neural crest development. In particular, agenesis of

semicircular canals was reported in Goldenhar syndrome.90

From a nosographic point of view, CHARGE syndrome can

also be regarded as a syndromal form of Kallmann

syndrome, which is defined by hypogonadotropic hypo-

gonadism combined with a defective sense of smell and

abnormal olfactory bulb development. Hill91 reported

Kallmann syndrome with agenesis of the semicircular

canals.

Conclusions
CHARGE syndrome is a clinical diagnosis. The clinical

scores have shown their robustness, as almost all patients

with CHD7 mutation fit them (Figure 1). Pathogeny of the

CHARGE remains puzzling: CHD7 is a regulatory element

that potentially affects a large number of developmental

pathways, explaining the pleiotropic nature of its pheno-

typic spectrum. The next step will be to understand

precisely which genes and pathways are under the control

of CHD7, whether SEMA3E is or not another CHARGE gene

Table 3 Types and frequency of CHD7 mutations reported in CHARGE patients

Jongmans Lalani Aramki French seriesa Total

Nonsense 31 45% 28 44% 6 35% 27 36% 92 44%
Frame shift 17 25% 19 30% 7 41% 32 43% 75 36%
Splice site 13 19% 10 16% 3 18% 7 9% 33 16%
Missense 8 12% 7 11% 0 0% 8 11% 23 11%
intragenic deletion 0 0 1 6% 0 1 0.5%

69 64 17 74 207

aPersonal communication (Sanlaville et al, Assises de Génétique, 2006, Montpellier, France).

Table 4 Cytogenetic anomalies, not involving the 8q12 region, reported with CHARGE syndrome

Ref Karyotype C H A R G E Criteria

92 45,XX,-3,-22,+der(3)t(3;22)(p25;q11.1) � + + + girl � 3/6
46,XY,-18,+der(18)t(2;18)(q37.3;q22.3) � + + + + ? 4/6

93 46,XY,-3,+del 3(pterp21.2::p12qter) + + + + + + 6/6
94 46,XX,invdup(14)(q22-q24.3) + + + + + + 6/6
95 47,XX,+18 + + + ? ? + 4/6
96 46,XX,der(21)t(19;21)(q13.1;q22.3)mat + + ? + ? + 4/6
80 46,XX,del 22q11.2 + + + + ? + 5/6
97 46,X,der(X)t(X;2)(p22.1;q33) � + + + + + 5/6
98 46,XY,dup(1)(q31-q43) � + � + + + 4/6
99 46,XX,t(5;14)(p15;q13) + � � + + + 4/6
100 Trisomie 8q22qter � + + ? + � 4/5
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and which molecular partner(s) can explain the 40% of

non-mutated CHARGE syndrome.
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