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ABSTRACT

CHARGE syndrome is characterized by co-occurrence of multiple malformations due to abnormal
development of neural crest cells. Here, we review the phenotypic and molecular overlap between
CHARGE syndrome and similar pathologies, and further discuss the observation that neural crest

cells appear especially sensitive to malfunction of the chromatin-transcription-splicing molecular
hub.
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Introduction

Spliceosomopathies form a particular class of rare diseases characterized by the presence of
mutations in spliceosome-associated factors [1, 2]. These congenital disorders present a complex
array of phenotypes, including: microcephaly, intellectual disability, neurodegenerative conditions,
limb malformations, congenital heart defects, and craniofacial malformations [3, 4, 5, 6].
Surprisingly, despite the fact that genes coding for spliceosome components are generally
ubiquitously expressed, most of the anomalies described above affect neural tube and neural crest
cell (NCC) derivatives.

Initially residing in the dorsal neural tube, NCCs are multipotent cells that colonize various regions
of the developing embryo in order to generate very distinct cell types, such as: peripheral neurons
and glia, hypothalamic GnRH neurons, craniofacial chondrocytes and osteoblasts, melanocytes,
adrenal chromaffin cells as well as particular cell types of the heart, eye and inner ear [7]. The
differentiation potential of NCCs is in part dictated by their original position along the anterior-
posterior neural axis, generating 5 subpopulations of NCCs: cranial, cardiac, vagal, trunk and
sacral. Problems with NCC migration, proliferation, survival, and/or differentiation may cause
neurocristopathies, a heterogeneous group of pathologies that reflect the different NCC
subpopulations affected as well as the wide diversity of potential NCC derivatives [8, 9]. For
example, craniofacial malformations are caused by problems with cranial NCCs, while problems
with cardiac and vagal NCCs may cause cardiac outflow tract and enteric nervous system

malformations, respectively.

CHARGE syndrome is a neurocristopathy with complex clinical presentation that mainly impacts
cranial and cardiac NCC derivatives, affecting ~1/10 000 newborns worldwide [10]. Although the
acronym CHARGE stands for six of the anomalies that are commonly associated with the disorder
(Coloboma of the eye, Heart defects, Atresia of choanae, Retardation of growth/development,
Genital abnormalities, and Ear anomalies), diagnosis of CHARGE syndrome does not depend on
the co-occurrence of all of them. Each of these characteristics as well as other anomalies frequently
encountered (e.g. craniofacial dysmorphism and cleft palate) can vary from severe to absent,
resulting in different combinations in different children [11]. Until very recently, heterozygous
mutation of CHD7 was the only known genetic cause of CHARGE syndrome [12]. Since CHD7
preferentially regulates nucleosome positioning near enhancer regions [13, 14], the only molecular
mechanism suspected to be involved in CHARGE syndrome was chromatin remodeling-dependent

transcriptional dysregulation of genes important for NCC development [15, 16, 17].



In a sustained and concerted effort to identify neurocristopathy-associated genes [18, 19, 20, 21],
we recently generated a mouse model for CHD7 mutation-negative CHARGE syndrome, by
random insertional mutagenesis of the poorly characterized gene Fam172a [22]. We found that
Fam172a codes for a new Ago2-binding protein that seems to be essential for stabilizing protein-
protein interactions at the chromatin-spliceosome interface. Analysis of single and double
Fam172a-Chd7 mutant mice, as well as patient-derived cells, further allowed us to propose that
dysregulation of cotranscriptional alternative splicing is a potentially unifying pathogenic
mechanism for all cases of CHARGE syndrome, regardless of the mutated gene. In this point-of-
view article, we now discuss our data in light of the recent identification of supplemental CHARGE
syndrome-associated genes, and we also speculate as to why NCCs appear especially vulnerable to
perturbation of chromatin structure-dependent cotranscriptional alternative splicing.

Fam172a: a new intriguing regulator of cotranscriptional alternative splicing

In the Toupee mouse model of CHARGE syndrome [22], mutagenic transgene sequences are
inserted in the last intron of Faml172a, generating a hypomorphic allele that negatively affects
almost every aspect of NCC ontology (migration, proliferation, survival and differentiation). Yet,
we found that Faml172a expression is not restricted to this cell lineage, being instead almost
ubiquitously expressed in embryonic day (e)8.5 to €12.5 embryos. Bioinformatics-based analysis of
Fam172a protein sequences predicted different domains, including notably a large one originally
described in Saccharomyces pombe Arb2 (Argonaute binding protein-2) [23]. Functionality of this
domain was verified via immunofluorescence and co-immunoprecipitation assays, which showed
that the Fam172a protein is mainly localized in the nucleus where it physically interacts with Ago2,
but not Agol. In accordance with the nuclear specificity of this interaction, a luciferase-based assay
showed that decreased Fam172a expression has no impact on cytoplasmic posttranscriptional gene
silencing. In addition, DNA and RNA were each found to be required for stabilizing the Fam172a-
Ago2 interaction, suggesting these two proteins are part of a molecular process in which both types
of nucleic acid are involved simultaneously, like alternative splicing.

A role for Fam172a in the regulation of cotranscriptional alternative splicing was then strengthened
by transcriptomics and proteomics data from NCCs, which revealed massive dysregulation of gene
expression levels and alternative splicing upon decreased expression of Fam172a, and enrichment
for chromatin- and spliceosome-associated proteins in the Faml72a interactome. Among
dysregulated genes, dozens previously described as being involved in the NCC gene regulatory

network were notably identified, covering virtually every aspect of NCC development from
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induction to terminal differentiation. Interestingly, we also found that Chd7 physically interacts
with both Faml172a and Ago2, and that exogenous Faml72a can stimulate the Chd7-Ago2
interaction. Moreover, ChIP and RNA-ChIP assays demonstrated that both Fam172a and Chd7 are
present on previously described Ago2-regulated alternatively spliced exons of Cd44. Using a larger
set of previously described splicing targets of Ago2 [24], we then confirmed that alternative
splicing is also extensively dysregulated in Chd7 mutant mice as well as in cells from human
patients bearing a mutation in FAM172A, CHD7 or other unidentified genes. Importantly, acute
treatments of human cells and mouse embryos with rapamycin — which downregulate ribosomal
protein gene expression and thereby promote splicing of other pre-mRNASs by relieving competition
for a limiting pool of splicing factors [25] — not only revealed that CHARGE syndrome-associated
splicing defects can be corrected with a small molecule but also that this is sufficient to
significantly decrease the severity of a highly penetrant CHARGE syndrome-associated phenotype
(coloboma). This very comprehensive study thus allowed us to propose that dysregulation of
cotranscriptional alternative splicing could well be the general pathogenic mechanism for CHARGE

syndrome.

Dysfunction of the chromatin-transcription-splicing triumverate in CHARGE

syndrome

Alternative splicing is now well known to be regulated by transcription and chromatin
structure/composition — both of them influencing exon retention/exclusion by impacting RNA
polymerase Il elongation speed and/or splicing factor recruitment [26, 27] — and increasing
evidence especially points to key roles for AGO [24, 28, 29, 30] and CHD proteins [31, 32, 33, 34].
While we were characterizing Fam172a’s function, it was notably reported by another group that
human CHD7can interact with the spliceosome and regulate alternative splicing [35]. In total
agreement with our own findings, this work revealed that the spliceosome interactome (using the
U2 snRNP as bait) not only contains CHD7 but also many other CHD and non-CHD chromatin
remodelling factors, histones and regulators of histone post-translational modifications,
transcriptional regulators, and components of the RNA interference pathway like AGO2.
Furthermore, a central role for Chd7 in the regulation of alternative splicing is supported by ChlIP-
seq data from mouse ES cells [14], which showed that Chd7 occupies gene bodies almost to the
same extent as for intergenic regions (36.6% vs 46%, respectively). As described in Figure 1,
combining all these results to ours allowed us to propose a model in which Fam172a appears to act

as a scaffolding protein at the chromatin-spliceosome interface [22].



Of note, the recent discovery of new CHARGE syndrome candidate genes [36, 37] also strongly
supports the idea that dysregulation of chromatin structure-dependent cotranscriptional alternative
splicing plays a fundamental role in CHARGE syndrome pathogenesis. Indeed, direct and/or
indirect evidence for a regulatory role in alternative splicing exists for all new five candidate genes
(PUF60, EP300, RERE, KMT2D and KDM6A): PUF60 encodes a bona fide splicing factor [38,
39]; EP300 codes for the p300 histone acetyltransferase, which has been shown to be directly
involved in splicing regulation [40]; RERE codes for a transcriptional co-repressor that notably
associates with HDAC1/2 [41, 42, 43], which are included in the Faml72a/spliceosome
interactomes [22, 35]; KMT2D encodes a H3K4methyltransferase that is included in the
spliceosome interactome [35], and trimethylation of H3K4 is known to trigger the recruitment of
splicing factors [33]; and finally, KDM6A codes for a demethylase of H3K27me3, a histone mark
associated with AGO-mediated splicing regulation [28]. Considering all of the above, we thus
believe that a link with cotranscriptional alternative splicing would help prioritizing potentially
damaging variants in CHD7 mutation-negative individuals suspected to have CHARGE syndrome

or a related pathology.

Extensive phenotypic overlap between neurocristopathies and
spliceosomopathies highlights the vulnerability of neural crest cells to global
splicing defects

Wide phenotypic variability (both inter- and intra-familial) is a well-known hallmark of CHARGE
syndrome, explaining why there is also extensive clinical overlap between CHARGE syndrome
(especially less severe cases) and many other developmental disorders caused by problems with
cranial and cardiac NCCs (Table 1). These overlapping conditions notably include Kallmann
(OMIM #308700, 147950), Kabuki (OMIM #147920, 300867) and 22¢ql11.2 (OMIM #188400)
syndromes as well as many craniofacial disorders known as spliceosomopathies, like Nager
syndrome (OMIM #154400) and the Guion-Almeida type of mandibulofacial dysostosis (OMIM
#610536). As the list of genes associated with these pathologies is extending, it is becoming clear
that the observed clinical overlap can be explained by similarities at the genetic/molecular level
(Table 1). In many cases, the same gene has even been associated with different clinical entities.
For example, pathogenic variants in CHD7 (typically associated with CHARGE syndrome) have
been associated with Kallmann syndrome [44, 45] while pathogenic variants in both KMT2D and
KDMG6A (typically associated with Kabuki syndrome) have been associated with CHARGE
syndrome [37]. Similarly, mutations of the spliceosome-associated protein encoding gene EFTUD2
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(typically associated with the Guion-Almeida type of mandibulofacial dysostosis) have been found
in individuals considered to have either CHARGE [46] or Nager [47] syndrome. In other words, all
of the above neurocristopathy-related disorders are much more similar than originally thought, and

all appear to be linked by defective regulation of cotranscriptional alternative splicing.

The tight interplay between chromatin structure/compostion, transcription and alternative splicing is
critically important for virtually every single cell type, raising the question as to why
neurocristopathies appear especially overrepresented upon perturbation of this large molecular hub.
A potential reason could be that NCCs, like some other neural tube-derived cell types (motor
neurons and retinal neurons), are simply more sensitive than other cell types to such perturbation. In
strong support of this hypothesis, NCCs are already known to be particularly sensitive to a wide
diversity of cellular stresses like hyperthermia [48], alcohol [49], zika virus [50], high glucose [51],
oxidative stress [52] and nucleolar stress [53]. Many of these stresses lead to p53-mediated
apoptosis, a process for which NCCs have also been shown to be sensitized to, at least in part
because NCCs expresses higher levels of p53 compared to other cell types [54]. In this regard, it is
interesting to note that p53 can be activated by splicing impairment [55] and that constitutively
activated p53 results in a CHARGE-like phenotype in mouse embryos [56]. Yet, our work and work
from others suggest that p53 activation could only be involved in a subset of CHD7 mutation-

positive cases [22, 56, 57].

The specific vulnerability of NCCs to dysregulated alternative splicing might also be explained by
the particular importance of this molecular process in cell differentiation [58]. Indeed, as
multipotent NCCs generate numerous and very distinct cell types over a relatively short period of
time, it is conceivable that alternative splicing need to be tightly regulated in order to efficiently
support the large number of cell fate switching events required along the way. In fact, we cannot
think about another mechanism that would allow to quickly modify the proteome as needed for
these cell diversification events to occur in time. This idea is notably supported by a recent analysis
of cell diversification in the CNS [59], which revealed an association between particular switch

exons in different genes and neuronal maturation stages.

Concluding remark
CHARGE syndrome is related to a large number of other rare genetic syndromes affecting cranial
and cardiac NCCs, not only phenotypically but also molecularly speaking. Indeed, all of these

conditions appear to potentially involve problems with the regulation of cotranscriptional



alternative splicing, to which NCCs seem especially vulnerable. Such extensive overlap suggests
that many of these conditions are in fact variations of the same pathology, a possibility that might
have direct clinical relevance for both diagnosis and therapy. On the one hand, this might facilitate
genetic testing through targeted sequencing of a common set of candidate genes. On the other
hand, this might open up the very interesting possibility of developing a universal in utero

molecular therapy, regardless of the mutated gene.
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Figure 1. Potential mode of action of Faml72a in Ago2-mediated alternative splicing.
Although the relationship between all players shown remains to be characterized in detail, current
data suggest that the presence of Fam172a at the chromatin-spliceosome interface helps stabilizing
protein-protein interactions between the small-RNA binding protein Ago2, chromatin remodelers
such as Chd7 and histone modifiers such as Enmt2. Model adapted from Refs. [22, 24]
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Table 1. Clinical and molecular overlap between CHARGE syndrome and other rare conditions

Pathology Clinical characteristics* Causative Gene(s)

Brain (e.g. corpus callosum agenesis, olfactory bulb hypoplasia microcephaly) Chromatin factors
Cardiac (e.g. septal defects, patent ductus arteriosus, Tetralogy of Fallot) CHD7(major) , EP300,
Cranial nerves (e.g. facial palsy, swallowing difficulties) KMT2D, KDMB6A (uncertain)
Craniofacial (e.g. square face, flat midface, facial asymmetry, downslanting
palpebral fissures) Chromatin-spliceosome
Ears (e.g. small and cup-shaped external ears, hypoplastic semi-circular canals) interface

CHARGE syndrome Eyes (e.g. coloboma, microphthalmia) FAM172A

(OMIM #214800)

Genitourinal (e.g. cryptorchidism, hypogonadotropic hypogonadism, uterus agenesis,
kidney hypoplasia)

Growth retardation and intellectual disability

Immunological (e.g. thymus hypoplasia, immunodeficiency)

Oronasal (e.g. choanal atresia, cleft palate/lip)

Sensorineural (anosmia, hearing loss)

Skeletal (e.g. scoliosis, limb and hand anomalies)

Laryngopharyngeal (e.g. tracheoesophageal fistula, parathyroid hypoplasia)

Splicing factors
PUF60, EFTUD2 (uncertain)

Transcription factors
RERE

Other
SEMAS3E (uncertain)

22q11.2 syndrome

(OMIM #188400)

Cardiac (e.g. septal defects, patent ductus arteriosus, Tetralogy of Fallot)
Craniofacial (e.g. telecanthus, short palbebral fissure, micrognathia, square nasal tip)
Ears (e.g. low-set and abnormally-folded external ear)

Growth retardation and intellectual disability

Immunological (e.g. thymus hypoplasia)

Oronasal (e.g. small mouth, cleft palate)

Laryngopharyngeal (parathyroid hypoplasia)

Sensorineural (hearing loss)

Transcription factors
TBX1(major)

Acrofacial dystosis 1,
Nager type

(OMIM #154400)

Craniofacial (micrognathia, malar hypoplasia, downslanting palpebral fissures,
midface retrusion)

Ears (e.g. small and abnormally-folded external ear)

Eyes (e.g. eyelid coloboma)

Oronasal (e.g. cleft palate/lip)

Sensorineural (hearing loss)

Skeletal (e.g. limb and hand anomalies)

Splicing factors
SF3B4 (major), EFTUD2
(uncertain)

Kabuki syndrome

(OMIM #147920,
300867)

Brain (e.g. microcephaly)

Cardiac (e.g. septal defects, patent ductus arteriosus, Tetralogy of Fallot)
Craniofacial (e.g. long palpebral fissures, arched eyebrows, broad and depressed
nasal tip, dental agenesis)

Ears (e.g. large and abnormally-folded external ears)

Eyes (e.g. strabismus)

Genitourinal (e.g. early puberty)

Growth retardation and intellectual disability

Immunological (e.g. immune deficiency)

Oronasal (e.g. cleft palate)

Skeletal (e.g. scoliosis, limb and hand anomalies)

Chromatin factors
KMT2D (major), KDM6A

Kallmann syndrome

(OMIM #308700,
147950)

Brain (e.g. olfactory bulb hypoplasia )

Craniofacial (e.g. dental agenesis)

Genitourinal (e.g. cryptorchidism, hypogonadotropic hypogonadism, kidney
agenesis)

Growth retardation and intellectual disabillity

Oronasal (e.g. cleft palate/lip)

Sensorineural (anosmia, hearing loss)

Chromatin factors
CHD7

Other
FGFR1 (major) , FGF8, KAL1,
PROKR2, GNRH

Mandibulofacial
dystosis, Guion-
Almeida type

(OMIM #610536)

Brain (e.g. microcephaly)

Cardiac (e.g. septal defects, patent ductus arteriosus)

Craniofacial (midface and malar hypoplasia, micrognathia, oblique palpebral fissure)
Ears (e.g. low-set and abnormally-folded external ears, preauricular tags, inner ear
malformations, conductive hearing loss)

Laryngopharyngeal (e.g. tracheoesophageal fistula)

Growth retardation and intellectual disabillity

Oronasal (e.g. choanal atresia, cleft palate)

Splicing factors
EFTUD2

*Note: all these characteristics do not usually co-occur in a given patient
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