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Abstract

Recently, Mendelian disorders of the DNA methylation machinery have been described which 

demonstrate the complex roles of epigenetics in neurodevelopment and disease. For example, 

defects of DNMT1, the maintenance methyltransferase, lead to adult-onset progressive neurologic 

disorders, whereas defects of the de novo methyltransferases DNMT3A and DNMT3B lead to 

nonprogressive neurodevelopmental conditions. Furthermore, patients with DNMT3A deficiency 

demonstrate overgrowth, a feature common to disorders of histone machinery and imprinting 

disorders, highlighting the interconnectedness of the many epigenetic layers. Disorders of the 

DNA methylation machinery include both the aforementioned “writers” and also the “readers” of 

the methyl mark, such as MeCP2, the cause of Rett syndrome. Any dosage disruption, either 

haploinsufficiency or overexpression of DNA methylation machinery leads to wide-spread gene 

expression changes in trans, disrupting expression of a subset of target genes that contribute to 

individual disease phenotypes. In contrast, classical imprinting disorders such as Angelman 

syndrome have been thought generally to cause epigenetic dysregulation in cis. However, the 

recent description of multilocus methylation disorders challenges this generalization. Here, in 

addition to summarizing recent developments in identifying the pathogenesis of these diseases, we 

highlight clinical considerations and some unexpected therapeutic opportunities, such as to 

poisomerase inhibitors for classical imprinting disorders.
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Mendelian Disorders of the Epigenetic Machinery

The study of epigenetic modifications of genes with crucial roles in the nervous system is an 

expanding field within neurogenetics.1 Epigenetics refers to a heritable change in gene 

expression through modifications of DNA or proteins without a change in the DNA 

sequence itself.2 There are several molecular mechanisms by which gene expression can be 

influenced by epigenetic alterations, for instance, DNA cytosine methylation and histone 

modifications.3

DNA methylation occurs when a methyl group is chemically attached to the 5th position of a 

cytosine nucleotide.4 This generally occurs on cytosines that are followed by guanines, so 

called CpG dinucleotides.5 Traditionally, methylation of a cytosine residue is thought to be 

associated with gene silencing,6 although we now know that in certain contexts it can be 

associated with gene activation as well.7 Recent research has indicated that in mammalian 

neurons, DNA methylation also occurs on cytosine residues followed by nonguanine 

nucleotides (non-CpG methylation), which can also be associated with transcriptional 

regulation.8 Like DNA itself, histones can be modified and these modifications also affect 

expression of specific genes. Histone modifications and the diseases caused by 

abnormalities of the histone machinery have been reviewed elsewhere.9–11

In the last several years, several conditions have been discovered that are caused by 

inherited defects in the methylation and histone machinery, and these uniformly appear to 

lead to neurologic dysfunction.10 Although many epigenetic disorders, such as the classical 

imprinting disorders, generally occur due to epimutations in cis,12 the newly emerging 

Mendelian disorders of epigenetic machinery are likely to have widespread effects in 

trans.10 In some cases, the target genes dysregulated by the missing or dysfunctional 

epigenetic machinery have been identified, and for some, genetic variation surrounding the 

target gene itself can also modify the phenotype, highlighting the complexity of these 

interactions.13 In this review, we will focus our discussion on disorders of the DNA 

methylation mark and machinery (►Table 1).

Defective Writing of the DNA Methylation Mark

In mammals, methyl groups are added to CpG dinucleotides by several enzymes, known as 

DNA methyltransferases (the “writers” of the DNA methylation code).3 DNA 

methyltransferase 1 (DNMT1) is the only known DNA methyltransferase that does not have 

a major role in de novo DNA methylation, but whose primary role is thought to be to 

maintain methylation patterns through replication by copying the methylation pattern from 

the parent strand to the daughter strand (►Fig. 1).14,15 Mutations in the chromatin binding 

domains of DNMT1 have been shown to cause two separate progressive autosomal 

dominant adult-onset neurologic disorders (►Fig. 1).16,17 Hereditary sensory and autonomic 

neuropathy type 1with dementia and hearing loss (HSAN1E) is a disorder in which 

individuals have normal development, followed by sensory neuropathy and hearing loss in 

their teens to thirties, and eventually dementia in their thirties or forties.16 HSAN1E is 

caused by mutations in exon 20 of DNMT1,which codes for a portion of the targeting 

sequence (TS) domain and allows DNMT1 to attach to heterochromatin.16 In vitro studies of 
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human cells with this exon 20 DNMT1 mutation demonstrate abnormal DNMT1 binding to 

heterochromatin, premature degradation of DNMT1 transcripts and global hypomethylation 

with specific areas of hypermethylation.16 When mutations are found in exon 21 of DNMT1, 

which also encodes a portion of the TS domain, a different syndrome called autosomal 

dominant cerebellar ataxia, deafness and narcolepsy (ADCA-DN) occurs. ADCA-DN is 

characterized by adult-onset of narcolepsy—usually with cataplexy—followed by onset of 

sensorineural deafness, cerebellar ataxia, and eventually dementia.17 The phenotypes of 

ADCA-DN and HSAN1E are progressive and both have late occurring neurologic 

manifestations. This perhaps relates to a gradual loss of DNA methylation marks over time, 

potentially explaining the late-onset and the progressive nature of the symptoms. It has 

previously been proposed that such age-related degradation of the DNA methylation mark 

may be a general mechanism accounting for the late onset of many common complex 

disease phenotypes.18

Two other DNA methyltransferase proteins are known in mammals—DNMT3A and 

DNMT3B (►Fig. 1). These enzymes are thought to be primarily responsible for de novo 

methylation of DNA.19 They also have a role in maintenance methylation as they show 

ability to methylate both unmethylated and hemi-methylated CpGs.4,14,15 DNMT3A is also 

thought to be responsible for the aforementioned non-CpG DNA methylation.8 Recently, 

mutations in highly conserved domains of DNMT3A have been shown to cause overgrowth 

associated with intellectual disability and facial dysmorphisms.20 In contrast, biallelic 

mutations in DNMT3B cause ICF syndrome: immunodeficiency, centromeric instability, 

and facial anomalies, which are characterized by severe immunodeficiency with reduction in 

multiple immunoglobulin subtypes, a genomic instability of the pericentromeric 

heterochromatin (particularly chromosomes 1,9, and 16), and specific facial anomalies.21 

ICF syndrome is inherited in an autosomal recessive pattern, which is notable because most 

of the Mendelian disorders of methylation machinery are dominantly inherited (►Table 1). 

Molecular studies in mice and in vitro studies in human cells indicate that mutations that 

cause ICF syndrome alter highly conserved regions in the methyltransferase domains of the 

protein but DNMT3B still retains partial activity.22 Complete loss of function of DNMT3B 

would likely be incompatible with life, as is seen in mice with homozygous loss of function 

mutations in Dnmt3b.23,24 Patients with ICF syndrome show significantly decreased global 

methylation (< 50%), reminiscent of DNMT1 defects.16,25 However, unlike phenotypes 

associated with DNMT1 mutations, this disorder is fully penetrant in early life and 

nonprogressive.21 The DNA methylation abnormalities present in ICF have demonstrable 

functional consequences, with expression of over 700 genes altered in samples from patients 

with ICF syndrome.26 The overgrowth seen in DNMT3A deficiency is a feature shared with 

some of the Mendelian disorders of histone machinery and classical imprinting disorders, 

highlighting the interconnectedness of the different epigenetic layers10 and ICF provides an 

excellent example of how defects of the DNA methylation machinery can have many 

farreaching trans effects on gene expression.

Defective Reading of the DNA Methylation Mark

The effects of DNA cytosine methylation on gene transcription are performed in multiple 

ways. GC-rich motifs can act as binding sites for transcription factors, and CpG methylation 
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can prevent binding of these factors, which can lead to repression of transcription.27 

Additionally, gene expression can be modulated through the action of proteins that 

specifically bind to methylated DNA.28 These “readers” of the DNA methylation signal are 

known as methyl-CpG-binding proteins.29,30 These proteins are classified by the type of 

domains they contain that bind methyl-CpG. For example, the zinc finger protein family 

preferentially binds to methylated CpGs contained in a specific target sequence,31 and these 

proteins are thought to repress gene expression through their subsequent interaction with 

histone deacetylases.32,33 One zinc finger protein, ZBTB24, has been found to be a cause of 

ICF syndrome—ICF type 2 (►Table 2),34,35 which shares most of the phenotypic 

characteristics of ICF syndrome resulting from DNMT3B mutations.36 ZBTB24 does not 

appear to directly bind methylated DNA, but is thought to modify transcription of genes 

through participation in epigenetic modifier complexes, thus producing a similar phenotype 

to ICF type 1.34–36

Certain methyl-CpG binding proteins contain a specific methyl-CpG binding domain and are 

known as MBDs. The proteins in this family are MBD1–6 and methyl-CpG-binding protein 

2 (MeCP2). Most of these bind to methyl-CpG (►Fig. 1), with the exception of MBD3, 

MBD5, and MBD6.28,32,37 MBD1, MBD2, MBD4, and MeCP2 are thought to, among other 

functions, attract several other proteins to form chromatin remodeling corepressor 

complexes, which can repress gene expression at the corresponding loci.6 MBD5 and MBD6 

are expressed in human brain and associate with heterochromatin, but do not bind to 

methylated DNA (►Fig. 1).38 MBD5 is located at 2q23.1, and partial or complete deletions 

of this gene are associated with specific dysmorphic features, intellectual disability with 

language and speech particularly affected, seizures, and autistic features. These patients also 

demonstrate sleep disturbances, short stature, and brachycephaly.38 In vitro studies show 

that when MBD5 is deleted, there is a change in expression of RAI1 (implicated in Smith-

Magenis pathophysiology), NR1D2 (a gene important for circadian rhythms), and MBD1.39 

Some of the changes in expression of these putative target genes may therefore explain some 

of the subphenotypes of this disease. Patients with nonsense mutations or intragenic 

rearrangements of MBD5 have a very similar phenotype to those with a deletion.40 

Interestingly, patients who have duplications in the region containing MBD5 have very 

similar neurodevelopmental phenotypes to patients with deletions, although on average less 

severe.41 The similarities between phenotypes in MBD5 deletion and duplication syndromes 

highlight the idea that concentrations of readers of DNA methylation, like most other 

components of the epigenetic machinery, are tightly controlled. Thus the associated 

neurologic phenotypes demonstrate a dose dependence, such that a disruption in either 

direction can cause disease. In fact, this dosage sensitivity appears to be a general feature of 

the Mendelian disorders of the epigenetic machinery.10

Methyl-CpG-binding protein 2 (MeCP2) is the methyl-binding protein that has been studied 

most extensively.28,42 Although MeCP2 does have activity as a transcriptional repressor, 

extensive research has shown that it can also act as an activator depending on the other 

proteins to which MeCP2 binds while remaining bound to methylated CpGs (►Fig. 1).7,43

Deficiency of MeCP2 causes Rett syndrome–a neurodevelopmental disorder characterized 

by acquired microcephaly, progressive intellectual disability, loss of motor skills, and 
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epilepsy.44 Rett syndrome occurs in 1 out of every 10,000 to 20,000 live births.45 Children 

with Rett syndrome have normal growth, head size and development until approximately 5 

to 6 months of age when they demonstrate developmental stagnation and then regression, 

acquired microcephaly, and seizures.46,47 The majority (90%) of classical Rett syndrome 

cases are caused by loss of function mutations in MeCP2, located at Xq28.44 Those with 

classical Rett syndrome are generally girls who are heterozygous for the loss of function 

mutation.44 When boys with a MeCP2 mutation or deletion survive until birth, they exhibit a 

severe infantile encephalopathy with seizures.48,49 Rare cases of males with more classical 

Rett syndrome have been reported, and these cases either show significant somatic 

mosaicismor a 47XXY karyotype.50 Recently, Xq28 duplication (including MeCP2) has 

been found to be associated with a phenotype similar to classical Rett.51 Additionally, Rett 

syndrome severity correlates with the type of MeCP2 mutation,52 indicating that presence of 

a partially functional protein can ameliorate the disease phenotype.

MeCP2 is expressed in many tissues, but shows the greatest preference for mature 

neurons.42,46,53 When Mecp2 is knocked out either systemically or exclusively in neurons, 

the mouse Rett phenotype is present.54,55 Neurons in humans with Rett syndrome, neurons 

in Mecp2 knockout mice, and neurons derived from human stem cells with absent function 

of MeCP2 show reduced size of the cellular soma with decreased dendritic spine density and 

dendritic arborization.56,57 These abnormal cells have genome-wide downregulation of gene 

expression coupled with downregulation of protein synthesis,58 including some crucial for 

neuronal maturation and synaptic plasticity.59,60 Girls with Rett syndrome as well as Mecp2 

knockout mice show significantly impaired synaptic function.61,62 Autopsy specimens of 

girls with Rett syndrome show increased NMDA receptor density at early ages, but 

decreased density thereafter in specific areas of the brain,63,64 which could explain some of 

the temporal developmental variation seen in Rett syndrome.46,47 Interestingly, mouse 

neurons show similar synaptic structural abnormalities when Mecp2 is duplicated, which is 

consistent with the phenotypic similarities in humans with the two conditions.65 This re-

emphasizes the importance of tight regulation and dose dependence of MeCP2 activity (and 

DNA methylation “writing,” “erasing,” and “reading” in general) in neurologic functioning.

Diseases Caused by Abnormalities of Genomic Imprinting

In addition to the Mendelian disorders of epigenetic machinery discussed above that affect 

gene expression in trans, there are conditions in which specific epimutations appear limited 

to a particular locus, causing dysfunction in cis.18 Genomic imprinting occurs when two 

alleles at a specific locus are not functionally equivalent, but rather differentially expressed 

depending on the parent of origin.66 Maternal and paternal alleles of imprinted genes have 

different DNA methylation patterns, leading to parent-specific gene expression at the locus. 

Imprinted genes tend to be clustered together and their transcription is regulated by control 

centers known as imprinting control regions (ICRs). There are at least 70 imprinted genes 

currently identified in humans, and disrupted expression is associated with a wide range of 

phenotypes in the nervous system (►Table 2).67

One of the most studied ICRs is located at 15q11–q13. This ICR regulates both maternally 

and paternally expressed genes, and is typically methylated on the maternal allele only.68 
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Prader-Willi syndrome (PWS) is characterized by severe neonatal hypotonia with poor 

growth in infancy followed by significant hyperphagia and rapid and excessive weight gain 

in childhood and adulthood. These individuals have mild intellectual disability or learning 

disabilities, obsessive– compulsive features, and manipulative behaviors. PWS is caused by 

loss of the paternal allele at 15q11–q13 either through a paternal deletion or through 

maternal uniparental disomy.66 In rare cases, an imprinting defect in which both alleles 

carry the methylation pattern normally seen only on the maternal allele is the cause of PWS. 

This imprinting defect occurs because of incomplete erasure of the paternal grandmother 

imprinting pattern on the paternally inherited allele.69 Similar to what is seen in Rett 

syndrome, individuals with PWS demonstrate temporal variation in the phenotype, first 

exhibiting failure to thrive and later polyphagia and obesity, indicating that epigenetic 

disruption, such as that seen in PWS and Rett syndrome, interact with normal developmental 

programming in some fundamental yet currently unexplained manner.

The other syndrome caused by abnormal imprinting at 15q11.13 is Angelman syndrome 

(AS): a neurodevelopmental disorder characterized by severe global developmental delay 

leading to intellectual disability, near or complete absence of language, gait ataxia, 

microcephaly, and seizures.70 Angelman syndrome occurs in approximately 1 out of every 

15,000 births and equally affects males and females.70 Children typically appear normal at 

birth, but from an early age have persistent and severe developmental delay with head 

growth slowing over time.71 Seizures typically develop between 12 and 36 months of age, 

and electroencephalogram (EEG) patterns are often specific to AS. In contrast to the 

seizures that improve with age, the motor dysfunction in AS is progressive over time with 

hypotonia progressing to hypertonia, ataxia, and tremulousness. The cognitive and language 

impairments, however, are not progressive and children with AS do not typically experience 

regressions.71,72

Investigations of the PWS/AS ICR revealed that AS is caused by disruption of expression of 

the maternal copy of the ubiquitin-protein ligase E3A (UBE3A) gene.73 UBE3A is an 

enzyme that targets proteins for degradation, and also has a role as a transcriptional 

activator.74 UBE3A is important for proper neuronal function, and neurons in both human 

and mouse brains preferentially express the maternally derived UBE3A.75 Mouse models 

with knockout of maternal Ube3a show truncated dendritic processes, defects in long-term 

potentiation, and postsynaptic signaling.76–78 These findings emphasize the importance of 

UBE3A in synaptic function, and are reminiscent of what is seen in MeCP2, likely 

accounting for known phenotypic overlap.

In humans, maternal UBE3A can be disrupted in several ways to cause AS. Maternal allelic 

deletions of 15q11.2–q13 are the most common cause of AS.70 In addition to deletions of 

the region containing UBE3A, mutations within the maternal copy of the UBE3A gene can 

also cause AS, as can paternal uniparental disomy of chromosome 15. Imprinting defects in 

which the maternal allele carries the paternal methylation pattern are the least frequent cause 

of AS.79 Interestingly, MeCP2 has been shown to be involved in maintaining the 

methylation of the PWS/AS ICR, and this may explain some of the phenotypic overlap and 

similar developmental time courses of Rett syndrome and AS.80
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Patients with large deletions containing UBE3A have the classic and most severe phenotype 

of AS, and mouse models with maternal deletions of Ube3a also have the most severe 

phenotype with decreased Ube3a expression in all examined neurons.76,79 Angelman 

syndrome patients with UPD have fewer seizures and motor abnormalities as well as better 

language and growth, whereas patients with imprinting defects or mutations of UBE3A are 

also relatively severe, but have better language than deletion patients.81–83 Mice with 

paternal duplication of Ube3a also show a less severe phenotype.76

Several studies suggest that in cohorts of patients with AS and other imprinting disorders —

particularly Beckwith-Wiedemann syndrome (►Table 2)—there is an increased frequency 

of use of assisted reproductive technology (ART), such as in vitro fertilization (IVF) or 

intracytoplasmic sperm injection (ICSI).84 At this point, it is unclear whether the increased 

risk is related to the ART itself or to epigenetic defects in the parents leading to fertility 

problems that became unmasked by the ART intervention.84 However, given this 

association, clinicians should inquire about ART whenever an imprinting disorder is 

suspected.

Multilocus Methylation Disorders

Recently, in addition to the classical imprinting disorders, patients have been described with 

hypomethylation at multiple imprinted loci. This group of conditions has been called 

multilocus methylation defects (MLMD).85 These patients typically have similar features to 

one of the classical imprinting disorders, but often with extra features. These patients 

frequently have developmental delay as a cardinal feature.34,85–87 Classical imprinting 

disorders are caused by epigenetic disruption of a single gene or locus in cis. However, 

MLMDs can affect both maternally and paternally imprinted loci on different chromosomes 

that implicate necessary trans acting factors.85 ZFP57 is a zinc finger methyl-CpG binding 

protein thought to be important in establishment and maintenance of DNA methylation, and 

homozygous mutations in this gene have been identified as a cause of transient neonatal 

diabetes mellitus associated with multiple hypomethylated loci (►Tables 1 and 2).34 It is 

likely that other trans acting genes that control methylation and imprinting are yet to be 

found.

Diagnostic Workup for Imprinting Disorders and MDMM

When a disorder of methylation or imprinting is suspected, there are several clinically 

available molecular methods which clinicians can use to assist in making the diagnosis. 

When suspicion of a single gene disorder of the DNA methylation machinery such as Rett 

syndrome is high, specific sequencing of that gene with or without deletion and duplication 

testing of that gene can be performed clinically. Deletions or duplications of larger 

chromosomal regions can be assessed through high-resolution chromosomal microarrays, 

and this can also reveal some cases of uniparental disomy (isodisomy). When an imprinting 

disorder is suspected, methylation testing of the relevant area is warranted. If methylation 

tests are abnormal, a diagnosis of an imprinting disorder is made. If multiple methylation 

tests of a locus are abnormal, segregation of DNA polymorphisms can be analyzed to 

investigate for uniparental disomy (heterodisomy). Imprinting control regions can also be 
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sequenced. For MLMD, multiple methylation assays can be sent, although in the future it 

may be possible to explore this on a more global scale.70,88

Outlook for Therapeutic Development

Several recent observations yield new hope for the group of disorders with defects of the 

DNA methylation mark and its machinery. A recent study demonstrated that when Mecp2 

was systemically delivered to 10- to 12-month-old mice carrying a defective Mecp2 copy, 

the mice demonstrated an improvement in neurologic function.89 This provides hope for 

approaches aimed at increasing the expression of MeCP2 in reversing the phenotype of Rett 

syndrome even postnatally. Another surprising study suggested that in mice with a maternal 

Ube3a deletion, systemic administration of the topoisomerase inhibitor topotecan led to 

detectable levels of paternally derived but completely functional Ube3a in several brain 

areas, including neurons of the hippocampus, neocortex, striatum, and cerebellum.90 

Uncovering the disease pathogenesis of disorders with abnormalities of the DNA 

methylation mark and its machinery may thereby provide therapeutic options for this 

expanding group of genetically based neurodevelopmental disorders.
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Fig. 1. 
The DNA methylation machinery consists of DNA methyltransferases (highlighters), 

readers of the methylation mark (glasses), and erasers (not shown). Broken highlighters 

indicate diseases known to be caused by dysfunction of these proteins. Crossed out glasses 

indicate diseases caused by dysfunction of these proteins. DNMT1—DNA 

methyltransferase 1, is the maintenance methyltransferase that copies the signal from the 

parental strand; DNMT3A—DNA methyltransferase 3A and DNMT3B—DNA 

methyltransferase 3B are the de novo methyltransferases and are not limited to 

hemimethylated sites; MECP2—methyl-CPG binding protein reads the DNA methylation 

mark and can either lead to gene activation or repression depending on partners; MBD1, 2, 4

—methyl-binding proteins 1, 2, and 4 also read methyl-CpGs; MBD5—methyl-binding 

protein 5 does not read a CpG methylation, but associates with heterochromatin; HSAN1E

—hereditary sensory and autonomic neuropathy type 1 with dementia and hearing loss 

syndrome; ADCA-DN—autosomal dominant cerebellar ataxia, deafness, and narcolepsy 

syndrome; ICF—immunodeficiency, centromeric instability, and facial anomalies 

syndrome; HDAC—histone deacetylase protein; CREB—cAMP-binding response element-

binding protein.
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Table 1

Human Mendelian disorders of the DNA methylation machinery

Protein Function Mutation Disease name or phenotype

DNMT1 Maintenance DNA methyltransferase Heterozygous missense mutations in exon 
20 or 21

HSAN1E

Heterozygous missense mutations in exon 
21

ADCA:DN

DNMT3A De novo DNA methyltransferase Heterozygous missense, frameshift, in-
frame deletion

Syndrome of overgrowth and 
intellectual disability

DNMT3B De novo DNA methyltransferase Homozygous or compound heterozygous 
missense

ICF1 syndrome

MBD5 Methyl-CPG binding protein (MBD) Gene deletion or duplication on one 
allele, autosomal dominant nonsense

MBD5 deficiency

MeCP2 Methyl-CPG binding protein (MBD) X-linked dominant deletion or missense 
or nonsense or frameshift

Rett syndrome

Gene duplication MeCP2 duplication syndrome

ZBTB24 Methyl-CPG binding protein (Zinc finger) Homozygous or compound heterozygous 
missense, nonsense or frameshift→ stop 
codon

ICF2

ZFP57 Methyl-CPG binding protein (Zinc finger) Homozygous or compound heterozygous 
missense, nonsense or frameshift

Transient neonatal diabetes mellitus

Note: MBD6 has been associated with autism spectrum disorder, but not known to be definitively causal.
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