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Abstract

CHARGE syndrome (Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of
growth and/or development, Genital and/or urinary anomalies, and Ear malformations, including
deafness and vestibular disorders) is a genetic condition characterized by a specific and
recognizable pattern of features. Heterozygous pathogenic variants in the chromodomain helicase
DNA-binding protein 7 (CHD?) are the major cause of CHARGE syndrome, and have been
identified in 70-90% of individuals fulfilling clinical diagnostic criteria. Since 2004, when CHD7
was discovered as the causative gene for CHARGE syndrome, the phenotypic spectrum associated
with pathogenic CHD7 variants has expanded. Predicted pathogenic CHD7 variants have been
identified in individuals with isolated features of CHARGE including autism and
hypogonadotropic hypogonadism. Here we present genotype and phenotype data from a cohort of
28 patients who were considered for a diagnosis of CHARGE syndrome, including one patient
with atypical presentations and a pathogenic CHD7 variant. We also summarize published
literature on pathogenic CHD7 variant positive individuals who have atypical clinical
presentations. Lastly, we propose a revision to current clinical diagnostic criteria, including
broadening of the major features associated with CHARGE syndrome and addition of pathogenic
CHD7 variant status as a major criterion.
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INTRODUCTION

CHARGE syndrome is an autosomal dominant genetic condition characterized by a
nonrandom association of clinical features. First coined as an acronym by Pagon et al.
[Pagon et al., 1981], the main features of CHARGE are: Coloboma, Heart malformations,
Atresia of the choanae, Retardation of growth or development, Genital anomalies, and Ear
malformations, including deafness and vestibular disorders. The prevalence of CHARGE
syndrome is estimated to be between 1 in 10,000 [Issekutz et al., 2005] and 1 in 15,000,
depending on the region and diagnostic practices [Janssen et al., 2012]. Initially considered
to be an association, CHARGE was later recognized as a condition likely to have a single
unifying mechanistic explanation, qualifying it as a syndrome [Graham 2001]. In 2004,
CHD7 was identified as the gene responsible for CHARGE syndrome [Vissers et al., 2004].
CHD?7 encodes a member of the Chromodomain Helicase DNA binding (CHD) protein
family, whose members are involved in tissue specific regulation of gene expression during
development [Woodage et al., 1997]. Pathogenic CHD7 variants have been identified in 70—
90% of suspected cases of CHARGE syndrome [Jongmans et al., 2006; Zentner et al.,
2010]; however, when strict clinical diagnostic criteria are met, a pathogenic CHD7 variant
is present in over 90% of cases [Bergman et al., 2011]. Diagnostic laboratories have reported
a low yield (35%) for CHD7testing, suggesting that there is a trend of referral bias for “rule-
out” diagnoses, although it is impossible to know if the patients fulfilled diagnostic criteria
[Bartels et al., 2010].

The spectrum of clinical features associated with CHARGE syndrome has expanded since
the original description in 1981, resulting in several iterative changes to published clinical
diagnostic criteria. Following the original description, Blake and colleagues updated
diagnostic criteria to include cranial nerve dysfunction and visceral malformations [Blake et
al., 1998]. In 2005, Verloes added semicircular canal hypoplasia to the major criteria and
developed formal definitions for partial and atypical CHARGE syndrome [Verloes 2005].
Blake and Prasad later noted that choanal atresia occurs at much lower frequencies than the
other major diagnostic criteria, and suggested that cleft palate may be used in its place when
absent, as these features rarely co-occur [Blake et al., 2006]. These updates to clinical
diagnostic criteria have added to our knowledge about the major and minor features
associated with CHARGE syndrome, and reflect the wide variability in phenotypic severity
that has been reported since the discovery of CHD?7. The use of typical vs. atypical and
major vs. minor criteria for a clinical diagnosis of CHARGE also reflects the complex
phenotypes commonly observed, and raise the very important question of whether
individuals with isolated features such as autism spectrum disorder or hypogonadotropic
hypogonadism and putative pathogenic or proven pathogenic CHD7 variants should be
considered as having CHARGE.

Since the discovery of CHD7 as the causative gene for CHARGE syndrome, clinical testing
for CHD7 variant status has been widely implemented [Bartels et al., 2010; Janssen et al.,
2012; Jongmans et al., 2006]. In addition, application of whole exome sequencing has
expanded the phenotypic spectrum of individuals with pathogenic CHD7 variants, with
many reports of presumed pathogenic CHD7 variants in individuals lacking the full
spectrum of CHARGE clinical features. CHD~7 variants have been reported in individuals
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with isolated features including Autism Spectrum Disorder [Jiang et al., 2013; O’Roak et al.,
2012] or gonadotropin-releasing hormone deficiency [Balasubramanian et al., 2014], but not
cardiac defects [Corsten-Janssen et al., 2014] or cleft palate [Felix et al., 2006]. These
observations raise the important question of whether CHARGE syndrome should be
considered as a clinical diagnosis, a molecular diagnosis, or both.

Here, we present a genotype-phenotype study from our own cohort of 28 patients, including
one patient with atypical presentation and a pathogenic CHD7 variant. We also review
published literature and summarize previously reported atypical features. We suggest that
pathogenic CHD7 variant status should be considered as a major feature for assignment of a
CHARGE syndrome diagnosis. These newly revised clinical diagnostic criteria are intended
to help clarify diagnostic assignment for individuals with atypical features and phenotypes.
This should be especially useful in familial cases where reduced penetrance and clinical
variability are common.

MATERIALS AND METHODS

RESULTS

All human subject research was performed with approval of the University of Michigan
Medical School Institutional Review Board (IRBMED). Individuals who were evaluated in
The University of Michigan Pediatric Genetics Clinic from August 2003—August 2014 for
features of CHARGE syndrome were identified through a search of the scheduling database.
To identify individuals who were likely considered for a diagnosis of CHARGE, we used
search terms associated with major diagnostic criteria. These search terms included:
CHARGE, coloboma, choanal atresia, sensorineural hearing loss, and hearing loss, based on
major criteria used for diagnosis. Each individual who was identified through the search and
consented to participate was assessed for CHD7 variant status. Patients who had a clinical
diagnosis of CHARGE but had not undergone CHD7testing were excluded. Additional
eligible patients were identified from previously published data [Green et al., 2014]. A
literature review was conducted using PubMed. Search terms included CHARGE, CHD?,
CHARGE phenotype, atypical CHARGE, and CHD~7 phenotype.

Statistical significance of differences between pathogenic CHD7 variant positive and variant
negative cohorts was assessed using Fisher’s exact test.

Genotype-Phenotype Correlations

We identified 28 individuals in our clinic that had been considered to have a possible clinical
diagnosis of CHARGE and had undergone CHD7 sequencing. Among these, 16 were
identified to carry a pathogenic CHD7 variant; 15 of these variants were unique and were
evenly distributed throughout the CHD~7 coding region; 10 were nonsense, 3 were frame-
shift, and two were missense variants [Fig. 1]. Clinical features of these 16 individuals with
pathogenic CHD7 variants are listed in Table 1. The remaining 12 individuals tested negative
for CHD7 variants or deletions/duplications.
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We compared the clinical features of pathogenic CHD7 variant positive and CHD7 variant
negative cohorts and found a similar frequency for most features assessed [Table 2].
Although we observed a higher frequency of choanal atresia in pathogenic CHD7 variant
positive individuals (7/16 (44%) vs. 3/12 (25%)), and a lower frequency of renal anomalies
in pathogenic CHD7 variant positive individuals (6/13 (46%) vs. 6/10 (60%)), these
differences were not statistically significant. Genital anomalies have historically been
considered as a minor clinical diagnostic criterion for CHARGE [Blake et al., 1998].
Interestingly, in our cohort, genital anomalies were only reported in male patients. Indeed, 9
of 10 males with pathogenic CHD7 variants and all 5 males without pathogenic CHD7
variants were found to have a genital anomaly.

Additionally, brain and skeletal/limb anomalies are considered minor features of CHARGE,
having been reported in single cases and small cohort studies of individuals with pathogenic
CHD7 variant positive CHARGE syndrome [Alazami et al., 2008; Brock et al., 2003; Doyle
et al., 2005; Jongmans et al., 2006; Pagon et al., 1981; Van de Laar et al., 2007; Wright et
al., 2009; Yu et al., 2013]. Previously reported brain and skeletal/limb anomalies in
pathogenic CHD7 variant positive individuals are listed in Table 3. In our patients, brain and
skeletal/limb anomalies were observed at higher frequencies (50% and 80%, respectively)
than previously published.

Review of Previously Published Atypical Patients

Since the discovery of CHD7 as the major gene for CHARGE, 32 individuals with atypical
presentations have been reported in several large patient cohorts and unique case studies
[Bergman et al., 2011; Cappuccio et al., 2014; Delahaye et al., 2007; Hughes et al., 2014;
Jain et al., 2011; Jongmans et al., 2008; Jongmans et al., 2009; Michelucci et al., 2010;
Palumbo et al., 2013; Randall et al., 2009; Wincent et al., 2008]. We identified these 32
individuals by conducting a literature review as described in Figure 2. Their clinical features
and associated variation are presented in Table 2. All patients with atypical presentations
lacked coloboma or choanal atresia, both of which are major Verloes diagnostic criteria for
CHARGE. In addition, Vissers et al. described one individual with an atypical phenotype
who presented without coloboma or choanal atresia, but was found to have many
characteristic features of CHARGE including semicircular canal agenesis, hearing loss,
facial nerve palsy, genital hypoplasia, and restriction of growth and development [Vissers et
al., 2004]. Under Verloes criteria, the individual described by Vissers et al meets 1 of 3
major criteria, and would be considered to have a diagnosis of atypical CHARGE syndrome.

In our cohort, 13 of the 16 pathogenic CHD7 variant positive patients met Verloes criteria
for a clinical diagnosis of CHARGE, one met Verloes criteria for an atypical diagnosis of
CHARGE, and two could not be fully assessed due to lack of temporal bone imaging [Table
1]. Among our 12 CHD7 variant negative patients, five patients met Verloes diagnostic
criteria , one met Verloes criteria for an atypical diagnosis of CHARGE, four did not have
comprehensive clinical evaluations to assess for the presence of coloboma or semicircular
canal hypoplasia, and two did not meet clinical criteria for a diagnosis of CHARGE, yet
underwent CHD7 sequencing due to presence of hearing loss with various additional minor
features. A single pathogenic CHD7 variant positive patient in our cohort met criteria for an
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atypical CHARGE diagnosis and lacked coloboma or choanal atresia, but had characteristic
inner ear abnormalities. This patient also displayed external ear anomalies, hearing loss,
cranial nerve dysfunction, growth deficiency, and developmental delay, consistent with the
highly diagnostic nature of these features in CHARGE.

Proposal of new diagnostic criteria

Current clinical diagnostic criteria for CHARGE were published ten years ago [Verloes
2005]. More recently, efforts have been made to establish guidelines for clinical
circumstances in which CHD~7 testing should be pursued [Bergman et al., 2011]. In their
paper, Bergman et al. divided all features associated with CHARGE into cardinal and
supportive features, and provided guidelines for when CHD7 testing should be pursued
depending on the combination of features present [Bergman et al., 2011]. Under these
guidelines, 27 of 28 patients in our cohort would be recommended for CHD7 analysis (see
Table 1).

In assessing the clinical data available for our 16 pathogenic CHD7 variant positive patients,
we found that the most common features were inner ear anomaly, external ear anomaly,
hearing loss, cranial nerve dysfunction and developmental delay. As in previous studies,
other features were also seen at high frequencies in our cohort, including coloboma, heart
defects, and feeding difficulties. While choanal atresia is typically considered a major
feature of CHARGE syndrome, in our cohort it was observed in less than half of pathogenic
CHD7 variant positive individuals. Substitution of cleft palate according to revisions to
Verloes criteria by Blake and Prasad elevated two patients to full CHARGE diagnoses
[Blake et al., 2006].

As a result of our analysis and review of existing literature, we propose an update to the
clinical diagnostic criteria for CHARGE syndrome. To account for individuals with milder
phenotypes (including instances of inherited CHD7 variants), we suggest inclusion of
pathogenic CHD7 variant status as a major feature (Table 4). Under these new criteria,
pathogenic CHD7 variant status plus one major feature would be sufficient for a diagnosis of
CHARGE syndrome. We also propose broadening the description of supportive features
associated with CHARGE syndrome, as listed in Table 4. Previously, recommendations were
made to aid decisions for molecular testing [Bergman et al., 2011]. We agree with Bergman
et al [Bergman et al., 2011] that CHD~7 variant testing is indicated for individuals presenting
with more than a single major or minor criterion. We also acknowledge that in the current
“genotype first” environment of expanded clinical genetic sequencing, a pathogenic or
suspected pathogenic variant in CHD7 should warrant careful clinical correlation and
examination of major diagnostic criteria.

DISCUSSION

Here we identified 28 individuals who had been considered for a clinical diagnosis of
CHARGE syndrome and were tested for CHD7 variants. We summarized the clinical
features reported in these patients, and noted the high prevalence of skeletal and brain
anomalies in this cohort [Tables 1, 2, 3]. Of the 16 pathogenic CHD7 variant positive
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patients, one was found to meet an atypical CHARGE diagnosis (by Verloes criteria), while
two others had insufficient clinical assessments to provide a definitive diagnosis.

Phenotype frequencies between pathogenic CHD~7 variant positive vs negative patients in
our cohort differed slightly from previously published cohorts [Bergman et al., 2011; Lalani
et al., 2006; Zentner et al., 2010]. In both Lalani et al and Zentner et al, there were
significant differences between pathogenic CHD~7 variant positive and negative individuals
in the frequencies of coloboma, heart defects, growth delay, developmental delay, and
temporal bone anomalies (Table 2). The clinical features with the largest variations in
frequencies across all four cohorts were choanal atresia, cranial nerve dysfunction, growth
deficiency, and genital anomalies. In our cohort, the high prevalence of genital anomalies in
males may reflect referral patterns by Pediatricians and Endocrinologists and the relative
difficulty of identifying genital hypoplasia in females, especially prior to the onset of
puberty. Together, these observations also raise the question of whether genital anomalies
are a useful minor diagnostic criterion for females with CHARGE.

We acknowledge ascertainment bias in the small cohort size of our analysis. The individuals
included in our study were identified by review of a clinical database of patients seen at The
University of Michigan Pediatric Genetics clinic. Importantly, the purpose of this study was
to evaluate the cases seen in our own clinic and not to provide prevalence or incidence
information. In addition, our sample size was intentionally restricted to those who had
undergone CHD7 variant testing, and therefore our study does capture the multiple factors
that influence whether a given individual has CHD7 variant testing performed, including
insurance coverage, parental motivation, and access to clinical genetics services.

We identified 32 previously published pathogenic CHD7 variant positive patients with
atypical presentations. Together with our patient, these cases highlight the great variability in
presence and severity of features associated with pathogenic CHD7 variants, and the need
for more comprehensive clinical diagnostic criteria. Our data and review of the literature on
atypical presentations also suggest that the presence of one major clinical feature of
CHARGE, along with a pathogenic CHD7 variant, with or without other supportive features
(e.g. hearing loss, external ear anomalies, and developmental delay) could be considered
sufficient to establish the diagnosis.

It is important to note that the interpretation of variation in CHD7remains dependent on the
variant type. Nonsense and frameshift variants with predicted protein truncation and
nonsense mediated decay are typically considered pathogenic, whereas missense variants are
not considered pathogenic unless reported de novo in another individual with CHARGE.
The importance of variant recurrence in assigning pathogenic status is illustrated by a report
from Jain and colleagues of an individual identified with a missense CHD?7 variant
(2230G>A) and a unique phenotype not consistent with CHARGE by Verloes criteria (Table
5) [Jain et al., 2011]. The patient was an 18-year-old man initially seen for refractory
hypocalcemia. He was born at 25 weeks of gestation and during infancy underwent surgery
to correct a ventricular septal defect and right eyelid coloboma. He also had congenital
hypothyroidism, bilateral sensorineural hearing loss, global developmental delay, flexion
deformity of the right thumb, short stature, and bilateral multi-cystic dysplastic kidneys. CT
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of the head showed calcifications consistent with chronic hypocalcemia. The missense
CHD7 variant (2230G>A) reported in this patient was previously described as a
polymorphism, although no functional testing was done [Vuorela et al., 2007]. This variant
encodes for an amino acid that is highly conserved and exists in the population at a minor
allele frequency of 0.005 according to the 1000 Genomes variant browser. This amino acid
change is predicted to be disease causing by MutationTaster, probably damaging by
PolyPhen2, and tolerated according to SIFT. If the variant identified in this patient is found
to be present in another patient with CHARGE, then according to our newly proposed
criteria, a diagnosis of CHARGE would be made.

Because the majority of pathogenic variants in CHD7 associated with CHARGE syndrome
are nonsense or predicted loss of function [Janssen et al., 2012], haploinsufficiency of CHD7
is thought to be the major pathogenic mechanism underlying CHARGE syndrome. To date,
seven patients have been reported to carry deletions involving CHD7 [Arrington et al., 2005;
Hurst et al., 1991; Palumbo et al., 2013; Randall et al., 2009; Vissers et al., 2004; Wincent et
al., 2008]. Of these seven, two do not currently meet diagnostic criteria for CHARGE
syndrome (Table 5) [Palumbo et al., 2013; Randall et al., 2009]. However, under our
proposed criteria, both patients with CHD7 deletions would be given a diagnosis of
CHARGE. One of these patients was reported to have a de novo 8q12.1q12.3 deletion
involving the entire CHD7 gene [Palumbo et al., 2013]. This patient presented with facial
asymmetry, failure to thrive, developmental delay, gastro-esophageal reflux disease, external
ear anomalies, and normal middle and inner ears. This patient’s deletion on chromosome 8
also included several other candidate genes, which could influence the patient’s phenotype.

The phenotypic spectrum of pathogenic CHD7 variation has recently expanded to include
individuals with a diagnosis of Kallmann syndrome. In one Kallmann syndrome cohort,
three individuals were identified as having CHD7 variants, two of which had additional
features suggestive of atypical CHARGE syndrome (Table 5) [Jongmans et al., 2009].
Additional reports have confirmed the presence of CHD7 variants in a subset of patients
clinically diagnosed with Kallmann syndrome [Bergman et al., 2012; Marcos et al., 2014].
Individuals with Kallmann syndrome often have one or more supportive features of
CHARGE syndrome, yet do not fulfill clinical diagnostic criteria for CHARGE. CHD7
variants identified in these individuals are commonly missense variants than frameshift,
nonsense, or deletion variants, which may explain the milder CHARGE phenotypes. Under
our newly proposed criteria, one of the two atypical patients described by Jongmans and
colleagues would also be considered as having CHARGE syndrome, and the other would not
be assigned a diagnosis due to incomplete clinical assessment [Jongmans et al., 2009].

In a comprehensive study by Bergman and colleagues in 2011, 17% (22/124) of pathogenic
CHD7 variant positive patients could not be clinically diagnosed with CHARGE syndrome
(based on Verloes criteria) due to the presence of none or only one major feature (Table 5)
[Bergman et al., 2011]. Of these 22 patients, three mildly affected pathogenic CHD7 variant
positive individuals were described. One had characteristic external ear anomalies, normal
semicircular canals, normal cranial nerve function, and normal pubertal development. The
second pathogenic CHD~7 variant positive patient came to clinical attention only after he had
severely affected children. His clinical features consisted of mild semicircular canal
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anomalies and mild hearing loss. The third pathogenic CHD~7 variant positive patient in
Bergman et al. was initially diagnosed with Kallmann syndrome and sensorineural hearing
loss, but after CHD~7 testing, temporal bone CT was performed and revealed hypoplasia of
the semicircular canals [Bergman et al., 2011]. With our newly proposed diagnostic criteria,
all three of these patients with atypical presentations would be considered as having a
diagnosis of CHARGE syndrome.

Interestingly, of the 32 pathogenic CHD~7 variant positive individuals previously reported as
having atypical CHARGE or not meeting diagnostic criteria, 28 would be assigned a
diagnosis of CHARGE under our proposed criteria (Figure 3). 21 of the 32 individuals
cannot be assigned a diagnosis of CHARGE using Verloes criteria because temporal bone
imaging or other critical clinical evaluations have not been performed (Table 5). In addition,
the three pathogenic CHD7 variant positive patients (one with atypical CHARGE and two
with incomplete clinical information) described here would be given a diagnosis of
CHARGE under our proposed criteria, due to the presence of at least one other major
feature.

These expanded diagnostic criteria should allow for inclusion of individuals formerly
described as having “partial” or “atypical” CHARGE, and will allow for potential
assignment of other diagnoses in individuals who present with CHD7 variants and subsets of
features such as Kallmann or Autism Spectrum Disorder. We highlight the important of a
thorough clinical assessment including CT of the temporal bones, full ophthalmological
exam, nasal endoscopy, audiometry, cardiac evaluation, brain imaging, and renal ultrasound
as early as possible. Many features associated with CHARGE syndrome can be missed
unless specifically explored. For example, the high frequency of skeletal/limb, renal, and
brain anomalies present in our cohort demonstrates the need to assess for these features.

Notably, the most atypical and mild phenotypes reported in association with pathogenic
CHD7 variants have been described in cases of inherited CHARGE syndrome. Jongmans et
al. reported three different families with inherited pathogenic CHD7 variants and mild
phenotypes observed in affected individuals [Jongmans et al., 2008]. Inherited cases of
CHARGE syndrome have also been demonstrated in families with as many as 3 generations
of family members found to carry a pathogenic CHD7 variant (Table 5) [Hughes et al.,
2014]. The phenotypes in pathogenic variant positive family members ranged from unilateral
hearing loss in one individual to bilateral cleft lip/palate, bilateral coloboma, growth
deficiency, and external ear anomaly in another individual. As a result of the wide
phenotypic variability associated with a pathogenic CHD~7 variant in this family, the authors
proposed that a positive family history, i.e. any first degree relative with at least one major
feature of CHARGE, should be considered as a clinical diagnostic criterion for CHARGE
syndrome. Application of the diagnostic criteria such as those we propose in Table 4 would
allow for these milder phenotypes to be considered as consistent with CHARGE syndrome.
However, not all of the family members described by Hughes et al. currently meet our
proposed diagnostic criteria. Importantly, none of the family members have undergone
temporal bone imaging. Structure of the semicircular canals is a critical piece of clinical
information in making a diagnosis of CHARGE; without this information, a diagnosis of
CHARGE syndrome would not be possible in the absence of other major features.
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The addition of pathogenic CHD~7 variant status to clinical diagnostic criteria is not a new
approach in clinical genetics. Notable examples of other genetic conditions where
pathogenic variant status is specifically included in diagnostic criteria include Marfan and
Stickler syndromes [Loeys et al., 2010; Rose et al., 2005]. In addition, wide phenotypic
variability upon expanded molecular testing has been observed for other genetic conditions.
This has led to replacement of the word “syndrome” for broader terms that reflect the
underlying molecular basis of the condition, such as MECP2-Related disorders, MED12-
Related Disorders, COL4A1-Related Disorders and RASopathies [Graham et al., 2013; Kuo
etal., 2012; Neul et al., 2010; Tidyman et al., 2009]. The term “CHD7-related disorders”
may be appropriate for individuals with pathogenic CHD7 variants and subsets of CHARGE
features.

Additional CHARGE related genes may also be identified, in which case additional revision
of these criteria may become necessary. It may become useful to use the term CHD7-Related
disorders, in the same way that EZH2-Related Weaver Syndrome has replaced the traditional
syndromic name. We suggest that while the designation of typical vs. atypical CHARGE
denotes a difference in phenotype, it may not fully capture phenotypic severity. In addition,
it relies on diagnostic algorithms that can be complex and difficult to remember. Instead,
patients and providers may consider using the qualifiers “mild” or “severe” rather than
typical or atypical as a reflection of clinical severity.

Broadening of the CHARGE clinical diagnostic criteria as proposed here could help clarify,
for clinicians and families, whether individuals with milder features who carry a pathogenic
CHD?7 variant should be considered as having CHARGE. It could also provide a basis for
assessing risk of other CHARGE features in children of individuals who have pathogenic
CHD7 variants and only minor CHARGE features, such as hypogonadotropic
hypogonadism, intellectual disability, or Autism Spectrum Disorder. Our goal is not to
diminish the importance of accurate clinical classification and careful phenotyping. On the
contrary, we believe that detailed attention to clinical features, both major and minor, that
occur in association with CHARGE and/or pathogenic CHD7 variants, will ultimately
determine how best to diagnose, counsel, and care for affected individuals.
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Figure 1.

Schematic of human CHD7 gene with pathogenic variants identified in our 16 patients.
Shown in boxes are coding exons 2—38, starting with exon 2 and the ATG translation start
site. Functional chromodomains, SNF2/helicase, SANT, and BRK domains are shown below
corresponding exons. Shown in above specific exons are frame-shift variants (circles),
nonsense variants (stars), and missense variants (squares). Clinical and variant details are

provided in Table 1.
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Literature search using terms: CHARGE,
CHD7, CHARGE phenotype, atypical
CHARGE, and CHD7 phenotype

|dentified 13 publications reporting on
atypical phenotypes

Total of 32 CHD7 mutation positive
patients reported as having atypical
CHARGE

Assessed if each patient met current
diagnostic criteria and if they would
meet our proposed criteria

Figure 2.
Flowchart describing the literature review process. A PubMed search was conducted using

various search terms related to CHARGE syndrome, CHD?, and atypical phenotypes. Each
publication identified in the search was reviewed to identify patients reported to have
atypical or partial CHARGE, or to not meet diagnostic criteria. Clinical features were noted
for each patient. We then assessed whether each patient would meet current diagnostic
criteria as well as our proposed diagnostic criteria.
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Figure 3.
Application of new CHARGE diagnostic criteria. Pie charts show numbers of published

cases with undetermined, atypical, or no CHARGE diagnosis, both before and after
application of the new diagnostic criteria.
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Skeletal, limb and brain anomalies in pathogenic CHD7 variant positive patients

Table 3

phalanges

Patient . .
Number Skeletal/limb anomaly Brain anomaly
1 NA None
2 NA None
Thoracic kyphosis; cervical
3 lordosis, failure of fusion of the None
posterior elements of C6
Small splenium of the corpus
4 NA callosum
5 Fused vertebrae, scoliosis Chiari | malformation
6 Scoliosis None
7 Neuromuscular scoliosis None
8 None NA
Mild dysmorphic brain with prominent
9 Kyphoscoliosis ventricular system including the fourth
and third ventricles, small pons
. Dysmorphic cerebellar structures
10 Fuzgcoil\i/oesritst;;a;,kcorp]%es?sltal wrapping around the lateral aspects
yp of the brainstem
11 NA Hypoplasia of the inferior cerebellar
vermis and thin corpus callosum
i th
12 Polysyndactyl;:hof bilateral 5" and None
6" toes

13 None None

Hypoplasia of the inferior cerebellar
14 NA vermis

Hypoplasia of the inferior cerebellar
15 NA vermis
16 Bilateral hypoplasia of 5% finger NA

NA, not assessed
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