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Abstract

:

Epileptic encephalopathies (EE) are severe epilepsy syndromes characterized by multiple seizure types, developmental delay and even regression. This class of disorders are increasingly being identified as resulting from de novo genetic mutations including many identified mutations in the family of chromodomain helicase DNA binding (CHD) proteins. In particular, several de novo pathogenic mutations have been identified in the gene encoding chromodomain helicase DNA binding protein 2 (CHD2), a member of the sucrose nonfermenting (SNF-2) protein family of epigenetic regulators. These mutations in the CHD2 gene are causative of early onset epileptic encephalopathy, abnormal brain function, and intellectual disability. Our understanding of the mechanisms by which modification or loss of CHD2 cause this condition remains poorly understood. Here, we review what is known and still to be elucidated as regards the structure and function of CHD2 and how its dysregulation leads to a highly variable range of phenotypic presentations.
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1. Introduction


Chromatin arrangement is a major functional aspect of transcriptional control and thus of the complex co-ordination of all body functions and systems in eukaryotes [1]. Chromatin remodeling proteins constitute a large group of regulatory proteins which modulate the chromatin architecture and regulate temporal and spatial gene expression. They are unified by their capacity for coupling ATP hydrolysis to DNA conformational changes, thereby imparting direct control over RNA polymerase-mediated transcription [1,2,3,4]. There are four major families of chromatin modelers, based on structural differences that underpin functionality in their context-dependent molecular mechanisms [5]: these include the switch/sucrose non-fermenting (SWI/SNF), the imitation switch (ISWI), the inositol 80 (INO80), and the chromodomain helicase DNA binding (CHD) families of chromatin remodeling proteins [6,7]. Several excellent reviews of the chromatin remodelers, their structures, and their overall functions are available [5,8,9,10]. The CHD family proteins are structurally and functionally linked to the other three remodeling families by virtue of their SNF2-like ATPase/helicase domain, but are distinguished within this larger group by uniquely possessing a pair of tandem chromatin organization modifier domains (chromodomains) [11,12]. Dysregulation or disruption of CHD family proteins is linked to numerous diseases, including developmental disturbances and many cancers (outlined below) [13,14,15]. Recently, variants in the gene encoding the chromodomain helicase DNA binding protein 2 (CHD2) were identified as a cause of a rare developmental epileptic encephalopathy (DEE) [16,17,18,19,20,21]. In the current review, we discuss how the canonical role of CHD2 may influence the variable phenotypic presentations of CHD2-developmental epileptic encephalopathy (CHD2-DEE), and the possibilities for future therapies to treat this complex disorder.




2. Structures, Functions, and Dysregulation of the CHD Family Proteins


2.1. The CHD Protein Family


In 1993 Delmas et al. reported the discovery of a DNA-binding protein that contains both a chromo (chromatin organization modifier) domain and a SWI/SNF helicase domain that is present in most mammals. They named this protein chromodomain-helicase-DNA-binding protein (CHD-1) [11]. Further analysis of related proteins ensued, giving rise to the characterization and description of CHD2 by Woodage and colleagues [12]. It has since been determined that the CHD protein family is conserved throughout the eukaryotic kingdom with different numbers of variants found in each of a vast assortment of genera, including one CHD protein in saccharomyces, four in drosophilae, and nine in vertebrates, including humans [8,9,22,23,24]. Among the CHD proteins, in addition to the characteristic pair of chromodomains and the ATPase dependent SNF2-like helicase domain, each of the individual members has a range of additional domains, each of these imparting various functional capacities [5,8,9].




2.2. CHD Proteins; Distinctions and Commonalities


The array of auxiliary functional domains within each of nine human CHD family protein members underlies their division into three subfamilies [8,9]. Notably, each CHD protein has slight structural differences within its characteristic paired chromodomains, and these compositional variances characterize each member, and therefore each subfamily [25] (Figure 1). The structurally similar CHD1 and CHD2 constitute subfamily I—both having a relatively well conserved C-terminal DNA binding domain [12,26]. CHD3, CHD4 and CHD5 make up subfamily II—having two plant homeodomain (PHD) zinc finger domains [12,27,28]. In contrast to subfamily I, CHD3 and CHD4 function in larger multiprotein complexes and they have no established C-terminal DNA binding domains [10]. Despite its PHD domain and structural similarity to CHD3 and CHD4, CHD5 is sometimes classified as a member of CHD subfamily III, which is comprised of the remaining structurally variable CHD6 to CHD9. This anomaly relates to CHD6 being discovered before CHD5 and its subsequent renaming following the discovery and sequence analyses of CHD5 [29,30,31]. Members of subfamily III generally are classified as such by exclusion from the other two subfamilies, but most have either a terminal conserved hairpin (TCH) motif and/or a SANT domain [8], and a paired Brahma Kismet (BRK) domain [14].



The structures shown in Figure 1 are based on published protein sequence and function information available from protein databases Uniprot, InterPro and Pfam ad from the National Center for Biotechnology Information (NCBI) [32,33,34,35]. Several individual domains of human CHD proteins have been analyzed and the protein crystal structures published including the entire CHD4 structure [37]. The structure of many of the individual domains including zinc finger domains, chromodomains and SNF2-like helicase domains can be found at the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) [38].



While the highlighted structural similarities and differences between the CHD subfamilies and individual protein motifs are well documented, some uncharacterized domains still remain, whose functions are yet to be established [39,40].




2.3. Functions of CHD Family Proteins


The canonical function of CHD proteins is the spatial and temporal regulation of gene expression via reversible structural and chemical changes to DNA to modulate accessibility of the transcriptional machinery [11,41,42,43]. Their tandem chromodomains underpin a major functional attribute of this family in its capacity for recognizing and binding specific, epigenetically labelled, regions of DNA.



Histone H3 lysine 4 di- and tri-methylation (H3K4me2/3) are epigenetic markings associated with transcriptionally active euchromatin [44,45]. While some regulatory complexes and proteins such as the polycomb repressive complex (PRC), and heterochromatin protein 1 (HP1), have single chromodomains that recognize specific lysine methylated histone tails, it has been demonstrated that CHD1 recognizes and interacts with H3K4me2/3 marked chromatin to inhibit binding of other regulatory units, while directing H3 binding to a position between the paired chromodomains [46]. In yeast this activity is further reinforced by the co-operative interaction of Chd1 with the Isw1b complex (which recognizes H3K36) to maintain euchromatin stability during RNA polymerase II (RNAPII) activity [47].



The C-terminal DNA binding domains (DBD) that are conserved in CHD1 and CHD2, bind AT-rich regions of DNA in vitro, but DNA binding in vivo actually occurs via the tandem chromodomains at the recognized H3K4me2/3 sites [10,46,48]. This correlates with the observed DNA binding and epigenetic recruitment activity performed by chromodomains in other protein families. More importantly, however, it suggests that the physiological action of the DBDs probably supports additional distinct functions. Although subfamily II CHD proteins lack defined DBDs, the DNA interactions of CHD3 and CHD4 orthologs in Drosophila melanogaster also take place at sites of active transcription and are similarly facilitated by their chromodomains, but H3K4me sites are not necessary [49,50]. In fact, CHD3 and CHD4 are also known as Mi-2 alpha and Mi-2 beta because of their inclusion in the Mi-2/nucleosome remodeling and deacetylase (NuRD) complex which couples ATPase-driven nucleosome remodeling and histone deacytelation [28]. As suggested previously, Chd1 in yeast also functions as the ATPase in larger multiprotein complexes which facilitates epigenetic changes at the histone level [10,51], and there is also strong evidence for a CHD7 and CHD8 containing complex in humans [52,53]. CHD5 is primarily expressed in the brain and testis and is involved in the regulation of transcription in development and of neuronal processes [29,54]. Mice deficient in CHD5 display strong autism spectrum disorder-like behaviors [55]. CHD6 is associated with housekeeping functions, associating directly with various transcription factors including Nrf2, and localizing exclusively in the nucleus where it associates with phosphorylated forms of RNA polymerase II (RNAPII), suggesting involvement in the regulation of a specific subset of genes, rather than as a universal regulator of transcription [23]. This is supported by the suggested function of the SANT domains (harbored by both CHD6 and CHD9), which generally associate with unmodified histone tails [14], as opposed to specific methylated histone tails like the majority of the other CHD family members. In addition, CHD6 has been shown to associate with sites of both active and inactive chromatin, and although a comprehensive understanding of its overall function is still far from realized, it is a demonstrated key factor involved in the response to DNA damage in oxidative stress in humans [56]. CHD2, CHD3, CHD4 and CHD5 have also been implicated in the DNA damage response in various DNA repair pathways [31,57].



In CHARGE (ocular coloboma, congenital heart defects, choanal atresia, retardation of growth and development, genital hypoplasia, and ear anomalies associated with deafness) syndrome (a multiple congenital phenotypically variable syndrome) CHD7 is associated with many but not all instances of the disease [58], and it has been shown to interact both with CHD8 and other proteins in cultured human cells. Structural evidence suggests it may act in a similar capacity to the Drosophila kismet protein in interactions with RNAPII [53]. While CHD8 functional data are scarce, dysregulation of the protein is seen in a subset of autism spectrum disorders (ASD) and several distinct developmental abnormalities [52,59,60]. It is also implicated in CHARGE syndrome via its associations with CHD7 [53,59,60]. Indeed, recently a CHD7 binding site has been identified within the structure of CHD8 [52]. Clinical, genetic, and structural evidence suggests that CHD8 plays an important role in the regulation of transcription during early development. CHD9 has been demonstrated to localize and interact in a similar fashion to CHD6 in its association with RNAPII, but unlike CHD6, it does recognize specific methylation marks, H3K9me2/3 and H3K27me3. A variant form of CHD9 that localizes in the nucleolus and associates with RNA polymerase I (RNAPI) has recently been identified [61]. Further, it has been demonstrated that Chd9−/− (knockout) mice are viable and develop normally [62], given the incidence of CHD9 dysregulation in many cancers this finding supports a vital role in the DNA damage response. This also suggests that some of the CHD family proteins may offer some overlap in function and possibly compensation in cases of haploinsufficiency while others may have exceptionally unique functionality. Indeed, several studies have revealed that the CHD proteins can act as co-activators or co-repressors, that they exhibit tissue specific functions, and that recruitment and interaction with DNA occurs at different stages of transcription [8,10,41,63,64].



Taken together, these findings indicate that each CHD family protein regulates transcription by recognizing and binding DNA at specific sites, and interacting with transcription factors, histones, other proteins and/or protein complexes, and very often a specific polymerase. It is also now evident that these interactions, and specific interacting factors, vary for each CHD family member.




2.4. Pathogenic Gene Variants in the CHD Family Proteins


Pathogenic gene variants have been described in all members of the CHD family. CHD1–9 have all been implicated in cancers of various forms (Table 1) [13,27,29,54,65,66]. Additionally, CHD2, CHD4, CHD5, CHD7 and CHD8 variants have been implicated in developmental disorders [14,40,58,59].



The table highlights the involvement of CHD proteins in human disease. For comprehensive reviews of CHD family proteins in disease see references [14,72].





3. CHD2-Associated Pathologies


While mutations in most of the CHD proteins have been described and demonstrated to lead to a range of cancers and developmental diseases (Table 1) [13,27,40,54,58,59,65,66,71], a number of gene variants in the gene encoding CHD2 were identified as the cause of a developmental epileptic encephalopathy (CHD2-DEE) [16,17,18,19,20,21,73]. This condition is usually characterized by difficult to treat seizures, cognitive regression, intellectual disability (ID) and often autism spectrum disorder (ASD)-like behaviors [74]. Seizures usually develop as early as 6 months old and generally before 4 years of age, with multiple seizure types including myoclonus, myoclonic-absence seizures and drop attacks [73]. Photosensitivity is often present and self-induction of seizures is seen in some patients [20,75]. Several prominent features of the CHD2-DEE phenotype overlap with other DEEs including myoclonic-atonic epilepsy (MAE), Lennox Gastaut and Jeavons syndromes [21]. There is also strong phenotypic overlap with Dravet syndrome, a rare DEE most often caused by mutations in SCN1A. Sensitivity to generalized fever-induced seizures, as well as intellectual disability are common in individuals with mutations in either CHD2 or SCN1A. Indeed, in a study of individuals with Dravet syndrome, one third of individuals who did not have a pathogenic mutation in SCN1A were found to harbor mutations in CHD2 [69].



Aspects of the pathology resulting directly from disruption of the CHD2 protein levels remain unclear and are likely the result of altered expression of CHD2 target genes. The diversity of genes potentially regulated by CHD2 during development likely accounts for the array of phenotypic variation seen in this condition [73,76]. A review focusing on the phenotypic variability of several DEEs recently analyzed the phenotypic variance amongst 56 individuals with a pathogenic CHD2 mutation. While seizures were present in most cases (45/56), other features were more variable and not necessarily correlated with mutation type. About 30% of individuals were also diagnosed with ASD, while 22% of individuals displayed delayed speech. MRI detected several brain structural abnormalities in a small number of individuals, regression was also reported in nine individuals highlighting the phenotypic complexity of CHD2-DEE [77].



3.1. Identification of CHD2 as a Novel Epilepsy Gene


In 1991 a report of a previously undescribed chromosome 15 mutation (q26.1 qter deletion) was published in which it was noted that mutations within this region result in variable combinations of intrauterine growth retardation (IUGR), microcephaly, abnormal face and ears, micrognathia, highly arched palate, renal abnormalities, lung hypoplasia, failure to thrive, and developmental delay/mental retardation [78]. Since then, further de novo mutations in this region have been reported, with many of these resulting in varying degrees of early onset DEE, abnormal brain function, and ID (see Table 2). From these initial studies [78,79,80], it was proposed that the resultant growth and neurodevelopmental disruption may be mediated, at least in part, by insufficiency of the insulin-like growth factor 1 receptor (IGF1R) (The gene for IGF1R lies slightly downstream of that encoding CHD2, in the chromosome 15q26 region). However, a functional study into the loss of one copy of IGF1R found that there was no evidence of an impaired response to IGF-1 even when IGF1R expression was decreased in patient fibroblasts [81].



Further reports of 15q26.1 deletions followed and in 2009 Veredice and co-authors published one such report detailing a de novo microdeletion at 15q26.1 in which the patient suffered from refractory myoclonic epilepsy along with minor physical anomalies [82]. Subsequently Dhamija et al. reported an even smaller de novo microdeletion from the same region and described an exceptionally similar phenotypic presentation to that reported in the Veredice paper, thus, narrowing down the location of the disease causing variant [83]. Attempts at identifying a specific causative gene and a characteristic phenotype within this region continued. Then, in 2013, a slew of data published in four seminal papers came together to indicate definitively that the gene primarily responsible for the epileptic component (and thus the aspects of neural developmental disruption directly caused by seizures) emanating from 15q26 disruptions, was CHD2 [69,73,76,80].



These studies and subsequent follow up analyses firmly established the role of CHD2 disruption in the majority of cases involving deletions and/or mutation in this narrow chromosomal region, when seizures are present [17,19,21,74,75].



Thus, by 2017 the body of evidence convincingly supported that hemizygous CHD2 mutation leading to haploinsufficiency causes mild to severe neurodevelopmental disruption in a phenotypically diverse “syndrome” that most commonly results in the presentation of myoclonic epileptic encephalopathy with onset of seizures in the first few years of life, in combination with varying degrees of other cognitive and growth deficits, and dysmorphic features characteristic of disruptions in proximate genetic loci. While this is the case, the mechanism by which epilepsy develops in patients affected by these mutations is still largely unknown, as is a comprehensive and definitive description of the role of CHD2, as distinct from the numerous extant related proteins [39,84].




3.2. CHD2 Expression


CHD2 is ubiquitously expressed in all tissue types in humans [12] with low regional specificity including within brain structures and cells [104,105]. The functional outcome of this ubiquitous expression of CHD2 is evidenced by gene variants often presenting non-CNS phenotypes including, other than the morphological, spinal and craniofacial abnormalities already described, monoclonal B-lymphocytosis (MBL) and chronic lymphocytic leukaemia (CLL) [106]. Interrogation of the functional effects leading to these pathologies has shown that when the mutations occur in the region of the DNA-binding domains, association with active chromatin is disrupted. It has thus been postulated that CHD2 mutation is a driver of cancer, particularly lymphoma [106,107,108].



Recent findings have demonstrated that Chd2 is expressed prominently in regions undergoing neurogenesis in mouse neural progenitor cells. Specifically, Chd2 is highly expressed in radial glial (RG) progenitors and is rarely expressed in intermediate progenitors (IPs), which are the primary precursors of neurons, during the development of the cerebral cortex [109]. In young adult (postnatal day 30 (P30)) mouse brains Kim et al. found that Chd2 is expressed throughout the brain and is particularly strongly expressed in the olfactory bulb, neocortex, hippocampus, and cerebellum. With regard to specific subpopulations of neuronal cells, they found that Chd2 is expressed in all mature neurons, GABAergic interneurons, and oligodendrocytes but not GFAP-positive astrocytes [110]. Similarly in human cortical interneurons (cINs) derived from human embryonic stem cell (ESC) cultures, Meganathan and colleagues found that CHD2 expression increased during cIN differentiation [111].



Thus, it has been demonstrated that CHD2 is expressed throughout brain tissues but that differences in expression occur in various cellular subtypes at different stages of development.




3.3. Regulation of CHD2 Activity


3.3.1. CHD2 is Transcription-Coupled


CHD1 and CHD2 recruitment is directly coupled to transcription at transcription start sites (TSS) indicating that their regulatory roles are linked to regions of active chromatin [112]. CHD1 and CHD2 have overlapping site specificity and often co-localize but it is likely that they bind with different affinity at those overlapping sites [45,112]. While recruitment of CHD2 to its sites of activity are transcription based (shown to be linked to RNA pol II activity in somatic cells in vitro) and directed partly by methylation of H3K4me2/3 [112], it has also been shown that for high affinity binding of CHD2, supported by the C-terminal DNA binding domain, a region of at least 40bp of target dsDNA is needed [84]. Indeed, the affinity of CHD2 to H3K4me sites has been shown to be lower than that of CHD1 [22] and that CHD2 in mouse embryonic stem cells may function via H3K36me as is seen in yeast Chd1 through its interaction with the Isw1b complex [47,113]. Such observations have given rise to the suggestion that mammalian CHD2 may sometimes function during development analogously to yeast Chd1 [114].




3.3.2. Regulation of CHD2


Early characterization work showed that tissue specific CHD2 splice variants exist [12], implying system-specific functional diversity of the protein. More recently, it has been shown that CHD2 mRNA is a target of, and is modulated in certain tissues by the ubiquitous splicing regulator Rbfox2 [115]. Work by Gehman and colleagues has previously indicated that Rbfox2 is linked to both brain development and motor function and that this function is in part due to interactions with the CHD family protein CHD5 [116]. Thus, following from the demonstrable role of Rbfox2 in neurodevelopment, and the interaction between Rbfox2 and CHD2, it is possible that alternative splicing plays a role in the regulation of CHD2 function in the developing brain. Furthermore, in mouse models of acquired focal temporal lobe epilepsy (TLE) it was found that a microRNA-Rbfox (primarily Rbfox1) interactions controlled synaptic scaling and hyperexcitability [117].



In addition, further investigation into the regulation of Chd2 has indicated that the long non-coding RNA (lncRNA) LINC01578 or CHD2 Adjacent Suppressive Regulatory RNA (Chaserr), represses Chd2 gene expression solely in cis, and that the phenotypic consequences of Chaserr loss are rescued when Chd2 is also perturbed [118]. Little is known about the physiological function/s of this lncRNA although it has been reported that it may have an association with gout [119]. Preliminary sequence alignments indicate predicted conserved sequences in other hominids and Rom et al. indicate that it is a highly conserved mammalian lncRNA [118].



These possible additional intricacies in the gene regulation interactions that govern CHD2 expression and function may account to some extent for the variable phenotypes seen in CHD2 encephalopathies.





3.4. The Specific Functions of CHD2


3.4.1. CHD2 Recognizes H3K4me Marks and Deposits Histone Variant H3.3 as an Epigenetic Signal


Due to differences in the chromodomain, CHD2 has a lower affinity for H3K4me than CHD1. It has been found that when CHD2 interacts with sites of active chromatin, it is initially recruited by an RNA polymerase after which it deposits the H3.3 histone variant leading to altered target gene expression levels [22,112]. In some tissues CHD1 and CHD2 can function in a coordinated manner to regulate chromatin organization in several steps [112] showing a clear distinction in function between the two related proteins.



The epigenetic control mediated by CHD2 was uncovered in a study aimed at elucidating how muscle cell differentiation-regulating factors are themselves regulated. Harada and colleagues identified CHD2 as a regulator of MyoD—a transcription factor that determines cell fate. They found that CHD2 incorporates the histone variant H3.3 into genes in cells destined to differentiate into muscle cells. Although such functionality lies outside of the CNS, it provides further insight into a consolidated mechanism of CHD2 activity in development [120].




3.4.2. CHD2 Assembles Nucleosomes into Regularly Spaced Arrays


In 2015, Liu and colleagues, prompted by the implication of CHD2 deletions in epileptic disorders in humans and developmental defects in both humans and mice, investigated the biochemical activity of CHD2 at the molecular level via a range of biochemical assays. They noted the affinity of CHD2 for chromatin and its capacity for chromatin remodeling, highlighting many of the interdomain control mechanisms discussed in the preceding section. Additionally, the authors sought to determine whether CHD2 plays a role in nucleosome assembly. They found that CHD2 assembles regularly spaced nucleosome arrays from purified components in the presence of ATP. They thus concluded that CHD2 functions not only as a chromatin remodeler in regulation, but also as a chromatin assembly factor [84].




3.4.3. CHD2 Is Involved DNA Damage Repair via Non-Homologous End Joining


Recently, CHD2 has been found to play a critical role in DNA repair mechanisms. Luijsterburg and colleagues found that at sites of DNA double stranded breaks (DSBs), poly(ADP-ribose) polymerase 1 (PARP1) recruits CHD2 to rapidly expand chromatin and deposit H3.3 variants to initiate non-homologous end joining repair (NHEJ) [121]. It was further shown that the C-terminus of CHD2 is the site of the interaction between PARP1 and CHD2. The overall process defines the role of CHD2 as a regulator of stable genetic structure and information [121]. These findings thus strengthen previous suggestions that CHD2 is a tumor suppressor gene [57,106]. Furthermore, it demonstrates that CHD2-mediated epigenetic changes result in different effects, depending on tissue type and on functional context throughout the various stages of development.




3.4.4. CHD2 Regulates the Expression of Developmental Genes


CHD2 has been found to interact with other important developmental transcriptional regulators. Shen et al. demonstrated that CHD2 binds directly to the repressor element 1-silencing transcription factor (REST) gene (also known as the neuron-restrictive silencer factor (NRSF)). They found that when CHD2 is silenced, REST expression is decreased. Conversely, when CHD2 was overexpressed REST expression increased. They demonstrated that regulation of neural differentiation mediated by REST is promoted by CHD2 expression, and importantly, that this occurs via direct association of the REST gene and CHD2 protein, a process not mediated by H3K4me. This implies that cell stress caused by CHD2 knockdown can be rescued by REST overexpression [109]. REST has been implicated as an important regulator of epileptogenesis following epilepsy-inciting insults, repressing the expression of critical neuronal genes like KCC2 and GRIN2A [122,123,124], however, the interaction between CHD2 and NRSF in this context, or indeed within the context of mature neurons has yet to be investigated.




3.4.5. CHD2 Regulates Complex Tissue Development via Cell-Specific Mechanisms


Data from human embryonic stem cells (hESCs), showed that CHD2 is necessary for cellular differentiation. Indeed, CHD2 deficiency impaired the development of cINs from hESCs and altered electrophysiological characteristics of the cINs. This study further revealed that CHD2 regulates cIN development via interaction with the medial ganglionic eminence (MGE) associated transcription factor NKX2-1 [111].



Chd2 heterozygous mice have reduced GABAergic progenitor proliferation compared to WT mice. Conversely, in glutamatergic populations transcriptional changes resulted in heightened synaptic activity [110]. Surprisingly, the authors noted that knockdown of Chd2 did not result in downregulation of REST in any of the assayed brain regions, contrary to the earlier findings of Shen and colleagues although age-related discrepancies may account for this [110].






4. Modeling CHD2-Opathies


4.1. Zebrafish Models of Chd2 Knockout


Pioneering work from the Baraban lab has demonstrated the suitability of Zebrafish, Danio rerio, for the study of developmental epileptic encephalopathies [125,126,127,128]. A Zebrafish chd2 knockdown model was generated using targeted morpholino antisense oligomers [69]. Upon reduction in Chd2 levels the authors reported abnormal movements and seizure-like epileptiform discharges in mutant larvae as compared to their WT counterparts confirmed via field potential recordings [69].



Following this work, Galizia and co-authors used this Chd2 knockdown zebrafish and altered the field potential recording methodology to compare light and dark recording periods. Chd2 knockdown zebrafish larvae displayed markedly increased photosensitivity (an abnormal cortical response to flickering light) as compared to WT controls [75]. Since photosensitivity is a common aspect of the epileptic phenotype in many CHD2 encephalopathy cases, the findings of these two Chd2 knockdown zebrafish studies strongly support the implication of de novo CHD2 mutations in epilepsy in humans.




4.2. Mouse Models of CHD2-Opathies


The first animal model of Chd2 mutation was generated in mice in 2006 by Marfella and colleagues [24]. The authors generated homozygous and heterozygous CHD2 mutants via mouse ESCs harboring an insertion of a retroviral gene-trap at the Chd2 locus. The induced mutation resulted in truncated CHD2 protein that lacked the C-terminal DNA binding domain. They demonstrated that homozygous mutants were non-viable, displaying perinatal lethality and developmental abnormalities prior to death. They also found that heterozygous mutation severely affects development, causes gross kidney abnormalities, and severely decreases longevity/survival [24].



Kulkarni and co-authors later reported the generation of another CHD2 deficient mouse line, also using a gene-trap system. In line with the findings of Marfella and colleagues they found that disturbances in Chd2 led to embryonic and perinatal lethality. Further, they found that expression of Chd2 is ubiquitous, but that regional expression of Chd2 in cardiac, forebrain, facial and dorsal tissues was developmental stage specific in mouse embryos. The heterozygous (Chd2+/-) mice displayed growth retardation and morphological abnormalities including lordokyphosis, lowered body fat, and postnatal runting [101].



A Chd2 heterozygous mutant mouse line was again generated by gene-trap cassette in 2009. The induced mutation was found to affect the region downstream of the DNA binding domain, causing disruption of the C-terminal end of the protein. The heterozygous mutants showed extramedullary haematopoiesis and increased susceptibility to lymphomas. The Chd2+/- mice displayed aberrant DNA damage repair and genomic integrity [57].



More recently, a heterozygous deletion (Chd2+/-) mouse line was generated by crossing transgenic mice containing loxP-flanked exon 3 of Chd2 with a b-actin Cre line [110]. The generated mutant mice were found to produce around half as much CHD2 as their WT counterparts. These mice displayed altered neuronal development and neuron proliferation profiles, resulting in cognitive and long-term memory deficits [110]. Transcriptome analysis showed that Chd2+/- mice displayed divergent expression of a variety of genes responsible for chromatin regulation, neurogenesis, and synaptic transmission [110].




4.3. Induced Pluripotent Stem Cell (iPSC) Model of CHD2 Loss of Function


Although so much important information has been acquired by the use of the abovementioned Chd2 animal models, there is still a need to develop and understand the effects of these mutations in human cells. Human induced pluripotent stem cell (hiPSC) lines modelling loss of function (LOF) of CHD2 have been developed. These lines were generated by combining the steps of somatic cell reprogramming to iPSCs and the induction of LOF mutations using CRISPR/Cas9 guide RNA (gRNA) delivered via episomal vectors [129]. The technique induces the LOF mutation in the gene of interest in the somatic precursors of the iPSCs prior to reprogramming. Thus, the generated iPSCs either carry the mutation (45%) or do not (55%), leading to the convenient acquisition of a pool of isogenic control cells [129]. The generation of these iPSC lines and isogenic controls is exceptionally useful in modeling the generality of LOF of CHD2 in human cells. Existing methods, including those used by Tidball and colleagues, exploit the generation of indels at the site of double stranded breaks [129,130]. Thus, there still exists the need to generate iPSCs from somatic cells of CHD2 variant patients (or the development of a system for the efficient generation of specific mutations in iPSCs or their precursors) in order to investigate specific disease-causing mutations in vitro. Advances are rapidly being made in the field of directed mutagenesis, including highly efficient base editing systems [130,131] which will likely result in the ability to model any given patient mutation in the near future.





5. Therapeutic Opportunities/Future Perspectives


The molecular consequences of CHD2 variants are, at present, difficult to predict. While some progress has been made, our understanding of how mutations in CHD2 drives the development of hyperexcitable neuronal circuits is still poorly developed.



A more comprehensive understanding of how CHD2 regulates both neuronal development and brain function may provide key insights into the variable phenotype observed in patients with known CHD2 mutations. There are many rapidly developing technologies which will, in time, undoubtedly facilitate the creation of human specific models of CHD2 variation. Most prominent of these, are the iPSC based models of the disease (including the development of brain organoids). When coupled to technologies involving directed mutagenesis using “base editing” or Crispr/Cas9 based approaches, such technologies promise to soon make accessible essential information relating to specific CHD2 variants. In addition, extant in silico methods like gene target network analysis and next generation sequencing (NGS) techniques and analysis tools, can be applied to the information that will be generated, providing the potential for delineating the complexity of regulatory systems governing CHD2-mediated transcriptional control.



Beyond this, such information may also inform novel treatment options for patients, who are often extremely drug refractory and have uncontrolled seizures, aggression and cognitive impairment. Once a definitive set of CHD2 targets has been identified and characterized, the modulation of a specific pathway or specific individual genes could be investigated for the alteration of expression of key proteins in the CNS phenotype. The possibility that the CHD2 “phenotype” is influenced by auxiliary molecules such as the regulatory lncRNA Chaserr must also be considered and investigated. Indeed, targeting of such molecules using antisense oligonucleotide approaches may offer the possibility to correct or enhance CHD2 expression and/or function [118].



Recent advances in these technologies should spur further research in these areas with the ultimate aim of mitigating the widespread effects of CHD2 mutations.







Author Contributions


M.-M.W. wrote the manuscript and designed the tables and figures. D.C.H., wrote and edited the manuscript, S.M.B. wrote and edited the manuscript. G.P.B. wrote and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funding from Science Foundation Ireland (SFI) under grant number 16/RC/3948, co-funded under the European Regional Development Fund and by FutureNeuro industry partners; SFI awards 13/IA/1891, 18/SIRG/5646 and H2020 Marie S Curie Individual Fellowship (EpimiRGen).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Workman, J.L.; Kingston, R.E. Alteration of Nucleosome Structure as a Mechanism of Transcriptional Regulation. Annu. Rev. Biochem. 1998, 67, 545–579. [Google Scholar] [CrossRef]

	



Jiang, C.; Pugh, B.F. Nucleosome Positioning and Gene Regulation: Advances through Genomics. Nat. Rev. Genet. 2009, 10, 161–172. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Carey, M.; Workman, J.L. The Role of Chromatin during Transcription. Cell 2007, 128, 707–719. [Google Scholar] [CrossRef]

	



Struhl, K. Histone Acetylation and Transcriptional Regulatory Mechanisms. Genes Dev. 1998, 12, 599–606. [Google Scholar] [CrossRef] [PubMed]

	



Clapier, C.R.; Cairns, B.R. The Biology of Chromatin Remodeling Complexes. Annu. Rev. Biochem. 2009, 78, 273–304. [Google Scholar] [CrossRef] [PubMed]

	



Längst, G.; Becker, P.B. Nucleosome Mobilization and Positioning by ISWI- Containing Chromatin-Remodeling Factors. J. Cell Sci. 2001, 114, 2561–2568. [Google Scholar] [PubMed]

	



Tsukiyama, T. The in Vivo Functions of ATP-Dependent Chromatin-Remodelling Factors. Nat. Rev. Mol. Cell Biol. 2002, 3, 422–429. [Google Scholar] [CrossRef]

	



Hall, J.A.; Georgel, P.T. CHD Proteins: A Diverse Family with Strong TiesThis Paper Is One of a Selection of Papers Published in This Special Issue, Entitled 28th International West Coast Chromatin and Chromosome Conference, and Has Undergone the Journal’s Usual Peer Review Process. Biochem. Cell Biol. 2007, 85, 463–476. [Google Scholar] [CrossRef]

	



Marfella, C.G.A.; Imbalzano, A.N. The Chd Family of Chromatin Remodelers. Mutat. Res. Mol. Mech. Mutagen. 2007, 618, 30–40. [Google Scholar] [CrossRef]

	



Murawska, M.; Brehm, A. CHD Chromatin Remodelers and the Transcription Cycle. Transcription 2011, 2, 244–253. [Google Scholar] [CrossRef]

	



Delmas, V.; Stokes, D.G.; Perry, R.P. A Mammalian DNA-Binding Protein That Contains a Chromodomain and an SNF2/SWI2-like Helicase Domain. Proc. Natl. Acad. Sci. USA 1993, 90, 2414–2418. [Google Scholar] [CrossRef] [PubMed]

	



Woodage, T.; Basrai, M.A.; Baxevanis, A.D.; Hieter, P.; Collins, F.S. Characterization of the CHD Family of Proteins. Proc. Natl. Acad. Sci. USA 1997, 94, 11472–11477. [Google Scholar] [CrossRef] [PubMed]

	



Gui, Y.; Guo, G.; Huang, Y.; Hu, X.; Tang, A.; Gao, S.; Wu, R.; Chen, C.; Li, X.; Zhou, L.; et al. Frequent Mutations of Chromatin Remodeling Genes in Transitional Cell Carcinoma of the Bladder. Nat. Genet. 2011, 43, 875–878. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Mills, A.A. Architects of the Genome: CHD Dysfunction in Cancer, Developmental Disorders and Neurological Syndromes. Epigenomics 2014, 6, 381–395. [Google Scholar] [CrossRef] [PubMed]

	



Mills, A.A. The Chromodomain Helicase DNA-Binding Chromatin Remodelers: Family Traits That Protect from and Promote Cancer. Cold Spring Harb. Perspect. Med. 2017, 7, a026450. [Google Scholar] [CrossRef]

	



Carvill, G.L.; Heavin, S.B.; Yendle, S.C.; McMahon, J.M.; O’Roak, B.J.; Cook, J.; Khan, A.; Dorschner, M.O.; Weaver, M.; Calvert, S.; et al. Targeted Resequencing in Epileptic Encephalopathies Identifies de Novo Mutations in CHD2 and SYNGAP1. Nat. Genet. 2013, 45, 825–830. [Google Scholar] [CrossRef] [PubMed]

	



Chénier, S.; Yoon, G.; Argiropoulos, B.; Lauzon, J.; Laframboise, R.; Ahn, J.; Ogilvie, C.; Lionel, A.C.; Marshall, C.R.; Vaags, A.K.; et al. CHD2 Haploinsufficiency Is Associated with Developmental Delay, Intellectual Disability, Epilepsy and Neurobehavioural Problems. J. Neurodev. Disord. 2014, 6, 9. [Google Scholar] [CrossRef]

	



Courage, C.; Houge, G.; Gallati, S.; Schjelderup, J.; Rieubland, C. 15q26.1 Microdeletion Encompassing Only CHD2 and RGMA in Two Adults with Moderate Intellectual Disability, Epilepsy and Truncal Obesity. Eur. J. Med. Genet. 2014, 57, 520–523. [Google Scholar] [CrossRef]

	



Lund, C.; Brodtkorb, E.; Øye, A.-M.; Røsby, O.; Selmer, K.K. CHD2 Mutations in Lennox–Gastaut Syndrome. Epilepsy Behav. 2014, 33, 18–21. [Google Scholar] [CrossRef]

	



Thomas, R.H.; Zhang, L.M.; Carvill, G.L.; Archer, J.S.; Heavin, S.B.; Mandelstam, S.A.; Craiu, D.; Berkovic, S.F.; Gill, D.S.; Mefford, H.C.; et al. CHD2 Myoclonic Encephalopathy Is Frequently Associated with Self-Induced Seizures. Neurology 2015, 84, 951–958. [Google Scholar] [CrossRef]

	



Trivisano, M.; Striano, P.; Sartorelli, J.; Giordano, L.; Traverso, M.; Accorsi, P.; Cappelletti, S.; Claps, D.J.; Vigevano, F.; Zara, F.; et al. CHD2 Mutations Are a Rare Cause of Generalized Epilepsy with Myoclonic–Atonic Seizures. Epilepsy Behav. 2015, 51, 53–56. [Google Scholar] [CrossRef]

	



Flanagan, J.F.; Blus, B.J.; Kim, D.; Clines, K.L.; Rastinejad, F.; Khorasanizadeh, S. Molecular Implications of Evolutionary Differences in CHD Double Chromodomains. J. Mol. Biol. 2007, 369, 334–342. [Google Scholar] [CrossRef] [PubMed]

	



Lutz, T.; Stöger, R.; Nieto, A. CHD6 Is a DNA-Dependent ATPase and Localizes at Nuclear Sites of MRNA Synthesis. FEBS Lett. 2006, 580, 5851–5857. [Google Scholar] [CrossRef]

	



Marfella, C.G.A.; Ohkawa, Y.; Coles, A.H.; Garlick, D.S.; Jones, S.N.; Imbalzano, A.N. Mutation of the SNF2 Family Member Chd2 Affects Mouse Development and Survival. J. Cell. Physiol. 2006, 209, 162–171. [Google Scholar] [CrossRef] [PubMed]

	



Tajul-Arifin, K. Identification and Analysis of Chromodomain-Containing Proteins Encoded in the Mouse Transcriptome. Genome Res. 2003, 13, 1416–1429. [Google Scholar] [CrossRef] [PubMed]

	



Stokes, D.G.; Perry, R.P. DNA-Binding and Chromatin Localization Properties of CHD1. Mol. Cell. Biol. 1995, 15, 2745–2753. [Google Scholar] [CrossRef] [PubMed]

	



Seelig, H.P.; Moosbrugger, I.; Ehrfeld, H.; Fink, T.; Renz, M.; Genth, E. The Major Dermatomyositis-Specific Mi-2 Autoantigen Is a Presumed Helicase Involved in Transcriptional Activation. Arthritis Rheum. 1995, 38, 1389–1399. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; LeRoy, G.; Seelig, H.-P.; Lane, W.S.; Reinberg, D. The Dermatomyositis-Specific Autoantigen Mi2 Is a Component of a Complex Containing Histone Deacetylase and Nucleosome Remodeling Activities. Cell 1998, 95, 279–289. [Google Scholar] [CrossRef]

	



Kolla, V.; Zhuang, T.; Higashi, M.; Naraparaju, K.; Brodeur, G.M. Role of CHD5 in Human Cancers: 10 Years Later. Cancer Res. 2014, 74, 652–658. [Google Scholar] [CrossRef]

	



Schuster, E.F.; Stöger, R. CHD5 Defines a New Subfamily of Chromodomain-SWI2/SNF2-like Helicases. Mamm. Genome 2002, 13, 117–119. [Google Scholar] [CrossRef]

	



Stanley, F.K.T.; Moore, S.; Goodarzi, A.A. CHD Chromatin Remodelling Enzymes and the DNA Damage Response. Mutat. Res. Mol. Mech. Mutagen. 2013, 750, 31–44. [Google Scholar] [CrossRef] [PubMed]

	



The UniProt Consortium UniProt: The Universal Protein Knowledgebase. Nucleic Acids Res. 2017, 45, D158–D169. [CrossRef] [PubMed]

	



Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj, S.; et al. The InterPro Protein Families and Domains Database: 20 Years On. Nucleic Acids Res. 2021, 49, D344–D354. [Google Scholar] [CrossRef] [PubMed]

	



El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.; Salazar, G.A.; Smart, A.; et al. The Pfam Protein Families Database in 2019. Nucleic Acids Res. 2019, 47, D427–D432. [Google Scholar] [CrossRef]

	



NCBI Resource Coordinators Database Resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2012, 41, D8–D20. [CrossRef]

	



BioRender. Available online: https://biorender.com/ (accessed on 6 January 2021).

	



Farnung, L.; Ochmann, M.; Cramer, P. Nucleosome-CHD4 Chromatin Remodeler Structure Maps Human Disease Mutations. ELife 2020, 9. [Google Scholar] [CrossRef]

	



Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al. The Protein Data Bank. Acta Crystallogr. Sect. D 2000, 58, 899–907. [Google Scholar] [CrossRef]

	



Lamar, K.-M.J.; Carvill, G.L. Chromatin Remodeling Proteins in Epilepsy: Lessons from CHD2-Associated Epilepsy. Front. Mol. Neurosci. 2018, 11. [Google Scholar] [CrossRef]

	



Weiss, K.; Lazar, H.P.; Kurolap, A.; Martinez, A.F.; Paperna, T.; Cohen, L.; Smeland, M.F.; Whalen, S.; Heide, S.; Keren, B.; et al. The CHD4-Related Syndrome: A Comprehensive Investigation of the Clinical Spectrum, Genotype–Phenotype Correlations, and Molecular Basis. Genet. Med. 2020, 22, 389–397. [Google Scholar] [CrossRef]

	



Taube, J.H.; Barton, M.C. Chromatin and Regulation of Gene Expression. In Gene Expression and Regulation; Ma, J., Ed.; Springer: New York, NY, USA, 2006; pp. 95–109. ISBN 978-0-387-33208-6. [Google Scholar]

	



Varga-Weisz, P. ATP-Dependent Chromatin Remodeling Factors: Nucleosome Shufflers with Many Missions. Oncogene 2001, 20, 3076–3085. [Google Scholar] [CrossRef]

	



Wolffe, A.P. New Insights into Chromatin Function in Transcriptional Control. FASEB J. 1992, 6, 3354–3361. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, R.; Bannister, A.J.; Myers, F.A.; Thorne, A.W.; Crane-Robinson, C.; Kouzarides, T. Histone H3 Lysine 4 Methylation Patterns in Higher Eukaryotic Genes. Nat. Cell Biol. 2004, 6, 73–77. [Google Scholar] [CrossRef] [PubMed]

	



Sims, R.J.; Chen, C.-F.; Santos-Rosa, H.; Kouzarides, T.; Patel, S.S.; Reinberg, D. Human but Not Yeast CHD1 Binds Directly and Selectively to Histone H3 Methylated at Lysine 4 via Its Tandem Chromodomains. J. Biol. Chem. 2005, 280, 41789–41792. [Google Scholar] [CrossRef] [PubMed]

	



Flanagan, J.F.; Mi, L.-Z.; Chruszcz, M.; Cymborowski, M.; Clines, K.L.; Kim, Y.; Minor, W.; Rastinejad, F.; Khorasanizadeh, S. Double Chromodomains Cooperate to Recognize the Methylated Histone H3 Tail. Nature 2005, 438, 1181–1185. [Google Scholar] [CrossRef]

	



Smolle, M.; Venkatesh, S.; Gogol, M.M.; Li, H.; Zhang, Y.; Florens, L.; Washburn, M.P.; Workman, J.L. Chromatin Remodelers Isw1 and Chd1 Maintain Chromatin Structure during Transcription by Preventing Histone Exchange. Nat. Struct. Mol. Biol. 2012, 19, 884–892. [Google Scholar] [CrossRef] [PubMed]

	



Brehm, A. DMi-2 and ISWI Chromatin Remodelling Factors Have Distinct Nucleosome Binding and Mobilization Properties. EMBO J. 2000, 19, 4332–4341. [Google Scholar] [CrossRef] [PubMed]

	



Bouazoune, K. The DMi-2 Chromodomains Are DNA Binding Modules Important for ATP-Dependent Nucleosome Mobilization. EMBO J. 2002, 21, 2430–2440. [Google Scholar] [CrossRef]

	



Murawska, M.; Kunert, N.; van Vugt, J.; Langst, G.; Kremmer, E.; Logie, C.; Brehm, A. DCHD3, a Novel ATP-Dependent Chromatin Remodeler Associated with Sites of Active Transcription. Mol. Cell. Biol. 2008, 28, 2745–2757. [Google Scholar] [CrossRef]

	



Pray-Grant, M.G.; Daniel, J.A.; Schieltz, D.; Yates, J.R.; Grant, P.A. Chd1 Chromodomain Links Histone H3 Methylation with SAGA- and SLIK-Dependent Acetylation. Nature 2005, 433, 434–438. [Google Scholar] [CrossRef]

	



An, Y.; Zhang, L.; Liu, W.; Jiang, Y.; Chen, X.; Lan, X.; Li, G.; Hang, Q.; Wang, J.; Gusella, J.F.; et al. De Novo Variants in the Helicase-C Domain of CHD8 Are Associated with Severe Phenotypes Including Autism, Language Disability and Overgrowth. Hum. Genet. 2020, 139, 499–512. [Google Scholar] [CrossRef]

	



Batsukh, T.; Schulz, Y.; Wolf, S.; Rabe, T.I.; Oellerich, T.; Urlaub, H.; Schaefer, I.-M.; Pauli, S. Identification and Characterization of FAM124B as a Novel Component of a CHD7 and CHD8 Containing Complex. PLoS ONE 2012, 7, e52640. [Google Scholar] [CrossRef]

	



White, P.S.; Thompson, P.M.; Gotoh, T.; Okawa, E.R.; Igarashi, J.; Kok, M.; Winter, C.; Gregory, S.G.; Hogarty, M.D.; Maris, J.M.; et al. Definition and Characterization of a Region of 1p36.3 Consistently Deleted in Neuroblastoma. Oncogene 2005, 24, 2684–2694. [Google Scholar] [CrossRef] [PubMed]

	



Pisansky, M.T.; Young, A.E.; O’Connor, M.B.; Gottesman, I.I.; Bagchi, A.; Gewirtz, J.C. Mice Lacking the Chromodomain Helicase DNA-Binding 5 Chromatin Remodeler Display Autism-like Characteristics. Transl. Psychiatry 2017, 7, e1152. [Google Scholar] [CrossRef] [PubMed]

	



Moore, S.; Berger, N.D.; Luijsterburg, M.S.; Piett, C.G.; Stanley, F.K.T.; Schräder, C.U.; Fang, S.; Chan, J.A.; Schriemer, D.C.; Nagel, Z.D.; et al. The CHD6 Chromatin Remodeler Is an Oxidative DNA Damage Response Factor. Nat. Commun. 2019, 10. [Google Scholar] [CrossRef] [PubMed]

	



Nagarajan, P.; Onami, T.M.; Rajagopalan, S.; Kania, S.; Donnell, R.; Venkatachalam, S. Role of Chromodomain Helicase DNA-Binding Protein 2 in DNA Damage Response Signaling and Tumorigenesis. Oncogene 2009, 28, 1053–1062. [Google Scholar] [CrossRef] [PubMed]

	



Vissers, L.E.L.M.; van Ravenswaaij, C.M.A.; Admiraal, R.; Hurst, J.A.; de Vries, B.B.A.; Janssen, I.M.; van der Vliet, W.A.; Huys, E.H.L.P.G.; de Jong, P.J.; Hamel, B.C.J.; et al. Mutations in a New Member of the Chromodomain Gene Family Cause CHARGE Syndrome. Nat. Genet. 2004, 36, 955–957. [Google Scholar] [CrossRef] [PubMed]

	



Bernier, R.; Golzio, C.; Xiong, B.; Stessman, H.A.; Coe, B.P.; Penn, O.; Witherspoon, K.; Gerdts, J.; Baker, C.; Vulto-van Silfhout, A.T.; et al. Disruptive CHD8 Mutations Define a Subtype of Autism Early in Development. Cell 2014, 158, 263–276. [Google Scholar] [CrossRef]

	



Douzgou, S.; Liang, H.W.; Metcalfe, K.; Somarathi, S.; Tischkowitz, M.; Mohamed, W.; Kini, U.; McKee, S.; Yates, L.; Bertoli, M.; et al. The Clinical Presentation Caused by Truncating CHD8 Variants. Clin. Genet. 2019, 96, 72–84. [Google Scholar] [CrossRef]

	



Salomon-Kent, R.; Marom, R.; John, S.; Dundr, M.; Schiltz, L.R.; Gutierrez, J.; Workman, J.; Benayahu, D.; Hager, G.L. New Face for Chromatin-Related Mesenchymal Modulator: N-CHD9 Localizes to Nucleoli and Interacts With Ribosomal Genes: CHROMATIN REMODELING RRNA IN MESENCHYMAL CELLS. J. Cell. Physiol. 2015, 230, 2270–2280. [Google Scholar] [CrossRef]

	



Alendar, A.; Lambooij, J.-P.; Bhaskaran, R.; Lancini, C.; Song, J.-Y.; van Vugt, H.; Snoek, M.; Berns, A. Gene Expression Regulation by the Chromodomain Helicase DNA-Binding Protein 9 (CHD9) Chromatin Remodeler Is Dispensable for Murine Development. PLoS ONE 2020, 15, e0233394. [Google Scholar] [CrossRef]

	



Nishiyama, M.; Nakayama, K.; Tsunematsu, R.; Tsukiyama, T.; Kikuchi, A.; Nakayama, K.I. Early Embryonic Death in Mice Lacking the β-Catenin-Binding Protein Duplin. Mol. Cell. Biol. 2004, 24, 8386–8394. [Google Scholar] [CrossRef] [PubMed]

	



von Zelewsky, T.; Palladino, F.; Brunschwig, K.; Tobler, H.; Hajnal, A.; Müller, F. The C. Elegans Mi-2 Chromatin-Remodelling Proteins Function in Vulval Cell Fate Determination. Dev. Camb. Engl. 2000, 127, 5277–5284. [Google Scholar]

	



Huang, S.; Gulzar, Z.G.; Salari, K.; Lapointe, J.; Brooks, J.D.; Pollack, J.R. Recurrent Deletion of CHD1 in Prostate Cancer with Relevance to Cell Invasiveness. Oncogene 2012, 31, 4164–4170. [Google Scholar] [CrossRef] [PubMed]

	



Mouradov, D.; Sloggett, C.; Jorissen, R.N.; Love, C.G.; Li, S.; Burgess, A.W.; Arango, D.; Strausberg, R.L.; Buchanan, D.; Wormald, S.; et al. Colorectal Cancer Cell Lines Are Representative Models of the Main Molecular Subtypes of Primary Cancer. Cancer Res. 2014, 74, 3238–3247. [Google Scholar] [CrossRef] [PubMed]

	



Augello, M.A.; Liu, D.; Deonarine, L.D.; Robinson, B.D.; Huang, D.; Stelloo, S.; Blattner, M.; Doane, A.S.; Wong, E.W.P.; Chen, Y.; et al. CHD1 Loss Alters AR Binding at Lineage-Specific Enhancers and Modulates Distinct Transcriptional Programs to Drive Prostate Tumorigenesis. Cancer Cell 2019, 35, 603–617.e8. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Lindberg, J.; Sui, G.; Luo, J.; Egevad, L.; Li, T.; Xie, C.; Wan, M.; Kim, S.-T.; Wang, Z.; et al. Identification of Novel CHD1-Associated Collaborative Alterations of Genomic Structure and Functional Assessment of CHD1 in Prostate Cancer. Oncogene 2012, 31, 3939–3948. [Google Scholar] [CrossRef]

	



Suls, A.; Jaehn, J.A.; Kecskés, A.; Weber, Y.; Weckhuysen, S.; Craiu, D.C.; Siekierska, A.; Djémié, T.; Afrikanova, T.; Gormley, P.; et al. De Novo Loss-of-Function Mutations in CHD2 Cause a Fever-Sensitive Myoclonic Epileptic Encephalopathy Sharing Features with Dravet Syndrome. Am. J. Hum. Genet. 2013, 93, 967–975. [Google Scholar] [CrossRef]

	



Snijders Blok, L.; Rousseau, J.; Twist, J.; Ehresmann, S.; Takaku, M.; Venselaar, H.; Rodan, L.H.; Nowak, C.B.; Douglas, J.; Swoboda, K.J.; et al. CHD3 Helicase Domain Mutations Cause a Neurodevelopmental Syndrome with Macrocephaly and Impaired Speech and Language. Nat. Commun. 2018, 9, 4619. [Google Scholar] [CrossRef]

	



Seelig, H.P.; Renz, M.; Targoff, I.N.; Ge, Q.; Frank, M.B. Two Forms of the Major Antigenic Protein of the Dermatomyositis-Specific Mi-2 Autoantigen. Arthritis Rheum. 1996, 39, 1769–1771. [Google Scholar] [CrossRef]

	



Micucci, J.A.; Sperry, E.D.; Martin, D.M. Chromodomain Helicase DNA-Binding Proteins in Stem Cells and Human Developmental Diseases. Stem Cells Dev. 2015, 24, 917–926. [Google Scholar] [CrossRef]

	



Carvill, G.; Helbig, I.; Mefford, H. CHD2-Related Neurodevelopmental Disorders. In GeneReviews; Adam, M., Pagon, R., Eds.; University of Washington, Seattle: Seattle, WA, USA, 2015. [Google Scholar]

	



Bernardo, P.; Galletta, D.; Iasevoli, F.; D’Ambrosio, L.; Troisi, S.; Gennaro, E.; Zara, F.; Striano, S.; de Bartolomeis, A.; Coppola, A. CHD2 Mutations: Only Epilepsy? Description of Cognitive and Behavioral Profile in a Case with a New Mutation. Seizure 2017, 51, 186–189. [Google Scholar] [CrossRef] [PubMed]

	



Galizia, E.C.; Myers, C.T.; Leu, C.; de Kovel, C.G.F.; Afrikanova, T.; Cordero-Maldonado, M.L.; Martins, T.G.; Jacmin, M.; Drury, S.; Krishna Chinthapalli, V.; et al. CHD2 Variants Are a Risk Factor for Photosensitivity in Epilepsy. Brain 2015, 138, 1198–1208. [Google Scholar] [CrossRef] [PubMed]

	



Epi4K Consortium. Epilepsy Phenome/Genome Project De Novo Mutations in Epileptic Encephalopathies. Nature 2013, 501, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Hanly, C.; Shah, H.; Au, P.Y.B.; Murias, K. Description of Neurodevelopmental Phenotypes Associated with 10 Genetic Neurodevelopmental Disorders: A Scoping Review. Clin. Genet. 2020. [Google Scholar] [CrossRef]

	



Roback, E.W.; Barakat, A.J.; Dev, V.G.; Mbikay, M.; Chrétien, M.; Butler, M.G. An Infant with Deletion of the Distal Long Arm of Chromosome 15 (Q26.1→qter) and Loss of Insulin-like Growth Factor 1 Receptor Gene. Am. J. Med. Genet. 1991, 38, 74–79. [Google Scholar] [CrossRef]

	



Li, M.M.; Nimmakayalu, M.A.; Mercer, D.; Andersson, H.C.; Emanuel, B.S. Characterization of a Cryptic 3.3 Mb Deletion in a Patient with a “Balanced t(15;22) Translocation” Using High Density Oligo Array CGH and Gene Expression Arrays. Am. J. Med. Genet. A. 2008, 146A, 368–375. [Google Scholar] [CrossRef]

	



Poot, M.; Verrijn Stuart, A.A.; van Daalen, E.; van Iperen, A.; van Binsbergen, E.; Hochstenbach, R. Variable Behavioural Phenotypes of Patients with Monosomies of 15q26 and a Review of 16 Cases. Eur. J. Med. Genet. 2013, 56, 346–350. [Google Scholar] [CrossRef]

	



Siebler, T. Insulin-like Growth Factor I Receptor Expression and Function in Fibroblasts from Two Patients with Deletion of the Distal Long Arm of Chromosome 15. J. Clin. Endocrinol. Metab. 1995, 80, 3447–3457. [Google Scholar] [CrossRef]

	



Veredice, C.; Bianco, F.; Contaldo, I.; Orteschi, D.; Stefanini, M.C.; Battaglia, D.; Lettori, D.; Guzzetta, F.; Zollino, M. Early Onset Myoclonic Epilepsy and 15q26 Microdeletion: Observation of the First Case. Epilepsia 2009, 50, 1810–1815. [Google Scholar] [CrossRef]

	



Dhamija, R.; Breningstall, G.; Wong-Kisiel, L.; Dolan, M.; Hirsch, B.; Wirrell, E. Microdeletion of Chromosome 15q26.1 in a Child With Intractable Generalized Epilepsy. Pediatr. Neurol. 2011, 45, 60–62. [Google Scholar] [CrossRef]

	



Liu, J.C.; Ferreira, C.G.; Yusufzai, T. Human CHD2 Is a Chromatin Assembly ATPase Regulated by Its Chromo- and DNA-Binding Domains. J. Biol. Chem. 2015, 290, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Schlembach, D.; Zenker, M.; Trautmann, U.; Ulmer, R.; Beinder, E. Deletion 15q24-26 in Prenatally Detected Diaphragmatic Hernia: Increasing Evidence of a Candidate Region for Diaphragmatic Development. Prenat. Diagn. 2001, 21, 289–292. [Google Scholar] [CrossRef] [PubMed]

	



Fryns, J.; De Muelenaere, A.; Van Den Berghe, H. Interstitial Deletion of the Long Arm of Chromosome 15. 1982. Available online: http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL82X0192875 (accessed on 8 January 2021).

	



Clark, R.D. Del(15)(Q22q24) Syndrome with Potter Sequence. Am. J. Med. Genet. 1984, 19, 703–705. [Google Scholar] [CrossRef] [PubMed]

	



Kristoffersson, U.; Heim, S.; Mandahl, N.; Sundkvist, L.; Szelest, J.; Hägerstrand, I. Monosomy and Trisomy of 15q24→qter in a Family with a Translocation t(6;15)(P25;Q24). Clin. Genet. 1987, 32, 169–171. [Google Scholar] [CrossRef] [PubMed]

	



de Formiga, L.F.; Poenaru, L.; Couronne, F.; Flori, E.; Eibel, J.L.; Deminatti, M.M.; Savary, J.B.; Lai, J.L.; Gilgenkrantz, S.; Pierson, M. Interstitial Deletion of Chromosome 15: Two Cases. Hum. Genet. 1988, 80, 401–404. [Google Scholar] [CrossRef] [PubMed]

	



Klaassens, M.; van Dooren, M.; Eussen, H.J.; Douben, H.; den Dekker, A.T.; Lee, C.; Donahoe, P.K.; Galjaard, R.J.; Goemaere, N.; de Krijger, R.R.; et al. Congenital Diaphragmatic Hernia and Chromosome 15q26: Determination of a Candidate Region by Use of Fluorescent In Situ Hybridization and Array-Based Comparative Genomic Hybridization. Am. J. Hum. Genet. 2005, 76, 877–882. [Google Scholar] [CrossRef]

	



Tonnies, H. De Novo Terminal Deletion of Chromosome 15q26.1 Characterised by Comparative Genomic Hybridisation and FISH with Locus Specific Probes. J. Med. Genet. 2001, 38, 617–621. [Google Scholar] [CrossRef] [PubMed]

	



Okubo, Y.; Siddle, K.; Firth, H.; O’Rahilly, S.; Wilson, L.C.; Willatt, L.; Fukushima, T.; Takahashi, S.-I.; Petry, C.J.; Saukkonen, T.; et al. Cell Proliferation Activities on Skin Fibroblasts from a Short Child with Absence of One Copy of the Type 1 Insulin-Like Growth Factor Receptor (IGF1R) Gene and a Tall Child with Three Copies of the IGF1R Gene. J. Clin. Endocrinol. Metab. 2003, 88, 5981–5988. [Google Scholar] [CrossRef]

	



Biggio, J.R.; Descartes, M.D.; Carroll, A.J.; Holt, R.L. Congenital Diaphragmatic Hernia: Is 15q26.1-26.2 a Candidate Locus? Am. J. Med. Genet. 2004, 126A, 183–185. [Google Scholar] [CrossRef]

	



Bhakta, K.Y.; Marlin, S.J.; Shen, J.J.; Fernandes, C.J. Terminal Deletion of Chromosome 15q26.1: Case Report and Brief Literature Review. J. Perinatol. 2005, 25, 429–432. [Google Scholar] [CrossRef]

	



Pinson, L.; Perrin, A.; Plouzennec, C.; Parent, P.; Metz, C.; Collet, M.; Le Bris, M.J.; Douet-Guilbert, N.; Morel, F.; De Braekeleer, M. Detection of an Unexpected Subtelomeric 15q26.2→Qter Deletion in a Little Girl: Clinical and Cytogenetic Studies. Am. J. Med. Genet. A. 2005, 138A, 160–165. [Google Scholar] [CrossRef] [PubMed]

	



Rujirabanjerd, S.; Tongsippunyoo, K.; Sripo, T.; Limprasert, P. Mutation Screening of the Aristaless-Related Homeobox (ARX) Gene in Thai Pediatric Patients with Delayed Development: First Report from Thailand. Eur. J. Med. Genet. 2007, 50, 346–354. [Google Scholar] [CrossRef] [PubMed]

	



Poot, M.; Eleveld, M.J.; van ’t Slot, R.; van Genderen, M.M.; Verrijn Stuart, A.A.; Hochstenbach, R.; Beemer, F.A. Proportional Growth Failure and Oculocutaneous Albinism in a Girl with a 6.87 Mb Deletion of Region 15q26.2→qter. Eur. J. Med. Genet. 2007, 50, 432–440. [Google Scholar] [CrossRef] [PubMed]

	



Walenkamp, M.J.E.; de Muinck Keizer-Schrama, S.M.P.F.; de Mos, M.; Kalf, M.E.; van Duyvenvoorde, H.A.; Boot, A.M.; Kant, S.G.; White, S.J.; Losekoot, M.; Den Dunnen, J.T.; et al. Successful Long-Term Growth Hormone Therapy in a Girl with Haploinsufficiency of the Insulin-Like Growth Factor-I Receptor Due to a Terminal 15q26.2->Qter Deletion Detected by Multiplex Ligation Probe Amplification. J. Clin. Endocrinol. Metab. 2008, 93, 2421–2425. [Google Scholar] [CrossRef]

	



Davidsson, J.; Collin, A.; Björkhem, G.; Soller, M. Array Based Characterization of a Terminal Deletion Involving Chromosome Subband 15q26.2: An Emerging Syndrome Associated with Growth Retardation, Cardiac Defects and Developmental Delay. BMC Med. Genet. 2008, 9. [Google Scholar] [CrossRef]

	



Rump, P.; Dijkhuizen, T.; Sikkema-Raddatz, B.; Lemmink, H.; Vos, Y.; Verheij, J.; Van Ravenswaaij, C. Drayer’s Syndrome of Mental Retardation, Microcephaly, Short Stature and Absent Phalanges Is Caused by a Recurrent Deletion of Chromosome 15(Q26.2→qter). Clin. Genet. 2008, 74, 455–462. [Google Scholar] [CrossRef]

	



Kulkarni, S.; Nagarajan, P.; Wall, J.; Donovan, D.J.; Donell, R.L.; Ligon, A.H.; Venkatachalam, S.; Quade, B.J. Disruption of Chromodomain Helicase DNA Binding Protein 2 (CHD2) Causes Scoliosis. Am. J. Med. Genet. A. 2008, 146A, 1117–1127. [Google Scholar] [CrossRef]

	



Dateki, S.; Fukami, M.; Tanaka, Y.; Sasaki, G.; Moriuchi, H.; Ogata, T. Identification of Chromosome 15q26 Terminal Deletion with Telomere Sequences and Its Bearing on Genotype-Phenotype Analysis. Endocr. J. 2011, 58, 155–159. [Google Scholar] [CrossRef]

	



Rudaks, L.I.; Nicholl, J.K.; Bratkovic, D.; Barnett, C.P. Short Stature Due to 15q26 Microdeletion Involving IGF1R: Report of an Additional Case and Review of the Literature. Am. J. Med. Genet. A. 2011, 155, 3139–3143. [Google Scholar] [CrossRef]

	



The Human Protein Atlas. Available online: https://www.proteinatlas.org/ENSG00000173575-CHD2 (accessed on 17 September 2020).

	



Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.; Asplund, A.; et al. Tissue-Based Map of the Human Proteome. Science 2015, 347, 1260419. [Google Scholar] [CrossRef]

	



Rodriguez, D.; Bretones, G.; Quesada, V.; Villamor, N.; Arango, J.R.; Lopez-Guillermo, A.; Ramsay, A.J.; Baumann, T.; Quiros, P.M.; Navarro, A.; et al. Mutations in CHD2 Cause Defective Association with Active Chromatin in Chronic Lymphocytic Leukemia. Blood 2015, 126, 195–202. [Google Scholar] [CrossRef] [PubMed]

	



Chapiro, E.; Pramil, E.; Diop, M.; Roos-Weil, D.; Dillard, C.; Gabillaud, C.; Maloum, K.; Settegrana, C.; Baseggio, L.; Lesesve, J.-F.; et al. Genetic Characterization of B-Cell Prolymphocytic Leukemia: A Prognostic Model Involving MYC and TP53. Blood 2019, 134, 1821–1831. [Google Scholar] [CrossRef] [PubMed]

	



Laurent, C.; Nicolae, A.; Laurent, C.; Le Bras, F.; Haioun, C.; Fataccioli, V.; Amara, N.; Adélaïde, J.; Guille, A.; Schiano, J.-M.; et al. Gene Alterations in Epigenetic Modifiers and JAK-STAT Signaling Are Frequent in Breast Implant-Associated ALCL. Blood 2019. [Google Scholar] [CrossRef] [PubMed]

	



Shen, T.; Ji, F.; Yuan, Z.; Jiao, J. CHD2 Is Required for Embryonic Neurogenesis in the Developing Cerebral Cortex: CHD2 Regulates Self-Renewal of Radial Glial Cell. Stem Cells 2015, 33, 1794–1806. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.J.; Khoshkhoo, S.; Frankowski, J.C.; Zhu, B.; Abbasi, S.; Lee, S.; Wu, Y.E.; Hunt, R.F. Chd2 Is Necessary for Neural Circuit Development and Long-Term Memory. Neuron 2018, 100, 1180–1193.e6. [Google Scholar] [CrossRef] [PubMed]

	



Meganathan, K.; Lewis, E.M.A.; Gontarz, P.; Liu, S.; Stanley, E.G.; Elefanty, A.G.; Huettner, J.E.; Zhang, B.; Kroll, K.L. Regulatory Networks Specifying Cortical Interneurons from Human Embryonic Stem Cells Reveal Roles for CHD2 in Interneuron Development. Proc. Natl. Acad. Sci. USA 2017, 114, E11180–E11189. [Google Scholar] [CrossRef]

	



Siggens, L.; Cordeddu, L.; Rönnerblad, M.; Lennartsson, A.; Ekwall, K. Transcription-Coupled Recruitment of Human CHD1 and CHD2 Influences Chromatin Accessibility and Histone H3 and H3.3 Occupancy at Active Chromatin Regions. Epigenetics Chromatin 2015, 8, 4. [Google Scholar] [CrossRef]

	



Simic, R. Chromatin Remodeling Protein Chd1 Interacts with Transcription Elongation Factors and Localizes to Transcribed Genes. EMBO J. 2003, 22, 1846–1856. [Google Scholar] [CrossRef]

	



De Dieuleveult, M.; Yen, K.; Hmitou, I.; Depaux, A.; Boussouar, F.; Dargham, D.B.; Jounier, S.; Humbertclaude, H.; Ribierre, F.; Baulard, C.; et al. Genome-Wide Nucleosome Specificity and Function of Chromatin Remodellers in ES Cells. Nature 2016, 530, 113–116. [Google Scholar] [CrossRef]

	



Cho, N.; Kim, J.O.; Lee, S.; Choi, S.; Kim, J.; Ko, M.-S.; Park, S.-J.; Ji, J.-H.; Kim, K.K. Alternative Splicing Induces Cytoplasmic Localization of RBFOX2 Protein in Calcific Tendinopathy. Exp. Mol. Pathol. 2019, 109, 36–41. [Google Scholar] [CrossRef]

	



Gehman, L.T.; Meera, P.; Stoilov, P.; Shiue, L.; O’Brien, J.E.; Meisler, M.H.; Ares, M.; Otis, T.S.; Black, D.L. The Splicing Regulator Rbfox2 Is Required for Both Cerebellar Development and Mature Motor Function. Genes Dev. 2012, 26, 445–460. [Google Scholar] [CrossRef] [PubMed]

	



Rajman, M.; Metge, F.; Fiore, R.; Khudayberdiev, S.; Aksoy-Aksel, A.; Bicker, S.; Ruedell Reschke, C.; Raoof, R.; Brennan, G.P.; Delanty, N.; et al. A MicroRNA-129-5p/Rbfox Crosstalk Coordinates Homeostatic Downscaling of Excitatory Synapses. EMBO J. 2017, 36, 1770–1787. [Google Scholar] [CrossRef] [PubMed]

	



Rom, A.; Melamed, L.; Gil, N.; Goldrich, M.J.; Kadir, R.; Golan, M.; Biton, I.; Perry, R.B.-T.; Ulitsky, I. Regulation of CHD2 Expression by the Chaserr Long Noncoding RNA Gene Is Essential for Viability. Nat. Commun. 2019, 10. [Google Scholar] [CrossRef] [PubMed]

	



Nakatochi, M.; Kanai, M.; Nakayama, A.; Hishida, A.; Kawamura, Y.; Ichihara, S.; Akiyama, M.; Ikezaki, H.; Furusyo, N.; Shimizu, S.; et al. Genome-Wide Meta-Analysis Identifies Multiple Novel Loci Associated with Serum Uric Acid Levels in Japanese Individuals. Commun. Biol. 2019, 2. [Google Scholar] [CrossRef]

	



Harada, A.; Okada, S.; Konno, D.; Odawara, J.; Yoshimi, T.; Yoshimura, S.; Kumamaru, H.; Saiwai, H.; Tsubota, T.; Kurumizaka, H.; et al. Chd2 Interacts with H3.3 to Determine Myogenic Cell Fate: Chd2 Incorporates H3.3 to Mark Myogenic Genes. EMBO J. 2012, 31, 2994–3007. [Google Scholar] [CrossRef]

	



Luijsterburg, M.S.; de Krijger, I.; Wiegant, W.W.; Shah, R.G.; Smeenk, G.; de Groot, A.J.L.; Pines, A.; Vertegaal, A.C.O.; Jacobs, J.J.L.; Shah, G.M.; et al. PARP1 Links CHD2-Mediated Chromatin Expansion and H3.3 Deposition to DNA Repair by Non-Homologous End-Joining. Mol. Cell 2016, 61, 547–562. [Google Scholar] [CrossRef]

	



McClelland, S.; Flynn, C.; Dubé, C.; Richichi, C.; Zha, Q.; Ghestem, A.; Esclapez, M.; Bernard, C.; Baram, T.Z. Neuron-Restrictive Silencer Factor-Mediated Hyperpolarization-Activated Cyclic Nucleotide Gated Channelopathy in Experimental Temporal Lobe Epilepsy. Ann. Neurol. 2011, 70, 454–465. [Google Scholar] [CrossRef]

	



McClelland, S.; Brennan, G.P.; Dubé, C.; Rajpara, S.; Iyer, S.; Richichi, C.; Bernard, C.; Baram, T.Z. The Transcription Factor NRSF Contributes to Epileptogenesis by Selective Repression of a Subset of Target Genes. eLife 2014, 3. [Google Scholar] [CrossRef]

	



Brennan, G.P.; Dey, D.; Chen, Y.; Patterson, K.P.; Magnetta, E.J.; Hall, A.M.; Dube, C.M.; Mei, Y.-T.; Baram, T.Z. Dual and Opposing Roles of MicroRNA-124 in Epilepsy Are Mediated through Inflammatory and NRSF-Dependent Gene Networks. Cell Rep. 2016, 14, 2402–2412. [Google Scholar] [CrossRef]

	



Baraban, S.C.; Dinday, M.T.; Hortopan, G.A. Drug Screening in Scn1a Zebrafish Mutant Identifies Clemizole as a Potential Dravet Syndrome Treatment. Nat. Commun. 2013, 4. [Google Scholar] [CrossRef]

	



Griffin, A.L.; Jaishankar, P.; Grandjean, J.-M.; Olson, S.H.; Renslo, A.R.; Baraban, S.C. Zebrafish Studies Identify Serotonin Receptors Mediating Antiepileptic Activity in Dravet Syndrome. Brain Commun. 2019, 1. [Google Scholar] [CrossRef] [PubMed]

	



Hortopan, G.A.; Dinday, M.T.; Baraban, S.C. Zebrafish as a Model for Studying Genetic Aspects of Epilepsy. Dis. Model. Mech. 2010, 3, 144–148. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Baraban, S.C. Network Properties Revealed during Multi-Scale Calcium Imaging of Seizure Activity in Zebrafish. Eneuro 2019, 6. [Google Scholar] [CrossRef]

	



Tidball, A.M.; Dang, L.T.; Glenn, T.W.; Kilbane, E.G.; Klarr, D.J.; Margolis, J.L.; Uhler, M.D.; Parent, J.M. Rapid Generation of Human Genetic Loss-of-Function IPSC Lines by Simultaneous Reprogramming and Gene Editing. Stem Cell Rep. 2017, 9, 725–731. [Google Scholar] [CrossRef]

	



Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable Editing of a Target Base in Genomic DNA without Double-Stranded DNA Cleavage. Nature 2016, 533, 420–424. [Google Scholar] [CrossRef]

	



Anzalone, A.V.; Koblan, L.W.; Liu, D.R. Genome Editing with CRISPR–Cas Nucleases, Base Editors, Transposases and Prime Editors. Nat. Biotechnol. 2020, 38, 824–844. [Google Scholar] [CrossRef]








[image: Ijms 22 00588 g001 550] 





Figure 1. Domain composition of human CHD proteins. The 9 known human chromodomain helicase DNA binding (CHD) proteins, divided into their appropriate subfamilies and drawn approximately to scale with all known or predicted domains included. All structural information was derived from Uniprot [32], InterPro [33], PFAM [34] and the National Center for Biotechnology Information (NCBI) [35] web sites. (Image created in BioRender® [36]). 
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Table 1. Some human diseases associated with mutations in CHD family proteins.
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	CHD Family Mutation
	Associated Pathology
	Reference





	CHD1
	Prostate cancer and prostate cancer invasiveness
	[65,67,68]



	CHD2
	Developmental Epileptic Encephalopathy
	[69]



	CHD3
	Dermatomyositis, Hodgkin’s lymphoma

Intellectual disability, macrocephaly, and impaired speech and language
	[27]

[70]



	CHD4
	Dermatomyositis,

Sifrim–Hitz–Weiss syndrome
	[71]

[40]



	CHD5
	Neuroblastoma
	[54]



	CHD6
	Colorectal cancer,

Bladder carcinoma
	[66]

[13]



	CHD7
	CHARGE syndrome
	[58]



	CHD8
	Autism spectrum disorder
	[59]
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Table 2. Early reported mutations in 15q20-15q26.1→qter (excluding ring chromosome 15) leading up to elucidation of a CHD2-DEE.
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	Mutation
	Reference
	Year
	Variance Type
	Phenotype





	45,XY t(15;13)(15pter→15q26:13qll→13qter)
	Pasquali et al. [Reported in [78,85]
	1973
	translocation
	



	del 15q21
	[86]
	1982
	de novo deletion
	



	del 15q22–q24
	[87]
	1984
	de novo deletion
	



	del 15q24→qter
	[88]
	1987
	unbalanced translocation
	



	del 15q24→qter
	[88]
	1987
	unbalanced translocation
	



	del 15q21 – q24
	[89]
	1988
	de novo deletion
	



	15q22–q25
	[89]
	1988
	de novo deletion
	Intrauterine growth retardation (IUGR), hypertelorism, epicanthic folds, narrow, slanting palpebral fissures, and a short nose, abnormal insertion of the toes, craniofacial dysmorphic features, narrowing of the palpebral fissures, slight microphthalmia, strabismus, hypopigmentation of the irides, microcephaly (-5 SDS), metopic bulging, microretrognathia with a constantly opened mouth arched palate. Large ears with thick helixes and prominent tragi and antitragi



	*15q26
	[78]
	1991
	de novo deletion
	IUGR, microcephaly, abnormal face and ears, micrognathia, highly arched palate, renal abnormalities, lung hypoplasia, failure to thrive, and developmental delay/mental retardation



	15q26.1 [46,XXt(3;15)(q29;q26.1)]
	Rosenberg et al. [Reported in [90]]
	1992
	balanced translocation
	Left-sided diaphragmatic hernia, complex congenital heart disease. IUGR, low-set and posteriorly rotated ears, mild micrognathia, fifth fingers with only a single phalangeal crease, and bilateral single transverse palmar creases, Clinodactyly of the second and third toes, nails were hypoplastic on all digits, expired 20 min after birth



	del 15q26.1→qter
	[81]
	1995
	balanced translocation
	IUGR, left diaphragmatic hernia, lung hypoplasia, cardiac dysmorphia, micrognathia, facial abnormalities



	del 15q26.1→qter
	[81]
	1995
	de novo deletion
	IUGR, developmental delay, low set ears, relative, high arched palate, micrognathia,



	15q25–15q26.2 [46,XX,del(15)(q25q26.2)]
	[85]
	2001
	balanced translocation
	IUGR, left-sided CDH with marked mediastinal shift and dextrocardia, left ventricular disproportion and talipes equinovarus (‘rocker-bottom feet’)



	del 15q26.1
	[91]
	2001
	de novo deletion
	IUGR, cardiac defects, developmental delay, severe failure to thrive, micrognathia, low set ears, a broad nasal bridge, and a short neck



	del 15q26.1
	[92]
	2003
	de novo deletion
	Hypoglycemia, cardiac abnormalities, moderate developmental delay



	15q26.1
	[93]
	2004
	de novo deletion
	Diaphragmatic hernia, lung hypoplasia, cardiac dysmorphia, microretrognathia, hirsutism, facial abnormalities



	del 15q26.1→qter
	[94]
	2005
	de novo deletion
	IUGR, lung hypoplasia, cardiac abnormalities, flat nasal bridge, a large anterior fontanelle, short palpebral fissures, bulbous nose, both ears with hypoplastic helices, redundant posterior neck skin, a grade II/VI systolic murmur best heard at the apex, slightly hyperpigmented labia majora with mild rugation, a deep sacral pit, clinodactyly of the 4th and 5th fingers of both hands, ulnar curvature of the 2nd finger of both hands, and medial deviation of all toes with a mild bilateral equinovarus, cholestatic liver disease, small kidneys, and spinal cord abnormalities



	del15q26.2→qter
	[95]
	2005
	de novo deletion
	Seizures, failure to thrive, developmental delay, mild facial dysmorphia, proximal placed thumbs, terminal tapering digits, rocker bottom feet, severe growth retardation



	del15q26.2
	[96]
	2007
	de novo translocation (leading to 4.7 mb deletion)
	developmental delay, growth retardation and some minor facial and limb dysmorphologies



	del15q26.2→qter
	[97]
	2007
	de novo deletion
	Severe pre- and post-natal growth retardation, congenital heart malformation, facial asymmetry, oculocutaneous albinism without misrouting and subluxation of the radial heads



	del15q26.2→qter
	[98]
	2008
	de novo deletion
	Severe growth retardation, microcephaly, and elevated IGF-I levels



	del15q26.2→qter
	[99]
	2008
	de novo deletion
	Pre- and post- natal growth retardation, dysmorphic features including hypertelorism, facial abnormalities and rocker bottom feet, cardiac abnormalities, and severe cognitive disability, gastrooesophageal reflux.



	15q26.1 [t(15;22)(q26.1;q11.2)]
	[79]
	2008
	balanced translocation
	Developmental delay, febrile seizures, left eye amblyopia, mild dysmorphic features including anteverted nares, unilateral auricular pit, fingertip pads, a low posterior hairline, and hirsutism at his back



	del15q26.2→qter
	Rump et al. (Reporting new data on probands first reported by Drayer et al. in 1977 [100]
	2008
	de novo deletion
	Postnatal growth retardation, microcephaly, motor delay, excessive scalp hair, a broad nasal bridge, epicanthal folds, blepharophimosis, a right-sided divergent strabismus, low-set dysplastic ears with a narrow slit-like meatus, hyperextensible joints, and café au lait spots on her right cheek, hand and thigh, brachydactyly characterized by short second and fifth fingers, small thumbs and talipes equinovarus with short toes, absence of the middle phalanges of the second and fifth fingers, short middle phalanges of the third and fourth fingers, and short proximal phalanges of the thumb. The middle phalanges of the second to fifth toes were missing bilaterally, and the proximal phalanges of the first toes were short



	del15q26.2→qter
	Rump et al. (Reporting new data on probands first reported by Drayer et al. in 1977) [100]
	2008
	de novo deletion
	Same as sister, but also including triangular facies and cardiac anomalies, hypospadia, cryptorchidism



	15q26.1 [t(X;15)(p22.q2;q26.1)]
	[101]
	2008
	balanced translocation
	“Scoliosis, hirsutism, learning problems and developmental delay, high-arched palate, 2–3 syndactyly of the toes, and mildly elevated serum testosterone”



	**15q26.1–26.2
	[82]
	2009
	de novo deletion
	“Refractory myoclonic epilepsy, mental retardation, growth delay, peculiar facial appearance, and minor physical anomalies”



	***del15q26.2→qter
	[102]
	2011
	de novo deletion
	“Short stature and mental retardation, ventricular septal defect (VSD) which closed spontaneously at 6 years of age, no dysmorphic features”



	***del 15q26.1
	[83]
	2011
	de novo deletion
	“Pervasive developmental disorder, growth delay, mild dysmorphic features, and intractable primary generalized epilepsy with a de novo microdeletion of approximately 0.73-0.94 Mb within chromosome 15q26.1”



	***15q26.2–15q26.3
	[103]
	2011
	de novo deletion
	“Short stature and atypically mild developmental delay, thin vermilion of the upper lip, mild hypoplasia of the alae nasi, clinodactyly of the fifth fingers bilaterally, mild brachydactyly, short hands, short nails, both hands showed shortening of all metacarpals bilaterally, the metacarpals being of similar length to the proximal phalanges, hypoplasia of the fifth middle phalanges bilaterally”







* Roback et al. was the initial de novo mutation in the 15q26.1 region to describe the symptoms associated with the CHD2 EE phenotypes. ** The Veredice report is the first clearly defined case of CHD2 related myoclonic epilepsy. *** The three 2011 papers following the Veredice paper illustrate the role of CHD2 variance in the epilepsy component of the phenotype, the Dateki and Rudaks 15q26.2 variant patients (Dateki et al., 2011; Rudaks et al., 2011) display overlapping phenotypes but no epilepsy.
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