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Abstract

Variations in MYT1L, a gene encoding a transcription factor expressed in the brain, have been 

associated with autism, intellectual disability, and schizophrenia. Here we provide an updated 

review of published reports of neuropsychiatric correlates of loss of function and duplication of 

MYT1L. Of 27 duplications all were partial; 33% were associated exclusively with schizophrenia, 

and the chromosomal locations of schizophrenia-associated duplications exhibited a distinct 

difference in pattern-of-location from those associated with autism and/or intellectual disability. 

Of 51 published heterozygous loss of function variants, all but one were associated with 

intellectual disability, autism, or both, and one resulted in no neuropsychiatric diagnosis. There 

were no reports of schizophrenia associated with loss of function variants of MYT1L (Fisher's 

exact p < .00001, for contrast with all reported duplications). Although the precise function of the 

various mutations remains unspecified, these data collectively establish the candidacy of MYT1L 
as a reciprocal mutation, in which schizophrenia may be engendered by partial duplications, 

typically involving the 3′ end of the gene, while developmental disability–notably autism–is 

associated with both loss of function and partial duplication. Future research on the specific effects 

of contrasting mutations in MYT1L may provide insight into the causal origins of autism and 

schizophrenia.
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1 ∣ INTRODUCTION

MYT1L (myelin transcription factor 1-like gene), a zinc finger transcription factor found on 

the short arm of chromosome 2 and expressed in neuronal tissue, functions in genetic 

regulation, and its disruption is commonly associated with manifestations of 

neuropsychiatric disability. Previous reports of this association include publication of a 

series of MYT1L duplication cases with schizophrenia (Lee et al., 2012) and a number of 

reports of deletions associated with neurodevelopmental disorders, including intellectual 

disability (De Rocker et al., 2015; Tuwaijri & Alfadhel, 2019). The possibility that deletion 

versus duplication in a single gene might result in highly contrasting neuropsychiatric 

phenotypes motivates this updated appraisal of the published literature, because clarification 

of reciprocal effects of gene dosage could yield profound biological insights into distinctions 

between the associated neuropsychiatric disorders, in this case including contrasts between 

schizophrenia and autism. In this comprehensive appraisal, we consider associations of 

MYT1L with three neuropsychiatric phenotypes (autism, schizophrenia, and intellectual 

disability), how each relates to either loss of function or duplication in previously published 

reports, and how position of a partial duplication on the chromosome may be associated with 

phenotype.

In relation to contrasts between autism and schizophrenia, at least 10 other genes have been 

implicated in observations of pleiotropic effects of deletions resulting variously in one or the 

other phenotype (Vissers, Gilissen, & Veltman, 2016). Human loss of function mutations 

associated with these respective disparate phenotypes in one of the genes, SHANK3, were 

engineered in a mouse model, and revealed both overlapping and nonoverlapping synaptic, 

behavioral, and molecular signatures of disruption (Zhou et al., 2016). To our knowledge, 

MYT1L is the first gene associated with both autism and schizophrenia that exhibits a 

pattern of association suggesting reciprocal effects of deletion and partial duplication 

mutations resulting in these disparate disorders; these conditions have both contrasting and 

overlapping behavioral features and marked differences in developmental timing of 

symptom onset. Patterns of contrasting or reciprocal behavioral effects have been observed 

for a number of cytogenetic regions that harbor multiple genes, including 22q13.3 and 

16p11.2 (Crespi, Stead, & Elliot, 2010).

Recently, reciprocal rearrangements in the Williams Beuren region of chromosome 7 

(7q11.23) have been traced to the contrasting phenotypes of autism (in a number of 

duplication cases) and Williams Syndrome (most reported deletions), which is particularly 

intriguing because these syndromes can be construed as manifestations of hypo- and hyper-

sociality (Mulle et al., 2014). More generally, reciprocal mutations have been categorized 

according to three models of gene expression: the additive model, the dominant model, and 

the U-shaped model. In the additive model, opposite directions of gene expression (increase 

and decrease) are associated with opposing phenotypes. An example of this additive class of 

variants is the historical association of 22q11.2 duplications with schizophrenia, and 22q11.2 

deletions with possible protection from schizophrenia. In the U-shaped model, opposing 

directions of gene expression (increase and decrease) are associated with identical 
phenotypes. Finally, in the dominant model, increase or decrease of gene expression is 
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associated with one phenotype while the converse level of gene expression (increase or 

decrease) has no effect on that specific trait (Deshpande & Weiss, 2018).

This review and meta-analysis was motivated by a steady accumulation of cases representing 

a range of neuropsychiatric abnormality associated with MYT1L, and the potential 

biological significance of understanding discrepancies between loss of function and partial 

duplication mutations. Specifying the patterns of association between disruptions in 

individual genes and syndromes of developmental and behavioral abnormality can offer 

critical clues to understanding the effects of genetic variation on causation of 

neuropsychiatric disorders.

2 ∣ METHODS

We conducted a search of the Medline database and Database of Genomic Variants for 

reports of human subjects with variations in the gene MYT1L and identified 24 published 

reports encompassing 78 presumably nonoverlapping cases. We use the label “loss of 

function” to refer to the following classes of variants: deletions, frameshift, nonsense, and 

splicing variants, because these are likely to result in lack of production of mRNA from 

these alleles. We also label missense variants that are predicted to be damaging as loss of 

function, although it is possible that such variants may have other effects at the protein level. 

We define “duplications” as copy number gains that consist of at least 100,000 nucleotides 

and which incorporate at least a portion of the coding region of the MYT1L gene. Partial 

duplications are those variants which only include some, but not all, of the coding region of 

the gene. Depending on the orientation and location of the duplicated region, possible 

consequences of such variants are difficult to predict, especially for those that only include 

the 3′ portion of the gene. It is possible that these variants may cause abnormal splicing, 

incorrect RNA processing via disruption of the 3′UTR, and/or disruption of transcriptional 

regulatory elements. There were 51 MYT1L loss of function cases within 14 of the papers 

(Blanchet et al., 2017; Bonaglia, Giorda, & Zanini, 2014; D'Angelo et al., 2018; De Rocker 

et al., 2015; De Rubeis et al., 2014; Doco-Fenzy et al., 2014; Loid et al., 2018; Mayo et al., 

2015; Rio et al., 2013; Stevens et al., 2011; Tu et al., 2014; Tuwaijri & Alfadhel, 2019; 

Vlaskamp et al., 2017; Wang et al., 2016). We also identified 27 partial MYT1L duplication 

cases in 11 papers in PubMed (Braddock, Del Campo, Reiff, & Stein, 2018; Coe et al., 2014; 

Cooper et al., 2011; De Rocker et al., 2015; ISC, 2008; Jakobsson et al., 2008; Meyer, 

Axelsen, Sheffield, Patil, & Wassink, 2012; Suktitipat et al., 2014; Van den Bossche et al., 

2013; Vrijenhoek et al., 2008; Walsh et al., 2008).

When collecting and analyzing data from these reports, it is important to recognize that 

different papers placed emphasis on different phenotypes based on the specific motivation or 

hypothesis of the manuscript. Some papers resulted from analyses of cohorts of patients 

known to have specific phenotypes, among whom copy number variants (CNVs) were 

analyzed. These phenotypes included schizophrenia (ISC, 2008; Van den Bossche et al., 

2013; Vrijenhoek et al., 2008; Walsh et al., 2008), autism spectrum disorder (Braddock et 

al., 2018; De Rubeis et al., 2014; Wang et al., 2016), syndromic obesity (D'Angelo et al., 

2018), co-occurring intellectual disability and obesity (Loid et al., 2018), and epilepsy 

(Vlaskamp et al., 2017), and these reports found mutations of MYT1L to be commonly 
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associated with these conditions. Most of the cases reported, however, were derived from 

reports of patients known to have mutations of MYT1L whose phenotypic data was 

secondarily retrieved and analyzed (Blanchet et al., 2017; Bonaglia et al., 2014; De Rocker 

et al., 2015; Doco-Fenzy et al., 2014; Mayo et al., 2015; Meyer et al., 2012; Stevens et al., 

2011; Tu et al., 2014; Tuwaijri & Alfadhel, 2019). One example of this type of report is a 

study of a pair of monozygotic twins with mutations in MYT1L, one twin having a deletion 

and the other twin having a mosaic mutation (1/3 deletion, 1/3 duplication, 1/3 normal) (Rio 

et al., 2013); the latter twin (with mosaicism) was excluded from this updated review. Lee et 

al. (2012) previously summarized information from nine reported cases of MYT1L 
duplications, two of which were excluded from this review (Ikeda et al., 2010; Kirov et al., 

2009), because it could not be clearly established that MYT1L duplications were operative 

in the respective patients. We also reviewed the Database of Genomic Variants (MacDonald, 

Ziman, Yuen, Feuk, & Scherer, 2013) in order to examine the frequency of partial 

duplications of MYT1L in control populations. We used a threshold of 50 kb for inclusion of 

a duplication case in this review. We found six additional MYT1L duplication cases in four 

separate reports presenting no neuropsychiatric diagnoses (Coe et al., 2014; Cooper et al., 

2011; Jakobsson et al., 2008; Suktitipat et al., 2014).

From the original reports, we extracted demographic data (sex and age), genetic data 

(mutation type, genomic coordinates, and inheritance pattern), and also noted presence or 

absence of a diagnosis of intellectual disability, autism, schizophrenia, epilepsy, and obesity 

while noting any reported dysmorphisms. In addition, we collected occipital frontal 

circumference (OFC) data from each report, and characterized each patient as 

macrocephalic, microcephalic, or neither; we standardized our measures by defining 

macrocephaly as having an OFC measurement greater than the 97th percentile or greater 

than 2 SDs away from the mean, and microcephaly as having an OFC measurement less than 

the third percentile or <−2 SDs away from the mean.

PMIDs and references for each case are also included, and cases that were presented in the 

original reports as DECIPHER cases were notated with their DECIPHER IDs (Supporting 

Information Data S1). After synthesizing all published clinical reports of MYT1L mutations, 

we then analyzed the data with respect to mutation type and corresponding neuropsychiatric 

disorder category/ies (schizophrenia, autism, and intellectual disability). Translocations, 

inherited single nucleotide variants (SNVs), and ring chromosomes in the aforementioned 

case reports were excluded from data collection.

In the process of data collection, it was noted that the genetic nomenclature was inconsistent 

among the papers. In order to create a data set with consistent and comparable mutation 

locations, Mutalyzer (Wildeman, van Ophuizen, den Dunnen, & Taschner, 2008) was used to 

convert all CNV mutations to “arr2p25.3(1,896,431-2,062,854)x3” format and all SNV 

mutations to “c.1579G>A; p.(Gly527Arg)” format, according to Ensemble transcript 

NM_001303052.2.

In addition to examining previously published data regarding mutations of MYT1L 
specifically, we also created a review table organizing several previously reported reciprocal 
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relationships for neuropsychiatric phenotypes associated with specific CNVs (Supporting 

Information Data S2).

3 ∣ DATA ANALYSIS

We first categorized all cases on the basis of whether or not they had schizophrenia, autism, 

intellectual disability, some combination of these, or no neuropsychiatric diagnosis. Cases 

presenting features of autism were included in the autism category irrespective of 

documentation of full diagnostic confirmation. For each primary diagnosis (schizophrenia, 

intellectual disability, and autism), we constructed 2 × 2 contingency tables (Table 1) 

depicting association of respective partial duplication and loss of function mutations with 

presence or absence of each condition, considered one at a time, and without regard to their 

overlap. Fischer's exact test was used to examine the strength of associations within the 

context of the published literature.

We also constructed contingency tables for our macrocephaly data and used Fischer's exact 

tests to examine the strength of the associations between macrocephaly versus deletion or 

partial duplication, and macrocephaly versus presence or absence of an autism diagnosis.

We then examined the locations of the duplications to determine whether specific exon 

intervals and/or adjacent chromosomal regions might account for the diversity of 

neuropsychiatric manifestations observed in duplication patients. Two particular MYT1L 
duplication cases (Braddock et al., 2018; Vrijenhoek et al., 2008) did not report coordinates 

for the specific mutations, therefore the mutation coordinates were notated as “2p25.3” in 

Supporting Information Data S1, and these cases were included in the counts for statistical 

comparison with neuropsychiatric phenotype but were excluded from the gene map.

Finally, we reviewed the Exome Aggregation Consortium (ExAC) (Lek et al., 2016), and the 

Genome Aggregation Database (gnomAD) (Karczewski et al., 2019), in order to 

contextualize the loss of function variants in relation to frequencies of the observed sequence 

variants in the general population. In addition, we reviewed the Database of Genomic 

Variants in order to examine the frequency of partial duplications of MYT1L in control 

populations (MacDonald et al., 2013).

4 ∣ RESULTS

Our Medline search yielded 78 patient cases within 24 published reports. A schematic 

summarizing the phenotypic correlates of deletion and duplication is presented in Figure 1.

4.1 ∣ Duplications

Of the 27 published cases of partial MYT1L duplications, 9 were reported to have presented 

with schizophrenia only, 5 with intellectual disability only, 4 with autism only, one with 

autism and intellectual disability, one with co-occurring diagnoses of schizophrenia and 

autism, and 7 patients with no appreciable neuropsychiatric disorder. When considering the 

genomic coordinates for duplications of MYT1L associated with schizophrenia, all but one 

encompassed part or all of the neighboring gene, PXDN. All cases associated with 
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schizophrenia (for which we were able to extract genomic coordinate data) overlapped with 

respect to a large interval from the first intron of PXDN through Intron 22 of MYT1L (chr2: 

1,716,437-1,815,909, hg19), as shown in Figure 2. Several cases associated with intellectual 

disability had duplications outside of that interval that overlapped with one another; three of 

the four cases, however, were members of a single biological family (De Rocker et al., 

2015).

4.2 ∣ Loss of function variants

Of the 51 published MYT1L loss of function cases (predominantly point mutations), 28 

presented with intellectual disability only; 18 presented with both intellectual disability and 

autism; 4 presented diagnoses and/or characteristics of autism only; and 1 exhibited none of 

the aforementioned neuropsychiatric disorders. There were no reports of schizophrenia in 
any of the loss of function cases.

Next, we considered the likelihood that the absence of schizophrenia among loss of function 

cases could have occurred by chance. Fischer's exact p for presence/absence of 

schizophrenia in relation to published reports of duplication versus deletion (from all reports 

in the literature) was p < .0001. Fischer's exact p for presence/absence of intellectual 

disability in relation to published duplication versus deletion (from all reports in the 

literature) was also p < .0001, indicating a statistically significant relationship between 

deletions of MYT1L and diagnoses of intellectual disability. Autism did not reach statistical 

significance for a specific association with loss of function or partial duplication (Table 1).

With regard to our statistical analyses for macrocephaly, 9% of our cases, all with loss of 

function variants, presented with macrocephaly; no significant associations were found for 

macrocephaly comparing subjects with loss of function to those with partial duplication, or 

comparing subjects manifesting the presence or absence of an autism diagnosis. We also 

note that 9% of our cases (three duplications, four loss of function) presented with 

microcephaly.

Because the data presented here consists solely of clinically ascertained data, we reviewed 

the ExAC, which includes 60,706 unrelated individuals, and the gnomAD, which includes 

125,748 exome sequences and 15,708 whole-genome sequences from unrelated individuals 

(many of which overlap with the ExAC data), and identified only one loss of function SNV 

in each database, demonstrating the extreme rarity of MYT1L loss of function in a healthy 

population. This observation is consistent with a reported a pLI score of 1.00 and an o/e ratio 

of 0.02 (0.01–0.09) (Karczewski et al., 2019; Lek et al., 2016) for MYT1L. In addition, upon 

reviewing the Database of Genomic Variants, we found only six cases with partial MYT1L 
duplication in a group of 54,000 control individuals (frequency of 0.0001), demonstrating 

the extreme rarity of these variants (MacDonald et al., 2013).

5 ∣ DISCUSSION

By assimilating all published data on MYT1L and its reported neuropsychiatric 

manifestations, marked association between MYT1L duplications and schizophrenia was 

found: 10 of 27 reported duplications resulted in schizophrenia, while none of the 51 
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deletion cases did. Although evidence of this specific association has been previously 

documented (Lee et al., 2012), this review expands the number of MYT1L duplication cases 

reported and considers all published reports of deletion cases. Moreover, the chromosomal 

locations of the MYT1L partial duplication cases presenting schizophrenia exhibited a 

pattern that was distinct from those with reported associations to other developmental 

disorders. Based on the accumulated data, a critical region on the p-arm of chromosome 2 

from the first intron of PXDN through Intron 22 of MYT1L (chr2: 1,716,437-1,815,909, 

hg19), is associated with schizophrenia, as shown in Figure 2. This review also confirms a 

significant association between intellectual disability and under-expression of MYT1L (De 

Rocker et al., 2015; Tuwaijri & Alfadhel, 2019). 98% of the 51 deletion cases reported were 

characterized by a diagnosis of intellectual disability, autism, or both; in total, 43% of the 

deletion cases resulted in features or a diagnosis of autism.

A number of studies have highlighted the role of MYT1L as a laboratory tool for neuronal 

cell differentiation and maturation, in the context of which the function of MYT1L and clues 

to its potential role in neuropsychiatric syndromes have been identified. Along with ASCL1 
and BRN2, MYT1L is a transcription factor that efficiently converts mouse fibroblasts 

(embryonic and postnatal) into functional neurons in vitro (Vierbuchen et al., 2010). Pang et 

al. demonstrated the ability of these transcription factors to convert human fibroblasts into 

functional iN cells (Pang et al., 2011), and it was later shown that MYT1L functions in the 

neuronal maturation aspect of the reprogramming process (Chanda et al., 2014). More recent 

work has shown that MYT1L works to actively repress nonneuronal differentiation of cells, 

maintaining the identity of neurons in their development and maturation (Mall et al., 2017).

In general, these data support Deshpande and Weiss' U-shaped model of gene dosage for 

reciprocal mutations in MYT1L including intellectual disability and autism, and their 

dominant model with regard to mutations in MYT1L presenting schizophrenia. The 

possibility that variation in dosage of a single gene could alternately engender schizophrenia 

(a majority of partial duplications) and autism (a near-majority of deletions) warrants 

continued investigation of MYT1L, given its remarkable potential to illuminate contrasts 

between these often catastrophic neuropsychiatric conditions which share many behavioral 

features but differ profoundly in timing of onset and the presence/absence of overt 

psychosis. Pleiotropic effects of highly disruptive mutations to at least 10 genes have 

variously resulted in autism and schizophrenia in different individuals (Vissers et al., 2016), 

but none have previously exhibited diagnostic contrasts on the basis of partial duplication 

versus deletion. Recently, transgenic mice with autism- and schizophrenia-linked mutations 

in SHANK3 revealed both overlapping and nonoverlapping synaptic, behavioral, and 

molecular effects of the mutations (Zhou et al., 2016), and similar studies are warranted for 

deletion and duplication in MYT1L; however, we know of no previous publication involving 

a transgenic mouse model of deletion or duplication in this gene.

With regard to the specific function of MYT1L, MYT1L is expressed in oligodendrocyte 

lineage cells during both myelination and remyelination, and, more specifically, 

overexpression of MYT1L promotes the differentiation of oligodendrocyte progenitor cells 

(OPCs), while under-expression inhibits this OPC differentiation process (Shi et al., 2018). 

MYT1L promotes OPC differentiation by initiating the transcription of Olig1, another 
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transcription factor that initiates the transcription of more myelin-related genes (Shi et al., 

2018). These data suggest that expression of MYT1L may have a broad effect on the 

myelination of the central nervous system. Schizophrenia is a neuropsychiatric disorder that 

features white matter abnormality, and we report here a statistically significant association of 

schizophrenia with partial duplication of MYT1L. It is our hope that this report and the 

accumulation of case reports surrounding MYT1L provide a foundation for further inquiry 

into the relationship of this gene to neuropsychiatric abnormalities.

Reciprocal relationships of CNV gains and losses have been previously observed, whose 

phenotypic contrasts we summarize in Supporting Information Data S2. We excluded 

sequence variants (as have been reported for SCN1A, SCN2A, RAI1, and CACNA1) from 

the table, since they are highly specific and difficult to compare to CNV's, but briefly 

summarize notable phenotypic consequences of gain and loss of copy number in these genes 

as follows: Duplication of SCN1A is associated with presence of familial hemiplegic 

migraines, while loss of function variants are associated with Dravet syndrome (Heyne et al., 

2019). Similarly, duplication of CACNA1 is associated with familial hemiplegic migraines, 

and loss of function variants in mice demonstrate episodic ataxia and presence of a 

neurodevelopmental disorder presenting with epilepsy (Heyne et al., 2019). Gain of function 

of SCN2A is associated with early onset epilepsy, while loss of function of SCN2A is 

associated with autism or later onset epilepsy (Heyne et al., 2019). Finally, duplication of 

RAI1 in mice has been associated with hyperactivity while loss of function in mice has been 

associated with obesity and abnormal EEG patterns (Neira-Fresneda & Potocki, 2015). Each 

of these associations, individually considered with respect to deletion or duplication, can be 

categorized as following Deshpande and Weiss' dominant model of gene expression in 

which gain or loss of copy number is associated with one phenotype, while the opposite 

direction of gene expression has no effect on that phenotype, but rather influences an 

alternate phenotype (Deshpande & Weiss, 2018).

In conclusion, these data strongly suggest a role of MYT1L in diverse neuropsychiatric 

outcomes that at least partially diverge on the basis of specificity of disruption to the gene. 

Future research on the specific effects of contrasting mutations in MYT1L may provide 

insight into the causal origins of autism and schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Counts of phenotypic manifestations for loss of function versus duplication. Venn diagram 

depicting the number of MYT1L loss of function (lof, red) and duplication (dup, blue) cases 

presenting with each individual phenotype of interest, including their overlap; color coding 

matches that of Supporting Information Data S1, where comprehensive patient and reference 

data can be found
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FIGURE 2. 
Gene map of duplication cases of MYT1L presenting schizophrenia. Gene map depicting 

mutation coordinates for all MYT1L duplication cases presenting schizophrenia (including 

those with co-occurring neuropsychiatric disorders), with critical region (the first intron of 

PXDN through Intron 22 of MYT1L (chr2: 1,716,437-1,815,909, hg19)) highlighted in 

yellow
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