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The spatiotemporal expression of genes is sophisticatedly controlled through three main layers: transcriptional, translational and
post-translational. Now increasing chemical modifications are discovered on genomic DNA, RNA and proteins. These mod-
ifications are recognized as additional layer of regulatory mechanisms in controlling gene expression that defines cell status. So
far, more than 150 chemical modifications are identified in nucleic acids, and more than 400 discrete types of modifications are
identified in proteins. How these modifications are interpreted are fundamental questions to our understanding of living
organisms. The omics sciences of systems biology, including genomics, transcriptomics, proteomics, and metabolomics, have
been in existence for decades. Due to the large numbers of modifications occurring in DNA, RNA and proteins with regulatory
roles, we propose the modificaomics from the words of modification and omics. Modificaomics mainly refers to the compre-
hensive study of the modifications on DNA, RNA and proteins. In this review, we conceive modificaomics by introducing the
discovered modifications in DNA, RNA and proteins as well as summarizing their biological functions. We hope the proposed
modificaomics can provide a whole picture of modifications of these biopolymers and simulate the study of the functions of the

modifications on DNA, RNA and proteins.
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1 Introduction

In a single living organism, all somatic cells have the same
genetic information contained within the DNA sequence
from the zygote although they differ greatly in their forms
and functions [1]. The formation of various cell types is
mainly due to the differentiated temporal and spatial ex-
pression of genes, which is precisely controlled through three
main layers: transcriptional, translational and post-transla-
tional [2—4].

Genetic information flows from DNA to RNA and then to
proteins in the central dogma of molecular biology. Mod-
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ifications occurring on genomic DNA, RNA and proteins
play important roles in controlling gene expression (Figure
1). The modifications generally do not change the sequence
of these biopolymers, but modify their physical and bio-
chemical properties, and eventually lead to multiple phy-
siological functions [5].

So far, many chemical modifications of these three bio-
polymers have been described. In recent years, increasing
modifications on DNA, RNA and proteins have been dis-
covered. In 2009, 5-hydroxymethylcytosine (5hmC), an
oxidized derivative of S5-methylcytosine (5mC), was dis-
covered in mammalian genome and ten-eleven translocation
(TET) proteins were identified as the enzymes for converting
5mC to ShmC [6,7]. Subsequent studies revealed that TET

chem.scichina.com link.springer.com


https://doi.org/10.1007/s11426-017-9186-y
https://doi.org/10.1007/s11426-017-9186-y
http://chem.scichina.com
http://springerlink.bibliotecabuap.elogim.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-017-9186-y&amp;domain=pdf&amp;date_stamp=2017-12-25

382

Liu et al.

proteins can further oxidize 5ShmC to 5-formylcytosine (5fC)
and 5-carboxycytosine (5caC) [8,9]. These studies estab-
lished the biochemical mechanism of active DNA de-
methylation in mammals. In addition to DNA, the diverse
functions of RNA are accompanied by more than 150 che-
mical modifications, although the functions of most of these
RNA modifications remain elusive [10]. As for protein, more
than 400 discrete types of modifications and more than
90000 individual modifications have been identified [11].
The large numbers of modifications discovered in DNA,
RNA and proteins emerge for important roles. The omics
sciences of systems biology, including genomics, tran-
scriptomics, proteomics, and metabolomics, have been in
existence for decades [12]. Here we propose the mod-
ificaomics from the words of modification and omics. In this
review, we conceive modificaomics by introducing the dis-
covered modifications in DNA, RNA and proteins as well as
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summarizing their biological functions.

2 DNA modifications

2.1 DNA cytosine methylation

DNA, RNA and proteins all can be chemically modified by
methylation, which consists of the addition of a methyl group
(—CHs;) to different acceptor sites. Methylation at the C5
position of cytosine to give SmC is one of the best-char-
acterized epigenetic modifications in DNA and is well con-
served among fungus, plant and animal (Figure 2) [13,14].
5SmC occurs primarily at CpG dinucleotides in vertebrates,
which is established by two de novo methyltransferases,
DNMT3A and DNMT3B, and is maintained by DNMTI1
[15]. 5mC modification involves in diverse physiological
functions including maintenance of chromosomal integrity,
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Figure 1 Reversible chemical modifications in DNA, RNA and proteins that regulate the flow of genetic information (color online).
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Figure 2 Schematic illustration of the modifications in DNA (color online).
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transcriptional suppression of genes, and X-chromosome
inactivation [15]. Aberrant DNA cytosine methylation is a
well-recognized hallmark of many human diseases [16,17].

SmC modification is reversible and dynamic, however, the
enzymes responsible for demethylation of SmC were un-
known until the recent discovery of TET family of dioxy-
genases [6-9]. It was found that the TET proteins were
capable of converting SmC to generate ShmC, 5fC, and fi-
nally to 5caC (Figure 2) [6-9]. The 5fC and S5caC can be
cleaved by thymine-DNA glycosylase followed by base-
excision repair to restore unmethylated cytosine [9]. These
identified novel DNA modifications were also found to have
regulatory roles in multiple physiological processes [18-22].
Ficz et al. [18] found that declining levels of ShmC at the
promoters of embryonic stem cell-specific genes during
differentiation. They then proposed that the balance between
5hmC and 5mC in the genome is tightly linked with the
balance between pluripotency and differentiation. In addi-
tion, Kellinger ef al. [19] observed that 5fC and 5caC can
reduce the rate and substrate specificity of RNA polymerase
I transcription, which provides new insights into potential
functional interplay between cytosine modification status
and transcription.

In addition to SmC, N'-methylcytosine (4mC) was also
found to be present in bacterial genomic DNA [23], with
more prevalent of 4mC occurring in thermophilic bacteria
[24]. 4mC modification serves as the part of bacterial re-
striction-modification systems. Recently, Yu et al. [25] de-
veloped 4mC-Tet-assisted bisulfite-sequencing (4mC-TAB-
seq) to map 4mcC sites in bacterial genome. With 4mC-TAB-
seq method, both cytosines and 5mCs are read out as thy-
mines, whereas 4mCs are read out as cytosines, which then
can be used to accurately locate the positions of 4mCs in
genome. Three 4mC-containing motifs and six SmC-con-
taining motifs in C. kristjanssonii were identified by 4mC-
TAB-seq in combination with MethylC-seq analysis [25],
which may assist in genetic engineering of the bacteria and
enhance the ability of bacteria to convert biomass into bio-
fuels.

2.2 DNA adenine methylation

In addition to DNA cytosine methylation, DNA adenine
methylation (N°-methyladenine, m°A) is another covalent
modification of DNA that exerts essential roles for the via-
bility of some bacteria (Figure 2) [26]. Reisenauer ef al. [26]
found that the status of DNA adenine methylation was im-
portant in control of cell cycle. They demonstrated that the
pattern of m°A in DNA affected the cell cycle by altering the
expression of the CtrA response regulator. The function of
m°A is also associated with the protection of DNA from the
cleavage of endonucleases via the restriction-modification
system [27]. The presence of m°A in the host prevents the
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digestion of its genome by DNA methylation-sensitive re-
striction enzymes. On the contrary, foreign unmethylated
DNA will be readily degraded [27].

Accumulating data suggest that the presence of m°A is not
limited to bacterial DNA but also occurs in eukaryotic cells
[28]. Recent studies further confirmed the presence of m°A
in various eukaryotic genomes including Chlamydomonas
reinhardtii, Caenorhabditis elegans, Drosophila melanoga-
ster, Zebrafish, and mammals with putative epigenetic
functions [29-35]. These reports present evidence for the
regulatory roles of m°A during development, suggesting m°A
as an epigenetic mark in addition to SmC. But Schiffers et al.
[36] recently questioned the existence of m°A in mammals
and reported no evidence for m°A in the genome of mouse
embryonic stem cells and tissues. Due to the low in-vivo
abundance of m°A, development of improved technologies
to characterize m°A in different biological contexts will be
necessary to fully elucidate the existence and functions of
m°A in DNA.

3 RNA modifications

RNA is the intermediate molecule that links genetic in-
formation from DNA to functional proteins. An additional
regulatory layer of biology between DNA and proteins has
been proposed with the advance on the functional studies of
RNA modifications. Cellular RNA contains more than 150
structurally distinct post-transcriptional modifications [10],
which are considered to be dynamic, reversible and can fine-
tune the structures and functions of RNA to influence gene
expression [37].

3.1 mRNA modifications

The recent discovery of reversible modifications on mRNA
has opened a new realm of post-transcriptional gene reg-
ulation in eukaryotes. So far, more than 17 types of mod-
ifications were identified in eukaryotic mRNA, including
m°A, N ,2'-0O-dimethyladenosine (mﬁAm), N°,N®2"-O-tri-
methyladenosine (m®,Am), 7-methylguanosine (m’G), N°,7-
dimethylguanosine  (m>’G), ~N’,N’,7-trimethylguanosine
(m>*'G), inosine (I), 2’-O-methyladenosine (Am), 2'-O-
methylcytidine (Cm), 2'-O-methylguanosine (Gm), 2'-O-
methyluridine (Um), 3,2'-O-dimethyluridine (m’Um), N'-
methyladenosine (m'A), SmC, 5hmC, pseudouridine (‘¥),
and 3-methylcytidine (m’C) (Figure 3(a)) [10,38—44].

3.1.1 RNA adenine methylation
m°A is present in nearly all RNA types from bacteria to
human, and it is considered to be the most abundant internal
modification in eukaryotic mRNA [45,46].

Recent identification of RNA methylases and demethy-
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Figure 3 Schematic illustration of the modifications in mRNA (a), rRNA (b), tRNA (c), and small RNA (d) (color online).

lases further revealed the biological functions of m°A. In
2011, He’s group [47] found that fat mass and obesity as-
sociated (FTO) knockdown led to the increased content of
m°A in mRNA, and overexpression of FTO resulted in de-
creased content of m°A. This study demonstrated that m°A in
nuclear RNA is the physiological substrate of FTO and m°A
modification is reversible and dynamic. In 2012, two groups
combined anti-m°A immunoprecipitation and deep-sequen-
cing method and identified m°A sites in mammalian mRNA
[48,49]. Later, UV light-induced antibody-RNA cross-link-
ing followed by reverse transcription enabled single-nu-
cleotide-resolution mapping of m°A in the human
transcriptome [50]. m°A was found in >25% of transcripts of
human cells and these m°A sites are mainly enriched in long
exons, near stop codons and in 3’ untranslated regions
(UTRs).

Functional studies on methyltransferases, demethylases
and m°A-binding proteins demonstrate that m°A in mRNA is
involved in multiple life processes [51]. Co-localization of
m°A methyltransferase components and RNA polymerase I
suggested that m°A occurred while pre-mRNA was being
transcribed [52]. Knockdown of m°A methyltransferase can
cause alternative polyadenylation [53]. Decrease of m°A
methyltransferase component of METTL3 can delay mRNA
nuclear export [54], whereas depletion of m°A demethylase

of ALKBHS enhanced the transfer of mRNA from nuclear to
cytoplasm [55], suggesting RNA adenine methylation can
promote mRNA nuclear export. Collectively, m°A has been
demonstrated to influence mRNA mature, RNA folding and
structure, nuclear export, nRNA decay, and translation [51].

Recent studies also demonstrated that the RNA adenine
methylation status was critical for shaping cell states and
appropriate distribution of m°A was required for stem cells to
properly differentiate to specific lineages [56]. In addition,
emerging evidences showed that m’A modification as well as
its regulatory proteins (methyltransferases, demethylases and
binding proteins) also played important roles in various
cancers including leukemia, diabetes, brain tumor, and breast
cancer [57,58]. For example, reduction of m°A levels re-
sulted in enhanced growth and promoted the ability of
glioblastoma stem-like cells to form brain tumors [59]. m°A
demethylase of FTO has been demonstrated to play an on-
cogenic role in leukemia [60], and m°A demethylase of
ALKBHS has been reported to exert a tumor-promoting
function in glioblastoma and breast cancer [61,62]. There-
fore, development of inhibitors for targeting m°A regulatory
proteins may provide an effective therapeutic strategy for
cancers.

m°A is also discovered to be closely related to circadian
rhythm in mammals [54]. m°A sites were found to be pre-
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valent on transcripts of many clock genes. Inhibition of m°A
formation via knockdown of METTL3 led to delay of pre-
mRNA processing and elongation of circadian period [54].
Similarly, the cell cycle is an oscillating process that is
coupled with the circadian rhythm [63]. A notable shift in
cell cycle duration following perturbation of m°A in mRNAs
was reported in mouse embryonic stem cells [64]. These
studies demonstrated the essential roles of m°A on the reg-
ulation of circadian clock.

m'A, another RNA adenosine methylation, is recently
discovered also present in eukaryotic mRNA [38,39]. Since
m'A contains a methyl group at N1 position that can disturb
Watson-Crick base pairs, m'A can cause reverse transcrip-
tion stop and also cause misincorporation. Based on this,
Dominissini et al. [39] and Li et al. [38] developed tran-
scriptome-wide sequencing methods to identify and map
m'A in mRNA. These studies revealed that m'A is reversible
and mainly enriched around start codon in eukaryotic
mRNA. Further identification and characterization of m'A-
binding proteins will facilitate the in-depth understanding of
the functional roles of m'A.

In addition to m°A and m'A, N° ,2'-O-dimethyladenosine
(m°Am) was recently identified to be a dynamic and re-
versible modification in the 5’ cap of mRNA and can influ-
ence cellular mRNA stability [65]. m°Am-initiated
transcripts are more stable than mRNAs that begin with other
nucleotides, which is due to resistance to the mRNA-dec-
apping enzyme DCP2. Moreover, FTO preferentially de-
methylates m’Am rather than m°A. Both m’Am and m°A in
the 5" UTR are related to increased translation, suggesting
the location and specific combination of modified adenosine
have distinct functional consequences on mRNA [65].

3.1.2 RNA cytosine methylation

5mC is well studied in DNA, while its existence in cellular
RNA has been mainly confined to tRNA and rRNA. Re-
cently, Squires et al. [66] developed an approach termed
bsRNA-seq (sequencing of whole bisulfite converted tran-
scriptomes) to map SmC sites in HeLa cells. With this de-
veloped bsRNA-seq method, 10275 5mC sites were
discovered in mRNAs and other non-coding RNAs. In ad-
dition, SmC sites in mRNA were found to be mainly enriched
in the untranslated regions and near Argonaute binding re-
gions. This study provided the first global mapping of SmC
in the human transcriptome, suggesting broad roles of SmC
in post-transcriptional gene regulation and control of cellular
RNA functions.

Expression of mRNA in cells was found to be affected by
the presence of SmC [67]. Warren et al. [68] established an
efficient strategy to generate induced pluripotent stem cells
by transfection of pseudouridine and S5mC-substituted
mRNAs that encode the Yamanaka transcription factors,
suggesting modifications in mRNA can trigger marked
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biological responses.

5mC in RNA can be further converted to ShmC, 5fC, and
5caC by Tet family enzymes [42,43,69,70]. Fuks ef al. [41]
recently demonstrated that ShmC existed in polyadenylated
RNAs in Drosophila. They revealed ShmC in the transcripts
of many genes, notably in coding sequences, and identified
consensus sites for ShmC. ShmC in RNA was considered to
favor mRNA translation and played certain roles in brain
development. These studies demonstrated the functional
significance of SmC as well as its oxidative products are
critical for normal cellular processes.

In addition to 5SmC, Xu et al. [44] recently reported the
discovery and characterization of m’C modification in
mRNA of mice and human. They further found that me-
thyltransferase-like (METTL) 8 was responsible for this m’C
modification in mRNA by biochemical and genetic analyses
in Mettl8 null-mutant mice and two human METTLS8 mutant
cell lines. Their findings provide the evidence of the ex-
istence of m’C modification in mRNA and more work is
needed to reveal the functions of m’C by investigating the
distribution and dynamics of m’C in mRNA.

3.1.3 Pseudouridine

Pseudouridine (), one of the most prevalent post-tran-
scriptional RNA modifications, has been shown to increase
the stability of tRNAs and ribosomal RNAs. Recently, the
transcriptome-wide study revealed ¥ modification is highly
abundant in mRNAs of yeast and human cells [40,71,72]. ¥
modification was found to be dynamic and reversible in
mRNA. This modification acts to increase the diversity of
the genetic code and can affect the translation, mRNA sta-
bility and RNA localization. However, the mechanism still
requires further investigation.

RNA modifications can affect interactions between RNA-
binding proteins and target RNA. RNA modifications have
been found to be widely prevalent in the binding sites of
many different RNA-binding proteins [73]. Recent study
showed that ¥ and m°A can weaken the binding of the hu-
man single-stranded RNA binding protein Pumilio 2
(hPUM2) by two- to three-fold per modification on average
[74]. In addition, deLorimier et al. [75] also found that ¥
modifications can shift YGCY (Y represents pyrimidine)
motifs into conformations with increased base stacking that
reduce binding by MBNL (Muscleblind-like) RNA-binding
proteins. These results demonstrated an additional layer of
complexity in RNA-protein interaction networks and un-
derscored the importance of RNA modifications on the
regulation of gene expression by affecting the affinity be-
tween RNA and RNA-binding proteins.

3.1.4 2"-O-methylation
2'-O-methylated nucleosides are ubiquitous in rRNA, tRNA,
mRNA, snRNA and microRNA, and 2'-O-methylation is
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essential for the biogenesis, metabolism and functions of
RNA [76]. RNA with 2'-O-methylation show increased re-
sistance to degradation and stabilize helices [77]. Recently,
He’s group [78] developed a sensitive method for tran-
scriptome-wide mapping of 2'-O-methylation with base
precision by using the differential reactivity of 2'-O-methy-
lated and 2'-hydroxylated nucleosides toward periodate
oxidation. This study uncovered thousands of 2'-O-methy-
lation sites in mammalian mRNA with most 2'-O-methyla-
tion sites being found in CDS.

3.2 rRNA modifications

Ribosomal RNAs constitute the structural framework of ri-
bosomes and play indispensable roles in translation. Nu-
merous modification types have been found to locate in
rRNAs with different sequence and structural contexts
(Figure 3(b)). In E. coli, 36 modified nucleosides were dis-
covered in rRNA. And more than 100 and 200 modifications
were identified in yeast and human rRNA, respectively [79].
2'-O-methylation and ¥ are the most abundant rRNA mod-
ifications in eukaryotes. So far, 55 2'-O-methylation sites and
45 ¥ sites have been identified in the rRNAs of S. cerevisiae
and about 100 of 2'-O-methylation and ¥ sites are reported in
human rRNAs [80].

Most of these identified modifications in rRNA generally
have conserved and distinctive spatial distributions [81].
Modifications in rRNA typically cluster in functionally im-
portant regions including the decoding and tRNA binding
sites (the A-, P- and E-sites), the peptidyltransferase center
and the interface of subunits of rRNA [82]. The modified
rRNA motifs participate in various ligand interactions with
RNA, proteins, and small molecules [80].

The natural modifications can impact thermal stability,
dynamic behavior, and structures of RNA, suggesting rRNA
modifications play important roles in regulating ribosome
function [82]. Some modifications in rRNA serve to stabilize
its secondary and tertiary structures [83]. In this respect, 2'-
O-methylation can stabilize helices by increasing base-
stacking. Similarly, ¥ modification offers greater hydrogen
bonding interaction than uridine and increases the rigidity of
the sugar-phosphate backbone [84]. N7-methylguanine
modification carries positive charge thereby promoting ionic
interactions between RNAs and RNA-binding proteins, and
5mC increases the stability of base-pairing with guanine
[85].

Many rRNA modifications have fine-tuning roles in reg-
ulation of ribosomal activity [86]. In fact, some antibiotics
exert their effects on protein synthesis by binding to mod-
ified regions of rRNAs [87]. Studies in E. coli and yeast
showed that modifications in rRNA presented in functionally
important regions with a critical role in the regulation of
translation [81]. Alteration of ¥ modifications in rRNA has
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been reported to affect translation initiation on specific
mRNAs by altering the affinity of the ribosome for these
mRNA structures [88]. Methylation in rRNAs of plant can
regulate rRNA stability by maintaining ribosomal function
during temperature change [89]. However, the structural and
biological consequences of many natural modifications, as
well as the dynamic mechanism in rRNAs remain elusive
and further in-depth investigation is required.

3.3 tRNA modifications

tRNAs have the highest density of modifications among all
types of RNA [90]. Around 90 different types of modifica-
tions were found in various tRNAs (Figure 3(c)) [91]. Some
modifications are present in nearly all tRNAs, such as di-
hydrouridine (D) and ¥, whereas others are only present in a
single tRNA [92].

Modifications in tRNA serve as important regulatory ele-
ments for the control of protein synthesis [93]. Some mod-
ifications in tRNA influence the codon-anticodon binding
affinity, which regulates the speed and fidelity of translation
[94]. Modification-mediated strengthening of codon-antic-
odon binding also prevents frame-shift errors [95]. In tRNA
without modifications, the anticodon loop is typically flex-
ible and collapses into a structure with unwanted base pairs.
However, the collapse can be eliminated by modifications of
the conserved purine residue at position 37, which reinforces
the rigid and ordered functional anticodon conformation
[96]. In fact, position 37 of tRNA is frequently modified,
such as wybutosine (yW), threonylcarbamoyladenosine
(t°A), and 2-methylthio-N’-isopentenyladenosine (ms2i’A)
[97]. In addition, modifications at position 37 of tRNA can
improve the base stacking [98], which also contributes to the
reduced structural flexibility and stabilizes the loop structure.
Loss of stabilizing effect due to deficiencies in modifications
can be pathologic and result in severe diseases, such as
nonsyndromic X-linked intellectual disability and type II
diabetes [99,100].

tRNA modifications were also demonstrated to control
tRNA cleavage [101]. tRNA-derived fragments that play
critical roles in regulation of various cellular functions [102],
are the tRNA cleavage products [103]. Previous studies
showed that tRNA modifications can regulate the formation
of tRNA-derived fragments. For instance, 5SmC38 in
tRNAMPETO {RNAYCEO and tRNAY™AO can  protect
tRNAs from cleavage, thus promoting global protein trans-
lation and differentiation [101]. In yeast cells, the 5-me-
thylcarboxymethyluridine (mem’U) modification in tRNAs
confers resistance to cleavage by PaT [104]. In mammalian
cells, lack of methylation caused by UV light exposure re-
sulted in cleavage of tRNA by angiogenin and the cleavage
could be inhibited by tRNA methyltransferase NSun2 [105]
or by DNA methyltransferase 2 (DNMT?2) [106].
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Modifications in and around the anticodon of tRNA can
selectively alter the spectrum of proteins. Modifications at
the wobble position 34 of tRNA increase the capabilities of
tRNA to decode multiple synonymous mRNA codons dif-
fering by the third nucleoside [92]. And specific modifica-
tions on tRNAs have been reported to be closely related to
cell growth rates [107], temperature [108], and oxidation
[109]. Altering the frequency of tRNA modifications can
change the stability of tRNAs, which induces tRNA to be
degraded or stabilized under specific cellular conditions and
allows the cell to rapidly response to environmental changes
[110]. The abnormal tRNA modifications have been reported
to be related to various diseases, including cancers and
neurological disorders [99].

Mitochondrial tRNA also undergoes numerous post-tran-
scriptional modifications [111]. A recent example of a newly
discovered tRNA modification frequently found at position
37 is a cyclic form of N°-threonylcarbamoyladenosine (ct’A)
[112], which is required for correct decoding of ANN co-
dons. N’-threonylcarbamoyladenosine (t°A) might be an ar-
tifact resulting from hydrolysis of the native ct’A in the
conditions used for nucleoside isolation. In physiological
conditions, ct’A shows remarkable stability [113].

As for the tRNA modifications, many details remain to be
understood, including the dynamics of tRNA modifications
under physiological and pathological conditions. In addition,
it will be important to reveal the dynamics and the molecular
mechanisms of tRNA modifications. Integrative approaches
including mass spectrometry and high-throughput sequen-
cing may provide novel opportunities for interrogation of the
mechanisms.

3.4 Small RNA modifications

Emerging evidence shows that small RNAs, such as micro-
RNAs (miRNAs), PIWI-interacting RNAs (piRNAs) and
tRNA-derived small RNAs (tsRNAs), harbor a diversity of
modifications (Figure 3(d)) [114]. Many modifications in
small RNAs involve in the modulation of RNA stability and
other complex physiological processes including metabo-
lism, immunity, and epigenetic inheritance [114].

miRNAs are key players in RNA silencing pathways. 2'-O-
methylation was first recognized in plants and found to
protect miRNAs from decay [115,116]. Although mature
miRNAs in animals lack 2'-O-methylation, other mamma-
lian small RNAs such as siRNAs and piRNAs can be me-
thylated by HUA enhancer 1 orthologs, which similarly
protect these small RNAs from 3'-uridylation [116].

Recent discoveries have also revealed important roles for
5SmC in RNA-mediated transgenerational epigenetic in-
heritance [117]. This study demonstrated SmC in inter-
generational epigenetic transmission of metabolic alterations
arising from paternal dietary exposures. tsSRNAs were shown
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to exhibit elevated SmC and m°G levels in high-fat diets
sperm of mice compared with normal diets [117]. Compared
to synthetic tsRNAs that lack RNA modifications, en-
dogenous tsRNAs are more stable, suggesting possible roles
of modifications in promoting the stability and transge-
nerational effects of tsSRNAs.

Emerging evidence also indicates that modifications in
small RNAs are important molecular markers that can alter
the biogenesis, function, and informational capacity of small
RNAs. Using liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) platform, Yan et al. [118] uncovered a
diversity of modifications in small RNAs of mouse liver and
revealed dynamic changes for many RNA modifications in
mouse models of diabetes (Gm, m’Cm, Cm, Am, Um).
However, the study of small RNA modifications in biology
and disease remains in its infancy. Elucidating the role of
modified small RNAs in pathogeny will provide new op-
portunities for diagnosis of small RNA-associated diseases.

4 Protein modifications

Post-translational modifications (PTMs) of proteins that
generally refer to the addition of a functional group to pro-
teins are essential for the regulation of protein activity,
folding, stability and binding partners [119]. Elucidating the
roles of PTMs of proteins has had a major impact on the
understanding of cellular signaling, apoptosis and cancer
biology.

4.1 Histone modifications

Histones are highly modified by a variety of post-transla-
tional modifications, such as methylation, acetylation,
phosphorylation, ubiquitination, sumoylation, butyrlyation
and biotinylation (Figure 4) [4]. These PTMs on histones are
important epigenetic marks and serve as dynamic control
that participates in a wide range of biological development
and differentiation processes [4,120].

Histone PTMs can perturb the interaction of histones with
DNA or other chromatin factors, and change the affinity of
binding proteins that recognize the modifications [120].
Methylation is the most prevalent modification on histones
that typically occurs on lysine, arginine and histidine. Ana-
lysis of the histone methylation demonstrated that trimethyl
H3K4, H3K36 and H3K79 typically correlated with tran-
scriptionally active genes, and trimethyl H3K9, H3K27 and
H4K20 normally correlated with transcriptionally inactive
genes [121,122].

Histone modifications have been considered to involve in
DNA repair, cellular reprogramming, differentiation, plur-
ipotency, and cancers [120]. Recently it has been demon-
strated that the DNA methylation and histone modifications
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Figure 4 Schematic illustration of the modifications in histones (color online).

are highly interrelated for chromatin functions [123]. The
accumulated knowledge on the more and more discovered
histone modifications will further improve our understanding
of the roles of histone modifications as well as their co-
ordination with DNA modifications in chromatin compac-
tion and transcription.

4.2 Other protein modifications

In addition to histones modifications, numerous other pro-
teins also undergo various PTMs, which increas the func-
tional diversity of the proteins. PTMs can occur on the amino
acid side chains or at the C- or N- termini of proteins and
extend the chemical repertoire of the 20 standard amino acids
[124]. The identified PTMs on proteins include phosphor-
ylation, glycosylation, ubiquitination, nitrosylation, methy-
lation, acetylation, and lipidation, which influence various
aspects of normal cell biology and pathogenesis [124]. Sites
that frequently undergo PTMs are those that have groups
serving as a nucleophile, such as the hydroxyl groups of
serine, threonine, and tyrosine; the amine groups of lysine,
arginine, and histidine; the thiolate anion of cysteine; the
carboxylates of aspartate and glutamate [125].

Most of the PTMs on proteins are dynamic and reversible.
PTMs change local physical and chemical properties of
proteins, which therefore alter the charge, hydrophobicity,
and flexibility of proteins, eventually leading to the alteration
of the functions of proteins. Phosphorylation is a very
common mechanism for regulating the activities of many
enzymes [126]. For example, kinases that phosphorylate
proteins at certain amino acid side chains can activate or
inactivate enzymes [127]. Conversely, phosphatases remove

the phosphate group to reverse the biological activity [128].
Glycosylation refers to the attachment of carbohydrate mo-
lecules to proteins, which can promote protein folding and
improve stability as well as serve as regulatory functions
[129]. Addition of lipid molecules, known as lipidation, of-
ten targets proteins that are attached to cell membrane [130].
So far, many different types of lipids including fatty acids,
isoprenoids, sterols, phospholipids, and glycosylpho-
sphatidyl inositol, have been identified to be able to cova-
lently attach to proteins [130].

PTMs can occur at any step in the life cycle of a protein.
For example, some proteins are modified shortly after
translation to mediate proper folding or stability or to guide
the nascent protein to specific cellular compartments [131].
Some modifications occur after the folding and localization
are completed to influence the biological activities of pro-
teins [131]. Due to the important biological functions, pro-
tein PTMs need to be tightly controlled and aberrant
modifications and alterations are closely associated with the
pathogenesis of various human diseases [132].

S Interplay among DNA,
modifications

RNA and protein

Accumulating evidences suggest close interplay among
DNA, RNA, and protein modifications. Histone modifica-
tions and DNA methylation are highly interrelated and rely
mechanistically on each other for the regulation of gene
expression [133] (Figure 5(a)). Histone methylation facil-
itates the establishment of patterns of DNA methylation, and
DNA methylation also helps to build the correct patterns of
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Figure 5 Schematic illustration of the interplay among DNA, RNA and protein modifications. (a) Interplay between DNA modifications and histone
modifications; (b) S-adenosyl-L-methionine (SAM) is a universal methylating agent and provided methyl groups to DNA, RNA and histones (color online).

histone modifications following DNA replication [133].

Many modifications occurring in DNA and RNA also
share the same enzymes. Demethylation of nucleic acid and
proteins is generally achieved by 2-oxoglutarate (2-OG) and
Fe(IT) dependent oxygenases [134]. These enzymes share a
common B-helix fold and highly conserved Fe(II) binding
sites. E. coli AlkB was the first identified 2-OG oxygenase
that is capable of demethylating DNA [135]. So far 9 human
homologues of the E. coli AlkB have been identified
(ALKBHI-8 and FTO) that have the potential to remove
various DNA/RNA modifications, such as demethylation of
m'A and 5mC in tRNA and m°A in DNA by ALKBHI
[32,136-138], demethylation of m’C in both DNA and RNA
by ALKBHI [139], demethylation of m'A in mRNA by
ALKBH3 [38,39], demethylation of m°A in mRNA by
ALKBHS5 [55], demethylation of mecm’U in tRNA by
ALKBHS [140], demethylation of 3-methylthymine in DNA
and m’U and m°A in RNA by FTO [47,141]. In addition, the
TET family of 2-OG oxygenases (TET1-3) can catalyze
demethylation of 5SmC in both DNA and RNA [69]. There-
fore, the expressions and activities changes of enzymes may
simultaneously influence multiple modifications in both
DNA and RNA, and DNA and RNA modifications may
work synergistically to exert their biological functions.

It is worth noting that S-adenosyl-L-methionine (SAM) is
a universal methylating agent, providing methyl groups to
various acceptor substrates [142]. The methyltransferases of
DNA, RNA and histones add methyl groups from SAM to
DNA, RNA or lysine/arginine residues of histones, respec-
tively [133] (Figure 5(b)). Although structurally diverse and
high substrate specificities, these methyltransferases share
similar reaction mechanism: transferring methyl group from
SAM to the acceptors with the formation of S-adenosyl
homocysteine (SAH). SAH is a typical inhibitor to these
methyltransferases. Therefore, the complexity of SAM and

SAH can affect the establishment of DNA, RNA and histone
methylation, and the alteration of SAM in vivo can si-
multaneously affect the status of DNA, RNA and histone
methylation.

6 Conclusions and perspective

The recent advances support a more dynamic view of bio-
molecule modifications, which substantially increases the
complexity and diversity of biomolecule species in cells, and
more importantly, add additional layers to the regulation of
physiological processes. In this review, we propose mod-
ificaomics that refers to the comprehensive study of the
functions and mechanisms of modifications on DNA, RNA
and proteins.

Research on modificaomics is important not only for un-
derstanding the direct effects of modifications on the stabi-
lity, structure, and function of biomolecules but also for
aiding in the development of compounds that can specifi-
cally target these modifications to regulate the cellular states.
Therefore, the subtle change of modifications induced by
novel synthetic compounds will motivate continued devel-
opment of new drugs that target these modifications.

Future work will pay attention to the in-depth investigation
of the spatial and temporal characteristics of binding factors
to biomolecule modifications. Structural alterations from
site-specific modifications could affect biomolecules fate
and activity through interactions with endogenous mole-
cules. Identification of specific binding partners for the
modifications represents a future research direction that is
required to reveal their biological functions.

Continued and rapid improvements in technology make
the study of modificaomics more accessible. New techniques
including high-throughput LC-MS and sequencing-based
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approaches using antibodies, enzymatic treatments, or che-
mical reaction hold great promise for elucidating the role of
biomolecule modifications. High-throughput sequencing
methods with base-level resolution are particularly urgent to
precisely define various DNA and RNA modifications.
However, there are still many challenges to the effective
interrogation of biomolecule modifications. Improvements
in technology may promote studies of the functions of the
modifications that exist in low abundance. Systematic in-
vestigation of biomolecule modifications will provide valu-
able clues underlying association of these modifications with
diseases. In this respect, the advancement of new technology
may also lead to the discovery of novel modification-based
biomarkers that will improve our understanding of the mo-
lecular biology of diseases.
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