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Posttranslational modification of histones and related gene regulation are shown to be affected in an increasing number of neurological disorders. SETD1A is a chromatin remodeler that influences gene expression through the modulation of mono- di- and trimethylation marks on Histone-H3-Lysine-4 (H3K4me1/2/3). H3K4 methylation is predominantly described to result in transcriptional activation, with its mono- di- and trimethylated forms differentially enriched at promoters or enhancers. Recently, dominant mostly de novo variants in SETD1A have clinically been linked to developmental delay, intellectual disability (DD/ID), and schizophrenia (SCZ). Affected individuals often display both developmental and neuropsychiatric abnormalities. The primary diagnoses are mainly dependent on the age at which the individual is assessed. Investigations in mouse models of SETD1A dysfunction have been able to recapitulate key behavioral features associated with ID and SCZ. Furthermore, functional investigations suggest disrupted synaptic and neuronal network function in these mouse models. In this review, we provide an overview of pre-clinical studies on the role of SETD1A in neuronal development. A better understanding of the pathobiology underlying these disorders may provide novel opportunities for therapeutic intervention. As such, we will discuss possible strategies to move forward in elucidating the genotype-phenotype correlation in SETD1A associated disorders.

Keywords: SETD1A, neurodevelopmental disorders (NDD), psychiatric disorders, chromatin modification, histone methlyation, schizophrenia


INTRODUCTION

Chromatin modification and the related regulation of gene expression patterns have been linked to several neurological disorders, in particular neurodevelopmental (NDD) or neuropsychiatric disorders (NPD; Gabriele et al., 2018; Satterstrom et al., 2020; Mossink et al., 2021). The basic building block for chromatin is the nucleosome, which consists of a 147 base pair DNA structure that wraps around an octamer of the four core histones H3, H4, H2A, and H2B. Chromatin structure dynamics are closely associated with DNA accessibility and the efficiency of DNA transcription and replication. Currently, it is well-recognized that epigenetic mechanisms such as post-translational modification of histones can control chromatin structure and organization, thereby influencing gene expression (Mossink et al., 2021).

One such posttranslational chromatin modification is the methylation of lysine groups at histones through different enzymes. Here we focus on mono-, di- and trimethylation of lysine 4 at histone H3 (H3K4me1/2/3). H3K4 methylation is generally implicated in transcription (Kusch, 2012). H3K4me1, 2, and 3 localizes to specific parts of the nucleosome: H3K4me1 is distributed at enhancer regions, H3K4me2 is found in nucleosomes further downstream in the body of genes, and H3K4me3 is located in nucleosomes near the transcription start sites (TSS) of expressed genes, presumably at promoter regions (Kusch, 2012). Over the past decades, enzymes of the type 2 lysine methyltransferase (KMT2, also known as mixed lineage leukemia; MLL) family have been found responsible for bulk H3K4 methylation. This is a highly conserved family, composed of six members. These six genes all contain a Su(var)3–9, Enhancer-of-zeste and Trithorax (SET) and post-SET domain, which are together responsible for the proteins’ methyltransferase activity and enable regulation of important aspects of cell physiology and development (Crump and Milne, 2019).

In this review, we will focus on SETD1A (also known as KMT2F), the main mammalian H3K4me1/2/3 methyltransferase. Current research associates SETD1A dysfunction with neurodevelopmental disorders (NDDs), early onset epilepsy, and schizophrenia (SCZ; Singh et al., 2016; Yu et al., 2019; Kummeling et al., 2020). This suggests that SETD1A plays a crucial role both during brain development as well as in maintaining healthy brain function.



THE FUNCTION OF SETD1A IS HIGHLY CONSERVED THROUGHOUT EVOLUTION

The methyltransferase activity of SETD1A is dependent on its interactions with several other proteins, which form a highly conserved complex, designated the “complex of proteins associated with Set1” (COMPASS). Originally identified in yeast (Ruthenburg et al., 2007), COMPASS complexes remain rather conserved during evolution: in Drosophila there are three Set1-like H3K4 methyltransferase complexes with three different enzymatic subunits: Set1, Trithorax (Trx), and Trithorax-related (Trr), whereas mammals have six Set1-like H3K4 methyltransferases: SETD1A/B and MLL1–4. Based on the sequence homology of the SET-containing enzymatic subunits and composition of the COMPASS, it was defined that MLL1/2 are homologous to Trx, MLL3/4 are homologous to Trr, and SETD1A/B are homologous to dSet1 (Mohan et al., 2011). The conserved structure of COMPASS complexes is also reflected in the function of the proteins, with Set1 in Drosophila and SETD1A/B in mammals both being considered as the major H3K4 trimethyl transferases (Ardehali et al., 2011; Clouaire et al., 2012). This underscores the essential biological function of SETD1A.



SETD1A REGULATES GENE TRANSCRIPTION AS PART OF A MULTI-SUBUNIT PROTEIN COMPLEX

In humans, SETD1A contains highly conserved SET and post-SET domains at the C terminus, like all other members of the KMT2 family (Figure 1A). Additionally, adjacent to the SET domain in the N-terminal direction, the n-SET domain (including the conserved WDR5 binding “WIN” motif) plays an important role in H2B ubiquitylation and eventually downstream H3K4 methylation (Kim et al., 2013). Near the N-terminal region, SETD1A also contains an RNA recognition motif (RRM) domain. All mammalian SET1-family complexes constitute WDR5, RBBP5, ASH2, and DPY30 forming the four subunit sub-complex WRAD, which is essential for H3K4 methyltransferase activity (Ernst and Vakoc, 2012; Figure 1B). Whereas WRAD is an essential sub-complex for members of the SET1-family in general, the functional SETD1A complex requires additional subunits. Such additional protein-protein complexes are formed with CFP1, WDR82, and HCF1 (Figure 1B). CFP1, also known as CXXC1, serves as the predominant targeting module for the SETD1A complex and plays a key role in guiding H3K4me3 deposition and proper expression of target genes (Brown et al., 2017). WDR82 interacts with SETD1A via the RRM domain. It mediates binding to the Ser5-phosphorylated C-terminal domain of RNA polymerase II, which results in the initiation of transcription by recruiting the SETD1A complex to transcription start sites (Lee and Skalnik, 2008). Lastly, HCF1 interacts with SETD1A through the HCF-1-binding motif (HBM). Through this interaction, the SETD1A complex is recruited to E2F-responsive promoters, where it can induce histone methylation and transcriptional activation and is involved in the regulation of cell cycle-related mechanisms (Tyagi et al., 2007). Taken together, this suggests that SETD1A can perform a multitude of biological functions, depending on specific interactions between subunits within the complex.
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FIGURE 1. Human SETD1A in health and neurological disorders. (A) General build-up of the human SETD1A protein and its key binding/catalytic motifs. (B) Principle of H3K4me3 histone modification via the COMPASS protein complex with SETD1A. (C) Known mutations in the coding sequence of SETD1A and associated neurological disorders [data from Singh et al. (2016); Yu et al. (2019); Kummeling et al. (2020)]. (D) Consequences of Setd1a haploinsufficiency in Setd1a+/– adult mouse models on behavior as well as neuronal (network) structure and function, compared to wildtype animals (wt). The relevant studies were performed at different developmental timepoints, each of which indicated by arrows on the developmental timeline. Numbers indicate the referenced sources: data from Nagahama et al. (2020) (1); (Mukai et al., 2019) (2); (Hamm et al., 2020) (3); V1—primary visual cortex, mPFC—medial prefrontal cortex.





SETD1A DYSFUNCTION IN NEURODEVELOPMENTAL AND NEUROPSYCHIATRIC DISORDERS

All six human KMT2 family complexes are widely expressed in different tissues and exhibit non-redundant cellular functions (Vallianatos and Iwase, 2015). This may explain why mutations in each of the different KMT2 family members have been shown to be causally linked to different syndromes and disorders (Vallianatos and Iwase, 2015). For example, mutations in KMT2A (MLL1) are associated with Wiedemann-Steiner syndrome, KMT2C (MLL3) with Kleefstra syndrome spectrum (Kleefstra et al., 2012; Frega et al., 2020), whereas KMT2D (MLL4, in humans, also called MLL2) mutations lead to Kabuki Syndrome 1 (Min Ko et al., 2017; Sobreira et al., 2017; Sun et al., 2017). In several studies with the focus on de novo mutations in humans, loss of function (LoF) of SETD1A was identified as a high-risk contribution to the etiology of SCZ (Takata et al., 2014; Singh et al., 2016; Birnbaum and Weinberger, 2017). Initially, this led to the proposition that reduced SETD1A function is a monogenic cause of SCZ. More recently this conceptual linking has been extended by associating mutations in SETD1A with disorders that are clinically characterized as NDDs, symptomatically represented with developmental delay, intellectual disability, behavioral problems as well as early onset epilepsy (Yu et al., 2019; Kummeling et al., 2020). Thus different individuals with SETD1A deficiency can show hallmarks of either impaired brain development and/or SCZ (Kummeling et al., 2020).

So far, the majority of individuals with a SETD1A mutation that report developmental problems were recruited at pediatric ages, whilst individuals reported with variants associated with SCZ were recruited at adolescent/adult ages. Specific symptoms for individuals diagnosed with SCZ typically show a later onset during the lifetime and are composed of a variation of delusions and hallucinations in addition to cognitive impairment and a decrease in social skills (Owen et al., 2016). Moreover, SETD1A-deficient individuals diagnosed with developmental problems have increasing symptoms typically associated with neuropsychiatry, including aggressive behaviors and anxiety, whereas some individuals diagnosed with SCZ also exhibited learning difficulties, which are more typically regarded as developmental problems (Owen et al., 2016; Singh et al., 2016). Therefore it is likely that SETD1A deficiency is associated with a variable longitudinal course and phenotypic spectrum across the lifespan. Taken together, LoF of SETD1A may lead to a neurodevelopmental syndrome that includes neuropsychiatric phenotypes typical for SCZ (Singh et al., 2016; Kummeling et al., 2020) and some individuals diagnosed with an NDD at pediatric ages might develop SCZ later in life.

Heterozygous mutations in the SETD1A gene, which is located on chromosome 16p11.2, have been shown to occur in multiple exons along the gene, predominantly 5’ but not within the catalytic SET domain. These mutations are suggested to result in LoF of the domain responsible for the methylation activity of the protein (Figure 1C; Table 1). Other mutations, located more upstream in the gene, are mostly frameshift mutations predicted to lead to a premature stop codon and reduced SETD1A expression, without a dominant negative function induced by the mutant allele (Cameron et al., 2019). Most of the known mutations are de novo (Table 1), and there are two variants (c.2968C>T; c.4582–2delAG) that have been reported in both developmental disorders and SCZ (Singh et al., 2016; Kummeling et al., 2020). Currently, there is no convincing evidence for the specific type of mutation nor the exon loci of the various SETD1A mutations to be reliable predictors for the clinical consequences of the affected individual (Singh et al., 2016; Yu et al., 2019; Kummeling et al., 2020). Insight into the specific molecular and cellular (neuronal) mechanisms affected by LoF of SETD1A will shed more light on how neurological disorders might be established in the brain.

TABLE 1. SETD1A species-specific properties and mutation locations in the Human SETD1A gene.
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ROLE OF SETD1A IN NEURODEVELOPMENT—LESSONS FROM RODENT MODELS

Studying mouse models for SETD1A deficiency has recently provided important information about the etiology of SETD1A associated neurological disorders. Recent studies focused on two different genetic mouse models for Setd1a haploinsufficiency. While one model mimics a human de novo frameshift mutation in exon 7 (Nagahama et al., 2020), a second model contains a LacZ/Neo cassette upstream of exon 4 that leads to LoF of Setd1a (Mukai et al., 2019; Hamm et al., 2020). Whereas homozygous mutations in Setd1a are lethal (Bledau et al., 2014), Setd1a+/– mice of both models are viable and display distinct behavioral phenotypes (Figure 1D). Setd1a+/– mice express impairments in social behavior as well as in working memory and learning (Mukai et al., 2019; Nagahama et al., 2020) which resemble some of the known deficits in human individuals with SETD1A haploinsufficiency, i.e., reductions in social skills, learning difficulties and cognitive impairments (Owen et al., 2016; Singh et al., 2016; Kummeling et al., 2020). Interestingly, Setd1a+/– mice with an LoF in exon 7 also show hyperactivity, deficiency in novel object recognition, and impaired avoidance from aversive situations (Nagahama et al., 2020). Such behavioral phenotypes have not been reported for Setd1a+/– mice with an LoF in exon 4 (Mukai et al., 2019; Hamm et al., 2020). It remains unresolved whether these differences in behavior are related to the exon loci of the mutation, the animal strains, or to differences in the study design.

Overall, even though differences between mouse models may exist, in rodents Setd1a haploinsufficiency seems to result in alterations of working memory and learning, as well as deficits in sociality. These consequences of SETD1A deficiency seem to span across evolution, as deficits in associative learning have been reported in Drosophila with a loss of the SETD1A homolog Set1 as well (Kummeling et al., 2020).



NEURONAL PHENOTYPES OF SETD1A DYSFUNCTION

Although it is evident that SETD1A mutations cause biological vulnerability to a broad neurodevelopmental phenotypic spectrum, the underlying cellular and molecular mechanisms remain poorly understood. Nevertheless, Setd1a+/– rodent models have already revealed information about the function of SETD1A during neuronal development and gave us the first insight into how Setd1a mutations may result in observed behavioral phenotypes.

SETD1A cooperates with Histone Cell Cycle Regulator (HIRA), an epigenetic regulator involved in neurogenesis (Li and Jiao, 2017). Together, these two regulators increase H3K4me3, leading to an increase in β-catenin, which is a key component of the canonical Wnt/β-catenin pathway. Wnt/β-catenin signaling plays an important role in promoting neural stem cell proliferation whereas inhibiting differentiation into mature neurons (Zhang et al., 2011). Concordantly, deletion of Setd1a severely affects the proliferation of not only embryonic stem cells (ESCs) but also epiblast stem cells, neuronal stem cells, and induced pluripotent stem cells (iPSCs), possibly by influencing the cell cycle distribution through an increased G1 phase time but a reduced S phase (Bledau et al., 2014). Additionally, ESCs with Setd1a deletion fail to differentiate entirely, suggesting severe differentiation deficits (Bledau et al., 2014). This indicates that SETD1A deficiency is associated with a disturbed balance between proliferation and differentiation, possibly through Wnt/β-catenin signaling. This balance is important for early cortical development and defects herein are thought to be an underlying cause for developmental disorders (Ernst, 2016). Taken together, altered neuronal proliferation and differentiation could contribute to the NDD phenotypes found in individuals with SETD1A haploinsufficiency. The understanding of how and to which extent SETD1A may also influence neuronal migration remains limited. However, recently it was shown that by introducing a missense mutation p.R913C on exon 10 of SETD1A into E14.5 embryonic mouse brain, neurons migrated faster to the superficial cortical layers when assessed at birth (Yu et al., 2019). This suggests that this specific mutation may disturb the normal process of cortical development and may lead to long-term consequences for the formation of neuronal circuits. Further studies focusing on other mutation types such as frameshift mutations or other mutation loci are needed to better understand the role of SETD1A in neuronal migration.

Deficits in neurogenesis and potentially altered neuronal migration associated with SETD1A deficiency raise questions about the consequences for neuronal network organization and communication. In the prefrontal cortex of mice, Setd1a mRNA can be detected at various developmental stages, from E14.5 until 4 months postnatally (Mukai et al., 2019; Yu et al., 2019). SETD1A protein predominantly expresses in neurons, not glial cells, and such SETD1A-positive neurons are distributed over all cortical layers except L1 (Mukai et al., 2019). Synaptogenesis is a key developmental process for neuronal circuitry formation in both humans and rodents, with the critical period of synaptogenesis occurring during the first 3 postnatal weeks in rodents (Semple et al., 2013). Therefore disruption in SETD1A function in particular within this time window is supposed to result in abnormal neuronal network organization. Indeed, Setd1a+/– mice show reduced neuronal connectivity by means of reduced spine density, particularly mushroom spine density on pyramidal neurons (Mukai et al., 2019; Nagahama et al., 2020; Figure 1D). Dysregulated spine density is known to be associated with multiple neurological disorders, such as Down syndrome and SCZ (Geschwind and Levitt, 2007; Nishiyama, 2019; Lo and Lai, 2020). Furthermore, reduced axonal projections patterns of cortical neurons from Setd1a+/– mice have been suggested to result in changes in axonal connectivity (Mukai et al., 2019). Taken together, these data implicate that Setd1a deficiency during rodent brain development results in deficits in general neuronal circuitry formation.

The structural neuronal circuitry abnormalities observed in Setd1a+/– mouse models have also been associated with altered neuronal communication. On the one hand, Setd1a haploinsufficiency could be related to enhanced intrinsic neuronal excitability (Mukai et al., 2019), on the other hand, there is accumulating evidence for disturbed synaptic function in adolescent as well as adult Setd1a+/– mice (Figure 1D). Whereas cortical L2/3 pyramidal neurons of Setd1a+/– mice have been found to receive normal inhibitory inputs from spontaneously active networks, in such neurons the excitatory drive appears to be significantly reduced (Nagahama et al., 2020). This reduction seems to be elicited by changes in both the number of functional excitatory synapses present as well as the strength of the excitatory inputs. It is to be expected that altered neuronal excitability and impaired excitatory glutamatergic communication result in altered neuronal signal processing. Indeed, aberrant ensemble activity and oscillations in the primary visual cortex of Setd1a+/– mice were previously identified, which could contribute to disruptions in sensory processing circuits (Hamm et al., 2020). This finding may offer circuit-level evidence for sensory-processing dysfunctions observed in neuropsychiatric disorders.

Furthermore, in mature cortical circuitries of Setd1a+/– mice, changes in excitatory synaptic short-term plasticity have been observed, such as an increase in short-term depression (Mukai et al., 2019). There is currently no evidence for altered long-term plasticity in Setd1a+/– mice. However, functional data indicates Setd1a+/– mice show alterations in their NMDAR subunit composition, which are key contributors to NMDAR-dependent long-term potentiation of synaptic signaling (Nagahama et al., 2020). Since synaptic plasticity, including short-term plasticity, is regarded as the cellular basis for learning and memory (Elgersma and Silva, 1999; Jaaskelainen et al., 2011), altered signal processing in combination with altered synaptic plasticity as observed in mature neuronal networks of Setd1a+/– mice may be a contributing factor to the learning deficits observed from patients with SETD1A mutation.

Several molecular mechanisms may lead to structural and functional neuronal circuitry alterations in Setd1a+/– mice. SETD1A, as an epigenetic regulator, is involved in the regulation of downstream gene expression. In cross-species investigations, it has been shown that Setd1a deficiency leads to significant changes in the transcriptomic profile of rodents (Mukai et al., 2019; Yu et al., 2019; Nagahama et al., 2020), and humans (Cameron et al., 2019). Both upregulation and downregulation of SETD1A target genes have been observed. Targets of SETD1A are highly expressed in pyramidal neurons, and dysregulated genes caused by Setd1a deficiency are enriched in annotations associated with synaptic functions such as “synapse organization” and “chemical synaptic transmission” (Mukai et al., 2019). Several genes important for the formation of excitatory synapses, such as Homer1, PTPRO, and ABI1, are downregulated in the mPFC of Setd1a+/– mice (Nagahama et al., 2020), whereas SLITRK4, which is important for neurite outgrowth and excitatory synapse formation, has been found to be upregulated (Mukai et al., 2019). This upregulation of SLITRK4 may contribute to the observed alterations in neuronal morphology and spine densities in Setd1a+/– mice.

Thus, current research suggests a crucial role of SETD1A in the development and maintenance of neuronal network function. These insights from rodent models with SETD1A haploinsufficiency may shed light on the question of how SETD1A deficiency may result in neurophysiological and clinical phenotypes.



AN OUTLOOK TOWARDS HUMAN MODELS FOR NEUROPSYCHIATRIC DISORDERS

Current data provide strong evidence for reduced SETD1A expression being causative for neurodevelopmental and neuropsychiatric disorders in humans. However, the biological mechanisms affected by SETD1A and histone methylation have only recently been unraveled and current knowledge has been limited to animal models. These models can provide essential and valuable insight into general mechanisms that may underlie disease and they also allow testing behavioral interventions. However, they still lack translational power. This is especially relevant in the context of epigenetic regulation as well as neuropsychiatric disorders such as SCZ, which often show highly human-specific phenotypes. Therefore, research in a human neuronal context could eventually provide deeper insight into the molecular processes affected by SETD1A deficiency.

Human iPSCs are a promising tool that revolutionized the way of human disease modeling. iPSCs have been applied to the study of a large number of diseases and pioneered the concept of “disease in a dish” (Shi et al., 2017). Human neuronal networks derived from patient iPSCs or from iPSCs with introduced disease-related mutations allow investigations in human genetic background. Currently, there are no published data on patients or genetically modified iPSC models with SETD1A deficiency. However, functional and molecular phenotyping of SETD1A deficient human iPSCs-derived neuronal networks could further elucidate how SETD1A affects gene expression associated with particular aspects of neuronal function and network maturation in human neuronal circuitry. Furthermore, such a platform can be used to investigate novel agents (Sohal and Rubenstein, 2019) that can enhance the function of SETD1A, which are of interest for the development of novel therapeutic interventions. One of the main challenges in the field of drug development is that we lack a complete understanding of the way epigenetic modification of histone marks can modulate neuronal function (Berger, 2007). For example, there is crosstalk between H3K9me and H3K4me (Li et al., 2008; Matsumura et al., 2015), which indicates that chemicals regulating H3K9me can possibly also influence H3K4me. Drug interventions in Setd1a+/– rodent models showed that treatment with the demethylation inhibitor ORY1001 in adult mice could rescue cognitive and circuitry deficits (Mukai et al., 2019). This indicates that pharmacological interventions may hold therapeutic potential also on the established and matured brain. Further investigation is however required to better characterize the potential of ORY1001 for clinical use. Here human neuronal models may be the most promising avenue regarding the development of novel therapeutic interventions.
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