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Abstract

Epigenetic events including chromatin remodeling and histone modifications have recently
emerged as important contributors to a variety of neurodevelopmental disorders. This review
focuses on CHARGE syndrome, a multiple anomaly condition caused by mutations in the gene
encoding CHD7, an ATP-dependent chromatin remodeling protein. CHD7 exhibits pleiotropic
effects during embryonic development, consistent with highly variable clinical features in
CHARGE syndrome. In this review, a historical description of CHARGE is provided, followed by
establishment of diagnostic criteria, gene discovery, and development of animal models. Current
understanding of epigenetic CHD7 functions and interacting proteins in cells and tissues is also
presented, and final emphasis is placed on challenges and major questions to be answered with
ongoing research efforts.
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Introduction

Genes that encode histone modifying enzymes are increasingly being identified as causative
in a variety of developmental disorders. Included among such disorders is CHARGE
syndrome, caused by heterozygous mutations in the gene encoding CHD7, a chromatin
remodeling protein, is characterized by Coloboma, Heart defects, Atresia of the choanae,
Retardation of growth and development, Genital hypoplasia, and Ear abnormalities
including deafness and vestibular disorders [1]. CHARGE syndrome affects 1 in 10,000 to 1
in 8,000 newborns worldwide [2,3]. Individuals with CHARGE syndrome exhibit broad
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variability in clinical features, even between affected individuals from the same family who
carry the same mutation. The mechanisms underlying this variability are not known, but are
likely related to changes in gene expression or genetic modifiers. Roles for CHD?7 in cells
include formation of large protein complexes and regulation of movement of nucleosomes
along DNA. In this review, the historical significance of CHARGE association (later
renamed CHARGE syndrome) is presented, followed by the impact of CHD7 gene
discovery on diagnosis and understanding of the phenotypic spectrum association with
CHARGE. Finally, an exploration of recent discoveries and challenges is provided,
highlighting the pleiotropic effects of CHD7 and interacting partners in developing cells and
tissues. Figure 1 illustrates the general paradigm by which CHARGE syndrome and CHD7
research has evolved: from family studies and descriptions, to gene identification and
generation/characterization of animal models, to development of cell and molecule based
approaches and, ultimately, back to treatments for affected individuals.

CHARGE: from association to syndrome

The first reports of individuals who were later found to have CHARGE occurred
simultaneously in 1979. “Choanal atresia and associated multiple anomalies” was described
by Dr. Bryan Hall in a series of 17 patients ascertained primarily by bilateral or unilateral
posterior choanal atresia [4]. The same year, Hittner and colleagues published a series of 9
children and one adult, including a mother-daughter, with colobomatous microphthalmia,
heart disease, abnormalities of the external ear with associated hearing loss, and mental
retardation [5]. The phrase “CHARGE association” was coined two years later by Pagon and
colleagues, when an additional 21 individuals were described as having a similar
constellation of features, including choanal atresia or ocular coloboma or both, and at least
four of the seven most common findings (coloboma, congenital heart disease, choanal
atresia, postnatal growth deficiency, mental retardation and/or CNS anomalies,
hypogonadism, and ear anomalies/deafness) [6]. Interestingly, Pagon et al remarked that “At
least two separate, but perhaps indistinguishable, genetic forms may exist: autosomal
dominant inheritance is suggested by one family in which a mother and daughter appear to
be affected; autosomal recessive inheritance seems likely in another family in which an
affected sister and brother have normal parents”. This prescient observation, written 23
years before the gene for CHARGE was identified, was correct in concluding that autosomal
dominant transmission can occur, since it is now known that heterozygous mutations in
CHD7 cause CHARGE; however, autosomal recessive inheritance has not been reported,
probably because loss of both CHD7 alleles is embryonic lethal. An alternative explanation
for the family with two affected children and unaffected parents is germline mosaicism for a
de novo mutation.

These early descriptive studies of affected individuals and their family members established
a solid foundation for the variety of clinical features observed in CHARGE, and led to the
first set of proposed diagnostic criteria by Blake in 1998 [7]. Additional input by Verloes
elevated the importance of semicircular canal dysgenesis, revised the diagnostic criteria to
include typical and atypical cases, and provided impetus to change the official name to
“CHARGE syndrome” [8]. It is highly noteworthy (though perhaps not surprising to the
dysmorphologists and clinicians involved) that both diagnostic criteria by Blake (1998) and
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Verloes (2005) have survived beyond discovery of the CHD7 gene, suggesting high
specificity and sensitivity for these early astute observations.

As mentioned above, CHARGE syndrome was considered early on to be a potential genetic
disorder, based upon reports of familial transmission, similarity of features between affected
individuals, and chromosomal abnormalities in isolated cases. However, early searches
yielded no major causative genes [9]. This situation changed dramatically in 2004, when
Vissers et al reported identification of CHD7 as the causative gene for CHARGE [1]. Their
report built upon earlier studies of a child with a large deletion of chromosome 8912 and
another child with a balanced translocation of chromosomes 6 and 8, and was the first
successful identification of a single gene disorder using array comparative genomic
hybridization (cGH). In retrospect, it is ironic that the technology (array cGH) used to
discover the CHD7 gene in CHARGE does not typically reveal the genetic mutation, since
the vast majority of individuals with CHARGE have single base pair mutations or very
small deletions/duplications that do not affect the entire gene [10].

Over 500 different human pathogenic mutations in CHD7 have been identified thus far
(www.chd7.org), in all but one of the 37 coding exons and in some intronic sequences.
These mutations affect known protein domains, including the N-terminal chromodomains,
helicase domains, and c-terminal SANT/BRK domains. However, only one study has
systematically tested the effects of CHD7 mutations in biochemical assays, showing that
mutations disrupt ATP-depending nucleosome sliding along DNA and accessibility of
chromatin to restriction enzymes [11]. Although not yet available, a rapid, high-throughput,
cell or animal-based assay would be highly informative not only for confirming the
pathogenicity of these variants for clinical diagnosis and counseling, but for providing
critical information about novel and known protein functions.

Variability in CHARGE clinical features

In the 10 years since CHD7 was discovered there have been 222 publications indexed in
www.pubmed.org using “CHD7” as a keyword. Early reports included extensive genotype-
phenotype analyses of large cohorts of individuals [12-15]. Results of these studies suggest
that individuals with atypical CHARGE who do not meet established criteria tend to have
missense mutations, whereas individuals with typical CHARGE more often have loss-of-
function or deletion mutations. In another series of studies, investigators asked whether
individuals with isolated CHARGE features also have CHD7 mutations. To date, such
studies indicate that CHD7 mutations are rarely associated with isolated hypogonadotropic
hypogonadism and congenital heart disease but not with isolated semicircular canal
dysplasia and clefting [16—20]. Other reports point to rare individuals with developmental
delay, autism spectrum disorder, or intellectual disability and CHD7 mutations [21-23].
Further biochemical analyses of these newly reported mutations are necessary to establish
their effects on CHD7 protein function.

Individuals with CHARGE face a variety of health challenges that change with age. In the
first few months of life, major difficulties include feeding, respiratory dysfunction, and
cardiac disease. CHARGE is also the second leading cause of deaf-blindness (after Usher
syndrome), although most individuals with CHARGE have some degree of hearing and
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visual abilities. CHARGE is also a major cause of balance disturbance, facial palsy,
impaired pain sensation, and hyposmia/anosmia. These sensory impairments are often
identified shortly after birth while families are adjusting to medical, life-threatening illnesses
in their baby. In later childhood, developmental delays, speech and hearing impairments,
and growth delays become intense areas of focus for physicians and families. Children with
CHARGE syndrome often require hormonal supplementation, attributable to
hypogonadotropic hypogonadism, hypothyroidism, growth hormone deficiency, or a
combination of each. Children and young adults with CHARGE may also have
developmental challenges that require special accommodations for sensory impairments,
learning disabilities, and attention disorders, and may benefit from supportive services to
help them transition to adulthood.

Several recent studies have summarized the prevalence of specific disorders associated with
CHARGE. The most commonly reported condition is dysplasia or aplasia of the
semicircular canals, which is considered almost pathognomonic for CHARGE since it
occurs in 94-98% of affected individuals regardless of CHD7 mutation status [24,25].
Ocular coloboma is also highly penetrant in CHARGE, occurring in 75-81% of individuals
with CHARGE and CHD7 mutations [24,25]. Cardiac abnormalities, cranial nerve
dysfunction, choanal atresia and clefting are less common, varying from 30-75% [24,25].
The high degree of variability in penetrance of clinical features by organ system suggests
that certain cells or tissues are more susceptible to altered CHD7 function than others.
Identification of these tissue specific CHD7 requirements will certainly influence the design
of rationale therapies toward promoting organ and tissue regeneration.

CHDY functions, animal models and interacting partners

The clinical features of CHARGE are consistent with emerging information about the
functions of CHD7 protein. CHD7 forms large complexes with other proteins, and acts in
the cell nucleus to move nucleosomes along, or away from, DNA [11]. This function of
CHD?7 endows it with a critical role in co-regulation of gene expression at thousands of sites
in the human genome. Like other CHD family member proteins, CHD7 binds preferentially
to methylated histones at specific Lysine residues, and has no a priori preference for binding
directly to specific DNA sequences [26—28]. CHD?7 has been reported to be enriched at
methylated histones in enhancer regions and near transcription start sites, and loss of Chd7
in cells leads to misregulation of thousands of other genes [28]. A major challenge,
therefore, is to determine which downstream target genes share responsibility for the
phenotypes observed in CHARGE, and whether these target genes might be sensitive to
treatment.

Several key areas of research have been pursued since the CHD7 gene was discovered in
CHARGE. Mouse models have proven invaluable for recapitulating the phenotypes
observed in humans, and for testing responses to altered vitamin A signaling pathways [29—
31]. Kismet, the Drosophila orthologue of Chd7, also exhibits abnormalities reminiscent of
CHARGE, including disrupted neural development [32—-34]. In kismet mutant flies, RNA
polymerase 1l transcriptional elongation is abnormal, suggesting another potential avenue
for intervention [33]. Work in zebrafish has also uncovered deficits in ribosomal RNA
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dysgenesis, and overlapping functions between kismet/CHD7 and other genes that
contribute to other craniofacial conditions, including Treacher-Collins syndrome [35,36].
Studies on Xenopus laevis also showed that neural crest derivatives are sensitive to changes
in Chd7 dosage and exhibit CHARGE-like features, providing yet another potential route for
early developmental intervention [37]. There is also emerging data that CHD7 binds to and
down-regulates the tumor suppressor p53, and may act to control programmed cell death
[38].

The epigenetic effects of CHD7 on chromatin and gene regulation appear to depend largely
upon the precise composition(s) of large protein complexes with which it interacts (Fig. 2).
In mesenchymal stem cells, CHD7 forms a complex with SETDBI, a histone
methyltransferase, and Nemo-Like Kinase (NLK) in response to Wnt5a-mediated signaling
[39]. This complex then translocates to the nucleus where it binds to and regulates PPAR-y
transactivation of target genes to promote cell fate decisions [39]. In developing neural crest
cells, CHD?7 interacts with members of the PBAF complex to regulate expression of Twist,
Sug, Snail, and Sox9 and with Brgl specifically to promote PlexinA2 expression [37,40].
Cardiac myocytes, some of which are likely to have their developmental origins in neural
crest, also express CHD7 and form complexes with R-SMAD proteins SMAD1/5/8,
(components of the BMP signaling pathway) which then regulate expression of the cardiac
transcription factor gene Nkx2.5 [41]. These examples illustrate the variety of protein
complexes and cell types/tissues involved in CHD?7 functions.

In addition to these known tissue-specific factors, CHD7 also binds to other proteins based
on in vitro assays in heterologous cells. CHD8, a member of the third subfamily of CHD
chromatin remodeling proteins, and FAM124B were recently shown to form a large protein
complex, but its function in cells and tissues has not yet been defined [42,43]. In humans,
mutations in CHD8 were recently reported in individuals with autism, macrocephaly and
craniofacial dysmorphisms, but no other features suggestive of CHARGE syndrome [44—
46]. Interestingly, mutations in two other CHD family genes, CHD2 and CHD4, were
recently associated with seizures and developmental delay, raising the possibility that
mutations in additional family member genes in other human neurological disorders remain
to be identified. It is not yet known whether CHD2 or CHD4 form protein complexes with
CHD?7.

Critical questions for CHARGE and CHD7 research

Future research will need to address several key questions. To date, little is known about the
factors that regulate expression of CHD7. In mice, the Chd7 gene is highly expressed in
embryonic stem cells and in the early (e7.5-€8.5) embryo, and becomes progressively
downregulated [47]. By e12.5, Chd7 expression is restricted to neural progenitors in the
brain, cranial ganglia, and enteric nervous system, and to a variety of neural crest derivatives
[30]. It is also expressed in heart, kidney, limb bud, and craniofacial mesenchyme, among
other tissues. This gradual restriction of Chd7 gene expression argues for the presence of
active factors that bind to the Chd7 gene promoter and restrict its expression. Identification
of these factors will be useful because such factors could be targets for interventions aimed
at correction or de-repression of mutant alleles.
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An open question that requires intensive study is the genetic cause(s) of CHARGE in
individuals who meet clinical criteria yet have no identifiable mutation in CHD7. Recent
studies suggest that roughly 10-20% of individuals with CHARGE do not have CHD7 gene
mutations or gene dosage abnormalities as a genetic explanation [10]. Notably, there is
significant overlap in clinical features between CHARGE and other single gene or oligo-
genic disorders including Kabuki syndrome, Renal-coloboma syndrome, Branchio-oto-renal
(BOR) and Branchio-otic (BO) syndromes, Kleefstra syndrome, Mowat-Wilson syndrome,
and Mandibulofacial dysostosis [48-53]. The overlap in features between CHARGE and
Kabuki syndromes may be explained in part by common interacting partners. Like KMT2D,
the H3K4 histone methyltransferase mutated in some individuals with Kabuki syndrome,
CHD?7 was recently shown to interact with members of the WAR complex of proteins
(WDR5, ASH2L, and RbBP5), suggesting that regulation of target genes by this complex
may be similar in cells and tissues affected in CHARGE and Kabuki [48].

Application of next-generation sequencing techniques, including whole exome sequencing
and whole genome sequencing, should help uncover new mutations in CHD7 or in novel
genes associated with CHARGE. Whole genome sequencing, with deep coverage, may also
help identify somatic mutations (those occurring later than the zygotic stage), mutations in
genes with low coverage on whole exome sequencing, and mutations in noncoding DNA
regions. A very recent and promising study of 1500 individuals with nonsyndromic
intellectual disability used a step-wise approach with array CGH (to detect genomic
deletions or duplications), followed by whole exome sequencing (to identify mutations in
exons), then whole genome sequencing (to identify noncoding mutations or mutations in
genes that were poorly covered by exome sequencing) [54]. This approach led to a genetic
diagnosis in 60% of cumulative cases, suggesting that next generation sequencing
technologies may also uncover novel genetic causes of CHARGE [54].

Finally, advances in small molecule or chemical based treatments will require the
availability of human cell lines that harbor mutations in CHD7. Use of induced pluripotent
stem cells from affected individuals, compared to cells corrected using CRISPR/Cas9 gene
editing, will be very powerful for determining effects of CHD7 dysfunction in a wide variety
of cells and tissues, and will be useful for studying cellular responses to medications that
require functional CHD7.

Conclusion

CHARGE syndrome is a relatively common, multiple birth defect condition that is being
increasingly recognized and diagnosed worldwide. Identification of CHD7 mutations in
2004 as the primary cause of CHARGE has led to astonishing advances in understanding of
how disrupted chromatin remodeling can impact human health, and has posed new questions
about how to harness this information to develop targeted therapies. Treatment and
prevention of CHD7 mutation-related effects on developing cells and tissues are goals that
will require intense study of epigenetic changes in chromatin across developmental space
and time, using newly developed mouse, fly, fish, and frog models. Design and
implementation of these therapies will also require close collaboration among affected
individuals, their physicians, and researchers. Fortunately, the time is now, the field is well
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poised for such advances, and affected individuals and their families are waiting with bated
breath.
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Exploring CHARGE syndrome: from diagnosis to treatment
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Figure 1.
Ilustration of the paradigm for CHARGE clinical description, gene discovery, development

of animal models, and pursuit of molecular and cell based therapies.
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Figure 2.
Cartoon showing known CHD?7 binding partners and target genes. Additional details and

references are provided in the text.
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