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Background: Function of epigenetic modifications is 
one of the most competitive fields in life science. Over the 
past several decades, it has been revealed that epigenetic 
modifications play essential roles in development and 
diseases including developmental diseases. In the present 
review, we summarize the recent progress about the 
function of epigenetic regulation, especially DNA and 
RNA modifi cations in developmental diseases.

Data sources: Original research articles and literature 
reviews published in PubMed-indexed journals.

Results: DNA modifications including methylation 
and demethylation can regulate gene expression, and are 
involved in development and multiple diseases including 
Rett syndrome, Autism spectrum disorders, congenital 
heart disease and cancer, etc. RNA methylation and 
demethylation play important roles in RNA processing, 
reprogramming, circadian, and neuronal activity, and 
then modulate development.

Conclusions: DNA and RNA modifications play 
important roles in development and diseases through 
regulating gene expression. Epigenetic components could 
serve as novel targets for the treatment of developmental 
diseases.
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Introduction

Epigenetics is originally referred to the phenotypes 
induced by the interaction between genes and 
their surroundings. Nowadays, epigenetics is 

defined as stably heritable phenotypes resulting from 
changes in a chromosome without alterations of the 
DNA sequence. Epigenetic modifications mainly 
include histone posttranslational modifications, 
chromatin remodelling, nucleosome positioning, 
DNA and RNA methylation and demethylation, and 
non-coding RNAs. Previous studies have indicated 
that epigenetic pathways play critical function in 
diverse biological processes including embryonic 
development, X chromosome inactivation, imprinting, 
reprogramming, and gene expression.[1,2] The normal 
establishment of epigenome is cri t ical  for the 
development and functions, whereas the dysfunction 
of epigenetic landscapes has been revealed in multiple 
diseases such as cancer, neurological disorders, 
cardiovascular disease, leukemia, etc.[3-5]

Epigenetic modifications are reversible, making 
them potentially be targeted by pharmacological and 
dietary interventions. Currently, epigenetic-based 
therapies are on the way to be actively developed. For 
example, acute myeloid leukemia (AML) is the most 
common type of acute leukemia in adults, and some 
compounds targeting on DNA modifications are in 
various stages of preclinical and clinical development, 
and two DNA methyltransferase inhibitors, Azacitidine 
and Decitabine, have been approved.[6] Further, 
multiple small molecule inhibitors targeting on 
histone modification machinery including histone 
methyltransferase (HMT) and demethyltransferase 
(HDM), histone acetyltransferase (HAT) and histone 
deacetylase (HDAC) have also been identified.[6,7] 
Although many challenges have to be dealt with and 
the potential compounds need to be further studied 
in detail, epigenetic based treatments would hold 
great promise in combination with the conventional 
therapeutic methods.

In this concise review, we briefly introduce the 
landscape of epigenetics, and summarize the function 
of epigenetic modifications with a focus on DNA and 
RNA modifi cations in developmental diseases.
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Histone modifi cation
In eukaryotic cells, DNA is wrapped with histones and 
formed a highly organized and condensed structure, so 
called "nucleosomal core particle". Each nucleosome 
contains four core histones (H2A, H2B, H3, H4) with 
145–147 base pairs (bp) of DNA wound around it, and 
one linker histone (H1). Histones can carry many post-
translational modifications, which influence chromatin 
compaction and accessibility in many different ways. 
Histone modifications include methylation, acetylation 
and sumoylation, phosphorylation, ubiquitinylation, 
poly(ADP)-ribosylation and deamination as well as 
arginine methylation and citrullination, hydroxylation 
and several others. Diverse histone modifications are 
established by multiple "writers" and "erasers".[8] Histone 
acetyltransferases (HATs) include HAT1, CBP/P300, 
etc. SirtT2 is one of the histone deacetylases (HDACs). 
Many histone methyltransferases (HMTs), especially 
lysine methyltransferases have also been identified, 
including G9a, MLL1-5, SET1A and 1B, EZH2, etc. 
LSD1, JHDM and JMJD protein families are identified 
as histone demethylases (HDMs).[8]

Of note, distinct histone modifications can 
influence each other and regulate DNA transcription. 
Among these modifications, the most extensively 
investigated are histone acetylation/deacetylation and 
histone methylation/demethylation of lysines and 
arginines, though other regions of the histone can also 
be modified. Different histone modifications mark at 
distinct genomic regions such as enhancer, promoter, 
and gene body, and exert differential function in 
regulating gene expression. Lysine acetylation always 
correlates with gene transcription, but the effects of 
lysine methylation depend on which residue is modifi ed. 
For example, histone 3 lysine 4 (H3K4) and lysine 36 
(H3K36) trimethylation is typically associated with 
active transcription. In contrast, methylation of H3K27, 
H3K9, H4K20 generally represses gene expression.[9]

DNA modifi cation
DNA methylation, mainly on the fifth carbon of 
cytosine (5-methylcytosine, 5mC) in mammalian, is 
established by DNA methyltransferases (DNMTs), 
D N M T 1 ,  D N M T 3 A a n d  D N M T 3 B .  D N M T 1 
contributes to the maintenance of DNA methylation, 
while DNMT3A and DNMT3B orchestrated with 
DNMT3L catalyze de-novo DNA methylation. The 
methylation of DNA mainly occurs in the context 
of CpG dinucleotides of distinct genomic regions 
in mammalian, though the methylation in non-CpG 
context is also identified. Of note, CpG Island, which 
is characterized by high (G+C) and CpG content, 

predominantly exists at promoter region and generally 
remains unmethylated. The methylated CpG can be 
read by methyl-CpG-binding domain proteins (MBDs) 
including MBD1-4, MeCP2 and KAISO, which recruit 
various inhibitory proteins and induce the repressive 
effects.[2,4]

DNA methylation is associated with diverse 
cellular functions and also dynamic in development 
and diseases.[4] The proper establishment of DNA 
methylation is essential for normal development. In 
early embryonic development, the paternal genome is 
actively demethylated followed by the demethylation 
of maternal genome. In the blastocyst, genomewide 
methylation levels increase rapidly and cell-specific 
methylation landscape is established. In embryonic 
and postnatal neuronal development, the deficiency 
of DNMTs affects embryonic viability, and cell 
survival, synaptic development, learning and memory; 
meanwhile, neuronal activity could influence DNA 
methylation, suggesting DNA methylation is important 
for normal neuronal function.[10-12]

Recently, Ten-eleven translocation proteins (Tet) have 
been revealed to convert 5mC to 5-hydroxymethylcytosine 
(5hmC), an active process of DNA demethylation.[13,14] 
5hmC can be further catalyzed to 5-formylcytosine (5fC) 
and 5-carboxylcytosine (5caC) by Tet, and 5caC can be 
effi ciently removed by TDG (Fig. A).[14-16] The distribution 
of 5hmC displays tissue/cell-specifi c pattern, and enriches 
at distinct genomic regions.[17,18] Further, in cell fate 
determination and postnatal neuronal development, 
5hmC exhibit dynamic features.[17,19] Compelling 
evidences indicate that 5hmC-mediate epigenetic 
regulation play crucial roles in stem cell modulation, 
development, and diverse diseases, etc.[19]

RNA modifi cation
More than 100 types of RNA modification have 
been identified in messenger RNA (mRNA), transfer 
RNA (tRNA), ribosomal RNA (rRNA), transfer-
messenger RNA (tmRNA), and small nuclear RNA 
(snRNA), which exist across all regions of the 
transcripts including 5' end and 3' end.[20] The biological 
significance of RNA modifications are under extensive 
study. The methylation of RNA as m6A is the most 
prevalent internal modification of mRNAs and long 
non-coding RNA, and each mRNA contains on average 
from three to five m6A modifications.[20,21] Antibody 
based next-generation sequencing studies reveal 
over 12 000 m6A sites in more than 7000 mRNAs 
and 300 non-coding RNAs in human cells, of which 
predominantly enrich around stop codons, 3' UTR and 
long internal exons, and distributed in a consensus 
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sequence of (Pu[G>A]m6AC[A/C/U]).[22] Importantly, 
a strong conservation of m6A sites is observed between 
humans and mice, suggesting m6A play critical 
regulatory roles (Fig. B).[22,23]

M6A modification is catalyzed by Mettl3 in 
mammalian.[24] Later on, it was found that Mettl3 
could form a stable complex with Mettl14 and WTAP 
to catalyze m6A methylation.[25] M6A can be erased 
by the fat mass and obesity associated protein (FTO) 
and alkylated DNA repair protein alkB homolog 5 
(ALKBH5).[26,27] Up to date, two YTH (YT521-B 
homology)-domain containing proteins, YTHDF2 and 
YTHDC1, have been demonstrated as m6A binding 
proteins.[28]

Epigenetic modifi cations and developmental 
diseases
Rett syndrome
Rett syndrome (RTT) is a postnatal neurodevelopmental 
disorder, and affects around 1 in 10 000 live female 
births and is rarely found in males due to the mutation 
of only one copy of MeCP2 induced severe lethal 
effect. RTT is caused by the mutation of methyl-
CpG binding protein 2 (MeCP2), which is highly 

expressed in neuronal system and becomes more 
enriched along with the neuronal maturation.[29] RTT 
patients develop normally during the first 6-18 months 
of life, after that period, they progressively exhibit a 
serious of developmental defects including the loss 
of language abilities, a slowing growth of head and 
brain, stereotyped behavior, ataxia and autism, etc. It is 
worthy to note the duplication of MeCP2 also leads to 
neurological abnormality, and the patients suffer from 
mental retardation, progressive spasticity, seizures, 
recurrent respiratory infections, and premature death.[30]

The dosage of MeCP2 has the reverse effect on 
the global level of 5hmC in the genome: the global 
level of 5hmC increased in MeCP2 knock-out mice 
and decreased in MeCP2 over-expression mice.[17] 
MeCP2 absence signifi cantly increases the enrichment 
of 5hmC on gene bodies, and does not affect the 
distribution of stable 5hmC peaks, but significantly 
decreases the dynamic loci during the postnatal 
development.[17] Interestingly, the deletion of MeCP2 
also alters the dynamics of 5hmC during the postnatal 
neurodevelopment.[17] Very recently, it was found that 
in addition to binding to 5mC, MeCP2 can also bind 
to hydroxymethylated DNA in the brain.[31] R133C 
mutation of MeCP2 presenting in some RTT patients 
could abolish its capability of binding to 5mC.[31] 

Fig. Schematic diagram showing the methylation and demethylation of DNA and RNA, and the biological functions. A: DNA methylation 
is established by DNA methyltransferases, DNMT1, DNMT3a and 3b. Methylated DNA (5mC) can be actively demethylated by TET, and 
generates 5hmC, 5fC, and 5caC. DNA modifi cations can regulate gene expression, and involve in diverse biological functions and diseases. B: 
RNA methylation is catalyzed by Methyltransferase-like 3 METTL3, METTL14, which forms a complex with Wilms tumour 1associated protein 
(WTAP). The methylated adenine (m6A) highly enriches at 5'- and 3'-UTR in transcripts, and can be demethylated by fat mass and obesity-
associated protein (FTO) and α-ketoglutarate-dependent dioxygenase alkB homologue 5 (ALKBH5). DNMT: DNA methyltransferase; 5hmC: 
5-hydroxymethylcytosine; 5fC: 5-formylcytosine; 5caC: 5-carboxylcytosine; TDG: thymine-DNA glycosylase; m6A: N6-methyladenosine; SAM: 
S-adenosyl-L-methionine; TcSS: transcription start site; TcTS: transcription terminal site; ESC: embryonic stem cell. 
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Further, compared to 5mC, 5hmC enriched-DNA can 
be easily released from chromatin by enzyme digestion, 
which can be delayed at the condition of MeCP2 
depletion.[31] These studies suggest an interaction 
between MeCP2, 5hmC and chromatin, and underscore 
a complicated mechanism of gene regulation in Rett 
syndrome.

Autism spectrum disorders
Autism spectrum disorder (ASD) is a broad group 
of neurodevelopmental disorders, characterized by 
stereotyped or repetitive behavior, as well as the deficits 
in social skills, cognition, attention and communication. 
ASD has a prevalence of approximately 1 in 100 
children and strong male bias (male:female ratio 
approximately 4:1). To date, hundreds of genes have 
been linked to ASD. However, only around 10% of 
ASD cases are caused by known gene mutations, and 
approximately 90% of autism cases are idiopathic, 
suggesting a complex etiology of ASD.

Large scale exome sequencing studies indicates 
the function of histone modifications in ASD. Some 
of genes implicated in ASD are involved in histone 
remodelling, such as SET lysine methyltransferases and 
jumonji lysine demethylases.[32,33] Interestingly, these 
two studies also identified the mutations of CHD8 in 
ASD patients. CHD8 is an ATP-dependent chromatin 
remodeller and a specifi c reader for H3K4me2. During 
neuronal development, CHD8 targets many ASD risk 
genes, and its depletion causes the dysfunction of ASD 
risk genes, indicating the roles of histone modifi cations 
in ASD.[34] Increased histone H3K4 trimethylation and 
decreased histone H3K27 trimethylation are observed 
in the engrailed-2(EN-2) homeobox gene in the 
autism samples, which is a gene relevant to cerebellar 
abnormalities and autism.[35]

Recent  s tudies have found that  many ASD 
associated genes, for example, oxytocin receptor 
gene (OXTR), Glutamate decarboxylase 1 (GAD1), 
and Engrailed-2 (EN2), exhibited altered DNA 
methylation and demethylation status.[35-37] During 
neuronal development of human, DhMRs (differentially 
hydroxymethylated regions)  wel l  over lap with 
FMR1 regulated genes, and autism related genes.[38] 
Interestingly, Tet1 expression increases in autistic 
brain of human and increased enrichment of 5hmC 
at the promoters of RELN and GAD1 is associated 
with autism.[37] These findings are further validated 
in autism mouse model, in which DhMRs showed a high 
overlap with autism associated genes including Nrxn1 and 
Reln.[39] Together, these studies indicate 5hmC-mediated 
epigenetic regulation could play important roles in 
autism.

Congenital heart disease
The development of vertebrate heart is a very complicated 
process and precisely regulated by the interplay of a group 
of core pathways, transcription factors (Mesp1, Isl1, 
Nkx2.5, Mef2c, Tbx1, Gata4, Foxa2/c1/c2/h1 and Hand2), 
growth factors (Fgf8/10, Wnt3a/5a/11, Bmp2/4/7, Shh 
and others), and epigenetic modifications.[5,9] From the 
specification of pluripotent cells to mesodermal and 
cardiac precursors prior to terminal differentiation, 
epigenetic modifications are involved in the coordinated 
gene expression.

During the cardiac differentiation, histone modifi cations 
display preactivation pattern at the promoters of a set 
of genes related with heart development and cardiac 
function, and enrich at stage-specific enhancers.[40] DNA 
methylome is very dynamic during the postnatal heart 
development, and signifi cantly alters in neonatal, adult 
healthy and adult failing cardiomyocytes, and DNA 
methylome in failing cardiomyocytes partially returns 
to the neonatal.[41] Demethylated regions enriches at 
the cell type-specifi c enhancer regions and gene bodies 
of cardiomyocyte genes.[41] These studies indicate that 
both histone modifi cations and DNA methylations play 
essential roles in orchestrating gene expression during 
cardiac development.

Congenital heart disease (CHD) is the most common 
type of birth malformation and affects 1.35 million 
newborns each year, but the etiology of CHD remains 
largely unknown. GATA-4, NKX2-5 and HAND1 
are key regulators of heart development. In sporadic 
tetralogy of Fallot (TOF), GATA-4, NKX2-5 and 
HAND1displayed aberrant DNA methylation status at 
the promoter region and gene body.[42] The global DNA 
hypermethylation has also been found in CHD children 
and their mothers, suggesting a role of DNA methylation 
in CHD.[43,44] The inactivation of Ezh2, a subunit of 
Polycomb repressive complex 2 (PRC2), causes lethal 
congenital heart malformations.[45] De novo mutations 
of the "writers", "erasers" and "readers" of H3K4 
methylation have been identified in CHD patients.[46] 
SMAD2 signaling in the embryonic left-right organizer 
induces demethylation of H3K27me. The mutations of 
SMAD2 were also identifi ed in CHD patients.[46] These 
studies collectively indicate that DNA methylation and 
histone modifi cations could be involved in CHD.

Function of RNA modifi cations in stem cells 
and diseases
Although its existence was discovered several decades 
ago, the function of m6A methylation in mRNA is 
just to be unveiled. The mounting evidence indicates 
m6A modification can regulate RNA stability, splicing, 
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translation, transport and localization. In murine 
embryonic stem cells (mESCs), the knockdown of 
either Mettl3 or Mettl14 leads to similar phenotype: 
the reduced m6A methylation and the lost self-renewal 
capability.[28] Recently, two groups reported some 
conflicting results. In epiblast and mESCs, the complete 
deletion of Mettl3 abolishes m6A methylation in 
mRNA, and the KO cells fail to exit from self-renewal 
and to undergo regular differentiation, suggesting the 
proper establishment of m6A methylation landscape 
involve in the fate determination of stem cells and is 
required for differentiation (Fig.).[47,48]

One mechanism that m6A methylation plays function 
is through interacting with miRNA pathway. It is found 
that Mettl3 could methylate primary miRNA, and the 
depletion of Mettl3 leads to a global reduction of mature 
miRNAs, and the accumulation of unprocessed primary 
miRNAs.[49] Another interesting study has found that 
m6A modification enriched at miRNA target sites, and 
the formation of m6A depends on Dicer, a processor of 
miRNA maturation.[50] The modulation of miRNAs could 
affect the binding of Mettl3 to mRNA, and thus affect 
the abundance of m6A.[50] This study also reveals that 
m6A modification is required for the reprogramming, 
and can increase the reprogramming effi ciency.[50]

Several genome wide association studies indicated 
an association between FTO gene and childhood 
and adult obesity.[51,52] The Over-expression of Fto 
increases food intake and results in obesity in mice; the 
mutation of Fto leads to postnatal growth retardation, 
signifi cant reduction in adipose tissue, lean body mass, 
and protects mice from obesity.[53,54] Fto deletion also 
impairs the proliferation and advances the senescence 
of cultured skin fibroblast, and loss-of-function of FTO 
gene is responsible for a severe syndrome in human.[55] 
In neuronal system, dopamine neuron specifi c mutation 
of Fto impaires neuronal activity and resultes in the 
behavioral deficits in locomotion.[56] M6A sites are 
also found in the transcripts of many clock genes, and 
the inhibition of m6A methylation by the deletion of 
Mettl3 induces circadian period elongation and RNA 
processing delay, suggesting m6A methylation could 
serve as a circadian pacesetter.[57] Several studies also 
find the decreased expression of mRNA demethylases 
Fto and ALKBH5, and the increased expression of 
Mettl3 in some cancers.[20] These findings suggest the 
essential roles of m6A methylation and m6A dynamics 
for development and diseases (Fig.).

Conclusions 
Over the past decades, the rapid advances of epigenetic 
field together with the sequencing technology have 
revealed the essential roles of epigenetic modifications 

in human diseases. The abnormality of epigenetic 
modification identified in diseases suggested it could be 
served as novel markers for early diagnosis and treatment 
of diseases, termed as "epigenetic therapies". The 
significant progress has been made in the development 
of drugs targeting on histone and DNA methylation, and 
some have been approved for the clinical application. 
For example, DNMT inhibitors, 5-aza-2′-deoxycytidine 
reverses the aberrant hypermethylation, and has been 
used for the treatment of cancer patients.

Although the advance in epigenetic field has shed 
light on the diagnosis and treatment of diseases.[58-60] 
It is still an open question that the deregulated DNA 
and RNA demethylation is a cause or a consequence 
of diseases. Future studies are needed to uncover the 
function of epigenetic modifications especially DNA 
demethylation, RNA methylation and demethylation in 
developmental diseases, which would greatly contribute 
to the development of personal and precise medicine.
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