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Genomic analysis has revealed that the genes for various chromatin regulators are mutated in many individuals with neurodevelopmental disorders (NDDs), emphasizing the important role of chromatin regulation in nervous system development and function. Chromatin regulation is mediated by writers, readers, and erasers of histone and DNA modifications, with such proteins being defined by specific domains. One of these domains is the SET domain, which is present in enzymes that catalyze histone methylation. Heterozygous loss-of-function mutations of the SETD5 (SET domain containing 5) gene have been identified in individuals with an NDD designated IDD23 (intellectual developmental disorder, autosomal dominant 23). KBG syndrome (named after the initials of the last names of the first three families identified with the condition) is characterized by features that either overlap with or are distinct from those of IDD23 and was initially thought to be caused only by mutations in the ANKRD11 (ankyrin repeat domain containing 11) gene. However, recent studies have identified SETD5 mutations in some KBG syndrome patients without ANKRD11 mutations. Here we summarize the neurobehavioral characterization of Setd5+/− mice performed by four independent research groups, compare IDD23 and KBG phenotypes, and address the utility and future development of mouse models for elucidation of the mechanisms underlying NDD pathogenesis, with a focus on SETD5 and its related proteins.
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INTRODUCTION
The regulation of gene expression relies on chromatin structure, which is itself dependent on DNA and histone modifications such as methylation of lysine residues in the NH2-terminal tails of histone proteins (Berger, 2007). Most histone lysine methyltransferases contain an evolutionarily conserved SET (Suppressor of variegation 3, Enhancer of Zeste, and Trithorax) domain that binds the S-adenosyl methionine (SAM) cofactor required for catalysis of methylation (Zhang and Ma, 2012; Herz et al., 2013; Husmann and Gozani, 2019). Given that it contains a SET domain, mammalian SETD5 might be expected to function as a histone methyltransferase. However, the SET domain of SETD5 differs at several key residues from those of active methyltransferases as well as contains a large loop not present in such enzymes, both of which features disrupt SAM binding (Mas-y-Mas et al., 2016), leaving the catalytic activity of SETD5 unclear. Whereas H3K36 (lysine-36 of histone H3) methylation (Sessa et al., 2019) and H3K9 methylation (Pinheiro et al., 2012) were reported to be mediated by the recombinant SET domain of SETD5 in vitro, other researchers were not able to detect such activity (Deliu et al., 2018; Wang et al., 2020). Methyltransferase activity has also not been detected for the SETD5 paralog MLL5 (Madan et al., 2009; Mas-y-Mas et al., 2016) or for SETD5 orthologs including yeast Set3p (Pijnappel et al., 2001) and Drosophila UpSET (Rincon-Arano et al., 2012), suggesting that, if SETD5 indeed possesses such catalytic activity, it was acquired during the process of evolution. Proteomics analyses by several research groups have consistently identified components of two complexes—the HDAC3 and PAF1 complexes—among proteins found to associate with SETD5 (Osipovich et al., 2016; Yu et al., 2017; Deliu et al., 2018; Nakagawa et al., 2020; Wang et al., 2020; Matsumura et al., 2021). The HDAC3 complex functions mainly as a transcriptional repressor by catalyzing deacetylation of histone proteins (Seto and Yoshida, 2014), whereas the PAF1 complex regulates transcription by modulating promoter-proximal pausing, transcriptional elongation and termination, and RNA 3′-end formation by RNA polymerase II (Branden Van Oss et al., 2017). Therefore, regardless of whether it possesses catalytic activity itself, SETD5 is implicated in chromatin regulation and is classified as an epigenetic regulator that acts through the HDAC3 and PAF1 complexes. The identification of genes regulated by SETD5 in association with HDAC3 and PAF1 complexes has provided insight into physiology and pathology related to cancer or to neurodevelopmental disorders (NDDs), in which up- or downregulation of SETD5 expression has been detected, respectively.
Intellectual developmental disorders (IDDs) constitute a spectrum of NDDs associated with intellectual disability (ID), and they impact physical, cognitive, or emotional functions of affected individuals. Genetic alterations of several autosomal dominant genes associated with IDDs have been identified and numbered, with MRD1 (“mental retardation”, autosomal dominant 1) referring to mutation or disruption of the gene MBD5 and MRD2 to disruption of DOCK8. Since the abbreviation “MR” for “mental retardation” is being replaced with “ID” for intellectual disability, here we use “IDD” instead of “MRD” in this Mini Review. In most cases, each IDD number is assigned to a single gene or chromosomal location whose genetic alteration is responsible for the corresponding disorder. Of the 69 IDDs annotated in the OMIM (Online Mendelian Inheritance in Man) database, at least 36 (52%) are linked to genes whose products (proteins) are molecularly related to chromatin regulation and transcription (Table 1), underlining the key role of the epigenetic control of gene expression in nervous system development.
TABLE 1 | Genes associated with MRD in the OMIM database. Given that the term “mental retardation (MR)” is being replaced in the literature with “intellectual disability (ID),” we propose that “MRD (“mental retardation,” autosomal dominant)” be replaced with “IDD (intellectual disability, autosomal dominant).” Chromatin regulators are defined as those related to transcription directly such as transcription factors or epigenetic regulators.
[image: Table 1]IDD23 is defined as being caused by a heterozygous mutation of SETD5 on chromosome 3p25 in humans, with the corresponding mouse gene being located at chromosome 6 cytoband E3 (Fernandes et al., 2018). Individuals with a 3p25 deletion manifest an array of symptoms including ID, autistic features, epilepsy, eye problems, facial dysmorphism, and congenital heart defects (Shuib et al., 2009; Gunnarsson and Bruun, 2010; Peltekova et al., 2012; Kellogg et al., 2013; Pinto et al., 2014; Pires et al., 2020) (Table 2; Supplementary Table S1). The deletions overlap with a portion, or the entire region, of SETD5, resulting in the loss of gene function. Missense mutations, frameshift mutations, or non-sense mutations of SETD5 have also been detected in individuals who manifest phenotypes similar to those associated with 3p25 deletion (Rauch et al., 2012; Grozeva et al., 2014; Kuechler et al., 2015; Szczałuba et al., 2016; Green et al., 2017; Stur et al., 2017; Powis et al., 2018; Fang et al., 2019; Pan et al., 2020; Pinard et al., 2020; Anderson et al., 2021) (Supplementary Figure S1). Although the link between the types of mutations in the SETD5 gene and particular phenotypes such as ID is not obvious (Supplementary Table S1), those patients’ data indicated that SETD5 is responsible, at least in part, for the 3p25 deletion syndrome. The causal role of SETD5 insufficiency due to heterozygous loss-of-function mutations in disease pathogenesis has been investigated with mouse models. Here we summarize the insight provided by these models and examine the extent to which the mice recapitulate human disease phenotypes. We will also address KBG syndrome, which was thought to be caused specifically by ANKRD11 (ankyrin repeat domain containing 11) gene mutations, but for which a role for SETD5 was recently suggested (Crippa et al., 2020; Pascolini et al., 2022).
TABLE 2 | Clinical characteristics of SETD5 haploinsufficiency in humans and mice. The references for human data are found in the Supplementary Table. Mouse data are from Deliu et al. (2018), Moore et al. (2019), Sessa et al. (2019), Nakagawa et al. (2020), and Cheung et al. (2021) and each study is represented as D, M, S, N, and C, respectively, at the right-most column. N.D., not determined.
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Mice with an insertion of the coding sequence for green fluorescent protein (GFP) upstream of the Setd5 translation initiation codon have been generated and analyzed (Osipovich et al., 2016). These mice express GFP in place of SETD5, and the homozygous disruption of Setd5 was found to result in death at around embryonic day 10 that was likely due to a cardiovascular abnormality. The SETD5 null embryos thus manifested an underdeveloped heart, widespread hemorrhage, and a disorganized capillary plexus with fewer blood cells in the yolk sac, which nurtures the embryo proper. Consistent with these findings, the differentiation of SETD5-deficient embryonic stem cells into cardiomyocytes was impaired in association with dysregulation of the expression of genes related to such differentiation.
Four research groups subsequently and independently characterized the neurobehavioral phenotypes of Setd5+/− mice, with one group studying the mice lacking all exons of Setd5 generated by Osipovich et al. (Moore et al., 2019) and the other groups studying mice established by the Wellcome Trust Sanger Institute Mouse Genetics Project (Pettitt et al., 2009; Skarnes et al., 2011; Bradley et al., 2012; White et al., 2013). This latter mouse line, Setd5+/tm1a (EUCOMM)Wtsi, contains a transcription stop sequence in intron 2 that can be excised with flippase (Flp) as well as loxP sites flanking exons 3 to 6 that allow this genomic region to be excised with Cre recombinase [see Supplementary Figure S1 in Nakagawa et al. (2020)]. The induced expression of Cre in specific cell types can thus result in the conditional knockout of Setd5 in these cell types. We (Nakagawa et al., 2020) and Sessa et al. (2019) analyzed these mice lacking exons 3 to 23, without the use of Cre and Flp driver mice, whereas Deliu et al. (2018) generated mice lacking exons 3 to 6 by crossing Setd5+/tm1a (EUCOMM)Wtsi mice with Flp-expressing mice and mating the resultant offspring with Cre transgenic mice that express Cre throughout the body (Supplementary Figure S1). We will now summarize the major NDD phenotypes of these various Setd5+/− mice.
Cognitive function
ID is characterized by impaired cognitive function and adaptive behavior (The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition). The cognitive ability of Setd5 heterozygous mutant mice was evaluated by subjecting the animals to several learning and memory tests, including fear-conditioning and maze tests. In our analysis (Nakagawa et al., 2020), the mice lacking exons 3 to 23 of Setd5 manifested reduced freezing behavior induced by a pretrained sound stimulus, indicative of an impairment of cued fear memory. Although we detected no significant defect in working memory performance in the T-maze test, mice with the same targeted deletion of Setd5 showed impaired performance in the working memory task of the eight-arm radial maze test (Sessa et al., 2019). Consistent with our results (Nakagawa et al., 2020), the Setd5+/− mice studied by Moore et al. (2019) showed a significantly increased latency in the Barnes maze test compared with wild-type animals. In contrast, Deliu et al. (2018) found that the Setd5 mutant mice lacking exons 3 to 6 manifested increased memory retention as assessed by the contextual fear memory test and the ability to discriminate between old and novel locations. A large deletion of Setd5, including the region encoding the COOH-terminus of the protein, thus resulted in cognitive impairment, whereas the opposite phenotype was observed in mice with a smaller deletion. In addition, the mutant mice lacking exons 3 to 6 of Setd5 showed repetitive behavior and deficits in adaptive behavior with the IntelliCage system (Deliu et al., 2018), which may have influenced memory performance.
Social interaction and repetitive behavior
Autism spectrum disorder (ASD) is characterized by impairment of social interaction and communication and the presence of repetitive behaviors (The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition). Social interaction was investigated in mice with heterozygous deletion of Setd5 with the use of several types of social behavior tests, including a three-chamber social approach test and ultrasonic vocalization (USV) recording. Whereas we (Nakagawa et al., 2020) and Deliu et al. (2018) did not detect any significant defects in the three-chamber social approach test, the other two groups found that Setd5+/− mice lacked the normal preference for novel over familiar mice (Moore et al., 2019; Sessa et al., 2019). In the social interaction test performed with two mice of the same genotype, we found that the mean duration per contact was significantly increased and the total duration of contacts tended to be increased for Setd5+/− mice compared with wild-type littermates (Nakagawa et al., 2020). However, Sessa et al. (2019) observed a reduced total duration of contacts for their Setd5 mutant animals.
The communicative function of USV has been demonstrated in young mouse pups (Scattoni et al., 2009). We assessed social communication in Setd5+/− mice by measurement of USV at postnatal day 6, and found that the mutant mice emitted fewer such vocalizations than did wild-type mice (Nakagawa et al., 2020). Setd5+/− mouse pups also showed a delayed ontogenetic profile of USV (Deliu et al., 2018). In the nest-building task, the mutant mice also failed to build proper nests (Deliu et al., 2018; Moore et al., 2019), and they were subordinate to wild-type mice in the tube test (Sessa et al., 2019).
The mutant mice were assessed for repetitive behavior with the marble-burying and open-field tests, in which they performed similarly to control mice, whereas the mutant animals showed nose-poke repetitions in a learning task performed with IntelliCage (Deliu et al., 2018). Together, these data indicated that, regardless of the size of the gene deletion, SETD5 haploinsufficiency appeared to give rise to social behavioral abnormalities reminiscent of autistic-like behavior.
Other features
Epilepsy is a frequent complication of individuals with SETD5 mutations. However, Setd5 mutant mice did not show spontaneous seizures or a reduction in the threshold for drug-induced epilepsy (Moore et al., 2019). Individuals with SETD5 mutations also experience motor impairment or delay, but motor coordination in the rotarod test was also normal in Setd5+/− mice (Moore et al., 2019; Sessa et al., 2019; Nakagawa et al., 2020)—although the mutant mice showed a severe impairment in hindlimb clasping and abnormal paw slipping in the beam-walking test (Sessa et al., 2019). Many, but not all, Setd5+/− mice manifested tooth displacement, eye problems, and craniofacial abnormalities (Deliu et al., 2018), all of which are characteristics of patients harboring SETD5 mutations. Recently, more than half of Setd5+/− mice were also found to have congenital heart defects (Cheung et al., 2021), which are also observed in human patients. Together, these results indicate that SETD5 haploinsufficiency affects developmental processes in a variety of organs of both humans and mice.
KBG syndrome
Heterozygous mutations of ANKRD11 have been identified in individuals with KBG syndrome, which is named after the initials of the last names of the first three families identified with the condition and is characterized by short stature, macrodontia of permanent upper central incisors, facial dysmorphism, learning difficulties, and neurobehavioral problems; it is also associated less frequently with seizures, cardiac abnormalities, hearing loss, feeding difficulties, and autistic features (Low et al., 2016). A search for novel pathogenic variants in three patients with suspected KBG syndrome who did not harbor ANKRD11 mutations resulted in the identification of an exon 1–17 deletion and frameshift mutations in SETD5 (Crippa et al., 2020). More recently, a girl with KBG syndrome features but without an ANKRD11 mutation was found to harbor a non-sense mutation in SETD5 (Pascolini et al., 2022). Of note, we (Nakagawa et al., 2020) and Deliu et al. (2018) detected ANKRD11 in SETD5 immunoprecipitates prepared from neuronal cells, indicating that ANKRD11 binds to SETD5 and may function as a transcriptional repressor in the same complex. This notion is supported by the observation that ANKRD11 also binds to HDAC3 (Zhang et al., 2004), which also interacts with SETD5. The proliferation of cultured cortical precursor cells from Yoda mice, which harbor a missense mutation of Ankrd11 similar to a mutation identified in a KBG syndrome patient, was found to be impaired, and the defect was rescued by ectopic overexpression of HDAC3 (Gallagher et al., 2015). Combined with our finding that neural stem cells derived from Setd5 mutant mice also showed reduced proliferation (Nakagawa et al., 2020), these data indicate that SETD5 functions together with ANKRD11 in the HDAC3 complex, and probably possibly also the PAF1 complex, to regulate gene expression that is necessary for neural development. In the three-chamber social approach test, Yoda mice showed impaired sociability and preference for novel over familiar mice as Setd5+/− mice did (Gallagher et al., 2015). Furthermore, these mice exhibited more self-grooming behavior than their wild-type littermates did (Gallagher et al., 2015), indicating that Ankrd11 mutation causes ASD-like social deficit in mice.
DISCUSSION
We have here surveyed studies that have analyzed mouse models related to IDD23 and KBG syndrome, namely Setd5+/− and Ankrd11Yoda mice. Similar to human patients, these mice manifest a variety of phenotypes with less than 100% penetrance, implicating environmental factors as determinants of such phenotypes. The intestinal environment is of particular interest in this regard, given that the gut-brain axis is proposed to play a key role in ASD pathogenesis (Vuong et al., 2017; Cryan et al., 2019). It will be important to identify environmental factors responsible for this phenotypic heterogeneity in order to increase our understanding of these NDDs.
Several issues remain to be clarified with regard to the pathology associated with SETD5 mutation. The molecular relation between SETD5 and its target genes thus remains undefined. Given that SETD5 does not contain a DNA binding domain, it must rely on other proteins for its recruitment to target loci. Moreover, the function of the SET domain of SETD5 is still not clear. Of interest, a comparison of the sequence similarity between human and chimpanzee SET domains revealed more non-synonymous substitutions in SETD5 than in any other SET domain–containing protein, indicative of rapid evolution of SETD5 in humans (Zhang and Ma, 2012). A human-specific function of the SET domain of SETD5 may exist whose disruption gives rise to IDD23 pathogenesis.
Whether there is a link between NDDs and tumorigenesis also warrants further investigation. Whereas an increase in SETD5 expression or activity may ameliorate the symptoms of IDD23, the effect of such an increase on tumorigenesis will need to be determined, given that SETD5 is upregulated in most cancer types (Ding et al., 2019; Yu et al., 2019; Zhang et al., 2019; Piao et al., 2020; Wang et al., 2020; Chen et al., 2021; Yang et al., 2021; Jiang, et al., 2022; Park et al., 2022; Yang et al., 2022).
IDD23 and KBG syndrome are both mendelian disorders of the epigenetic machinery (MDEMs), an emerging concept that emphasizes the importance of epigenetic regulators in disorders such as NDDs and growth defects with prominent sensitivity to haploinsufficiency as a key pathogenic feature (Fahrner and Bjornsson, 2019). Further studies of mice bearing various mutations of Setd5 as well as other MDEM mouse models, with or without infliction of environmental insults, should help to characterize how the nervous system maintains homeostasis in order to execute its functions during development. For example, single-cell transcriptomic analyses of brain samples taken from Setd5+/− and Ankrd11Yoda mice or behavioral and biochemical examination of mice with conditional knockout of Setd5 or Ankrd11 would be helpful to determine which cell types require SETD5 for preventing the pathogenesis of NDD/KBG syndrome.
Finally, the abbreviation “MR” for “mental retardation” is being replaced with “ID” for intellectual disability, and we therefore propose that “MRD” be replaced with “IDD” in this numbering system.
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D (IDD) number Autosomal dominant ID gene  Chromatin regulator  Type of mutati cation
1 MBD5 Yes deletion, duplication, substitution, translocation | 2q23.1
2 DOCKS deletion, translocation 9p24
3 CDH15 substitution, translocation 169243
4 KIRREL3 substitution, translocation 119242
5 SYNGAPL deletion, substitution 6p21.32
6 GRIN2B deletion, insertion, substitution, translocation 12p13.1
7 DYRKIA deletion, substitution, translocation 2192213
8 GRIN1 duplication, substitution 99343
9 KIFIA substitution 20373
10 CACNG2 substitution 2q123
1 EPB4ILI substitution 20q11.23
12 ARIDIB Yes deletion, substitution 69253
13 DYNCIHI substitution 1493231
14 ARIDIA Yes deletion, duplication, substitution 1p36.11
15 SMARCBI Yes deletion, substitution 2q11.23
16 SMARCA4 Yes deletion, substitution 19p13.2
17 PACSI substitution 11q13.1-q13.2
18 GATAD2B Yes deletion, insertion, substitution 19213
19 CTNNBI Yes deletion, insertion, duplication, substitution 3p221
20 MEF2C Yes deletion, duplication, substitution 5q143
21 CTCF Yes duplication, substitution 16q22.1
2 ZBTBIS, Yes deletion, substitution 1qd4
2 SETDS Yes deletion, duplication, substitution 3p253
2 DEAFI Yes deletion, deletion/insertion, substitution 11p15.5
25 AHDCI Yes deletion, substitution 1p36.11-p353
26 AUTS2 Yes deletion, duplication, translocation, inversion 7q11.22
27 SOXI11 Yes substitution 2p252
28 ADNP Yes deletion, insertion, duplication, substitution 20q13.13
29 SETBP1 Yes deletion, substitution 18q123
30 ZMYNDI1 Yes deletion, duplication, substitution 10p153
31 PURA Yes deletion, substitution 5313
32 KAT6A Yes deletion, duplication, substitution spl121
33 DPP6 deletion, substitution 79362
34 CERT1 substitution 5q133
35 PPP2RSD substitution 6p21.1
36 PPP2RIA substitution 19q13.41
37 POGZ Yes deletion, insertion, duplication, substitution 19213
38 EEFIA2 substitution 20q13.33
39 MYTIL Yes deletion, duplication, substitution 2253
40 CHAMPI Yes deletion, substitution 13g34
a TBLIXRI Yes deletion, substitution 392632
42 GNBL deletion, substitution 1p36.33
43 HIVEP2 Yes deletion, duplication, substitution 69242
4 TRIO deletion, duplication, substitution Spl5.2
45 cc Yes deletion/insertion, duplication, substitution 19q132
46 KCNQS substitution 6q13
47 STAGI Yes deletion, duplication, substitution 3q223
48 RACI substitution 7p22.1
49 TRIPI2 Yes deletion, duplication, substitution 29363
50 NAAIS deletion, deletion/insertion, substitution 49311
51 KMT5B Yes deletion, substitution 11q132
52 ASHIL Yes deletion/insertion, duplication, substitution 1922
53 CAMK2A substitution 532
54 CAMK2B substitution 7p13
55 NUSI deletion, duplication, substitution 6q22.1
56 cLTe deletion, duplication, substitution 17q23.1
57 TLK2 Yes substitution, translocation 17q232
58 SET Yes deletion, duplication, substitution 9q34.11
59 CAMK2G substitution 10q222
60 AP2M1 substitution 3q271
61 MED13 Yes deletion, substitution 17q232
62 DLG4 deletion, duplication, substitution 17p13.1
63 TRIO substitution 5pis2
64 ZNF292 Yes deletion, duplication, substitution 6q143
65 KDM4B Yes deletion, duplication, substitution 19p133
66 ATP2B1 substitution 12q21.33
67 GRIAL substitution 59332
68 KMT2B Yes duplication, substitution 19q13.12
69 LMAN2L deletion 2q112
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Intellectual disability 90% Abnormal fear memory, impaired working memory ND. ‘ DM SN
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Epilepsy 25% Abnormal electroencephalogram 0% ‘ M
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Facial dysmorphism 100% Craniofacial abnormalities, tooth displacement ND. \ D
Congenital heart defects 40% Defects in heart development 75% \ c

Motor impairment [ 90% Abnormal recurrent paw slipping [ ND. ‘ s
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