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 Mini-Review Mini-Review

Transcription of genetic information is a principle biological 
process. Plant genomic DNA is hierarchically organized into 
complex chromatin structures with histones and non-histone 
architectural proteins. The status of chromatin is oftentimes 
termed as euchromatic or heterochromatic, indicating the acces-
sibility of DNA to the transcriptional machinery being easy or 
difficult, respectively. While DNA can be methylated at the 5th 
position of the pyrimidine ring of cytosine, histones are subject 
to various modifications on different amino acid residues. These 
epigenetic marks, in combination with other epigenetic regula-
tors such as chromatin-remodeling proteins, determine the acces-
sibility of chromatin to transcriptional activities, and can be 
faithfully inherited through cell divisions. Compounds that alter 
the establishment or removal of certain epigenetic marks have 
been useful tools in elucidating mechanisms underlying epigen-
etic regulation in Arabidopsis, in which many epigenetic regula-
tors have been identified through genetic studies. In other plant 
species where genetic mutants are less available, biological signifi-
cance of epigenetic modifications are commonly demonstrated 
by applying chemical molecules that are known to interfere with 
epigenetic modifications in Arabidopsis or mammalian cells.

Epigenetic Regulators—Potential Targets  
of Chemical Inhibitors/Activators

Epigenetic regulators in plants can be roughly categorized 
based on their functions in controlling DNA methylation and/
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Transcription potential is determined by the accessibility of 
DNA sequences within the context of chromatin, which is 
coordinately controlled by various epigenetic modifications. 
Chemical inhibition of epigenetic regulators provides a quick 
and effective approach to investigate the roles of epigenetic 
modifications in controlling many biological processes, 
especially for species in which genetic information is limited. 
This mini-review provides a brief overview of epigenetic 
regulators in the model organism Arabidopsis thaliana and 
summarizes compounds that have been applied in plant 
epigenetics studies, with highlights in the applications of these 
chemical probes in mechanistic and functional investigations.
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or histone modifications. In addition, certain epigenetic regula-
tors such as MORC family ATPases and MOM1 do not fall into 
these categories, in that their mutations release heterochromatic 
transcriptional silencing largely independently of changes in the 
levels of DNA methylation or the repressive histone H3 lysine-9 
dimethylation.1-4

DNA methylation. In Arabidopsis, establishment of DNA 
methylation can be mediated by DRM2, which catalyzes meth-
ylation in all cytosine contexts, namely CG, CHG, and CHH 
(H represents either A, T, or G). Once established, DNA meth-
ylation at the symmetric CG and CHG contexts is maintained 
by MET1 and CMT3, respectively, whereas cytosines in CHH 
context need de novo methylation during every cell cycle due to 
its asymmetric nature.5 In addition to DNA methyltransferases, 
non-coding RNAs (ncRNAs) play important roles in establish-
ing DNA methylation. In the RNA-directed DNA methylation 
(RdDM) pathway, complementary pairing between 24 nt small 
interfering RNA and nascent scaffold RNA guides DRM2 to its 
target loci, with the aid of protein-protein interactions among 
the components within the silencing complex. The list of RdDM 
components continues to expand and have been reviewed else-
where in detail.5-10

Active DNA dememthylation. DNA methylation can be lost 
as a result of passive or active demethylation processes. The for-
mer refers to the failure in maintaining DNA methylation due 
to DNA methyltransferase dysfunction or shortage of methyl-
group supplies, whereas the latter is an outcome of enzymatic 
action resulting in the replacement of 5-methylcytosine with 
cytosine. Plant cytosine methylation can be actively removed 
by a subfamily of bi-functional DNA glycosylases represented 
by ROS1 and DME. These DNA demethylases directly excise 
the 5-methylcytosine base and then cleave the DNA backbone 
at the abasic site. The resultant single-nucleotide gap is subse-
quently filled with an unmodified cytosine through the DNA 
base excision repair pathway.11,12 Recruitment of ROS1 to its 
target loci has been suggested to be assisted by ROS3, an RNA-
binding protein.13 The zinc finger DNA 3'phosphoesterase ZDP 
removes the 3'-phosphate from ROS1-nicked DNA, allowing 
subsequent base excision repair that can be mediated by XRCC1 
in Arabidopsis.14,15 DME-mediated demethylation involves the 
DNA LIGASE 1 (LIG1), as indicated by genetic interaction 
analyses of maternal effects on seed development.16 Mutation 
of SSRP1, a non-histone chromosomal protein, leads to DNA 
hypermethylation as well as additional repressive chromatin 
modifications, thereby disrupting regulation of many paternally 
imprinted genes in the central cell.17
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inhibitors, and molecules that disrupt normal methyl supplies for 
methyl-transferring reactions (Table 1).

DNA methyltransferase inhibitors. During the catalysis of 
methyl transferring, the DNA methylatransferase forms a cova-
lent bond with the cytosine carbon at the 6th position, and then 
transfers the methyl group from S-adenosylmethionine (SAM) to 
the 5th position of the cytosine ring. Following the methyl trans-
ferring, DNA methyltransferase will be released from its covalent 
bond with cytosine and move on to catalyze the next methylation 
reaction. Chemical analogs of cytosine that are incorporated in 
the DNA can also form covalent adducts with DNA methyla-
transferases, but a lack of methyl transferring reaction will then 
trap the enzymes on the DNA, thereby causing reduction in 
genome-wide DNA methylation.33

The two cytosine analogs, 5-Azacytidine (5-aza) and 5-aza-
2'-deoxycytidine (aza-dC), are DNA methyltransferases inhibi-
tors that are commonly applied in epigenetics studies. Global 
changes in the transcriptome have been shown in Arabidopsis 
treated with aza-dC.34 Consistent with the genome-wide DNA 
hypomethylation, genes responsive to aza-dC are distributed 
throughout the five chromosomes of Arabidopsis. Meanwhile, 
genes upregulated by aza-dC treatment were also shown to 
be induced in Arabidopsis mutants that are defective in cyto-
sine methylation. Interestingly, genes that were downregulated 
by aza-dC treatment were enriched in stress response genes, 
though the functional significance of such enrichment remains 
unknown.34 Besides Arabidopsis, many other plant species have 
been studied with 5-aza or aza-dC to explore the biological 
significance of DNA methylation. In a carrot somatic embryo-
genesis system, treatment with 5-aza suppressed the formation 
of embryogenic cell clumps from epidermal cells.35 In the wild 
potato Solanum ruiz-lealii, application of 5-aza induced early 
flowering and changes in leaf morphology, which were possibly 
linked with transcriptional induction of four miRNAs includ-
ing miR172.36 Flowering induced by 5-aza was also observed in 
Silene armeria, Pharbitis nil, and Perilla frutescens, while such 
induction seemed to be independent of the stability of the photo-
periodically induced flowering state.37 In the plant Secale cereale, 
5-aza treatment increased nuclear and nucleolar sizes and real-
located most of the rDNA from perinucleolar heterochromatin 
into the nucleolus, accompanied with an increase in rRNA gene 
transcription.38

Zebularine is another cytosine analog that is commonly used 
as a DNA methylatransferase inhibitor. Compared with 5-aza 
and aza-dC that are unstable in aqueous solution,39,40 zebu-
larine is much more stable under physiological conditions and 
shows fewer side-effects.41 Zebularine treatments in Arabidopsis 
decreased DNA methylation levels in a dose-dependent and tran-
sient manner independent of cytosine contexts, demonstrating 
the effectiveness of zebularine in plant epigenetics studies.42

Histone deacetylase inhibitors. Trichostatin A (TSA) is a 
histone deacetylase inhibitor that has been applied in plant epi-
genetics studies. Crystallographic studies of a bacterial HDAC 
revealed that TSA binds to HDAC by inserting its long aliphatic 
chain into the catalytically active pocket, where it makes multi-
ple contacts with the enzyme and thereby inhibits the enzymatic 

Histone modifications. Proteins involved in histone post-
translational modification are potential epigenetic regulators, 
since histone proteins are core components of chromatin struc-
tures. Cytosine methylation and demethylation are both tightly 
linked with histone modifications, of which methylation and 
acetylation are known to be important for epigenetic regulation 
of gene expression. Arabidospis possesses protein families that cat-
alyze either acetylation, deacetylation, methylation, or demeth-
ylation at various histone lysine residues. This review focuses 
on histone modifications that are known to be closely related to 
DNA methylation.

Histone acetylation is an active epigenetic mark that is con-
served in eukaryotes.18,19 Increased DNA methylation was observed 
in Arabidopsis mutant defective in IDM1, an acetyltransferase 
that catalyzes acetylation of histone H3 lysine 18 (H3K18) and 
lysine 23 (H3K23) for subsequent DNA demethylation.20 The 
histone deacetylase HDA6 is required for DNA methylation at 
some loci, and its mutation significantly increases all lysine acety-
lation on the N-termini of histone H3 and H4, except H4K16, 
at its target loci.21 In Arabidopsis, mono- and dimethylation of 
H3K9 (H3K9me and H2K9me2, respectively), H3K27me, 
H3K27me2, and H4K20me are repressive histone marks associ-
ated with heterochromatin, while H3K4me3 is an active histone 
mark permissive to RNA transcription.22,23 SUVH2 maintains 
all types of repressive histone methylation,22 while SUVH4/KYP 
is the major histone methyltransferase responsible for H3K9me2, 
which can also be catalyzed by SUVH5 and SUVH6.24 SUVH4 
and CMT3 bind to CHG methylation and H3K9me2, respec-
tively, thereby forming a reinforcing loop of DNA methyaltion 
and H3K9me2.5,25 Indeed, maintenance of DNA methylation in 
the CHG context can be impaired by IBM1, which is a histone 
demethylase that prevents H3K9 methylation.26,27

Histone H2B ubiquitination is another known epigenetic 
modification. Mutation of SUP32/UBP26, an Arabidopsis deu-
biquitination enzyme, increases histone H2B mono-ubiquitina-
tioin at lysine 143 and H3K4me3 levels, accompanied by reduced 
H3K9me2 and suppression of RdDM-mediated heterochromatic 
silencing.28 In addition, concomitant elevation in H2B ubiqui-
tination and H3K4 methylation were observed in Arabidopsis 
mutants defective in OTLD1 or KDM1C, which are histone 
deubiquitinase and histone demethylase, respectively.29 In medi-
ating transcriptional regulation, histone modification can also 
involve ncRNAs such as COLDAIR, a cold-inducible long 
ncRNA that increases H3K27me3 marks at chromatin of the 
floral repressor FLC through recruitment of polycomb repres-
sive complex 2.30 Moreover, DNA methylation shows a global 
anti-correlation with deposition of the histone variant H2A.Z, 
loss of which leads misregulation of many genes that are dis-
proportionately associated with response to environmental and 
developmental stimuli.31,32

Compounds for Epigenetic Regulation in Plants

Based on their modes of action, chemicals that have been applied 
in plant epigenetics studies to date can be categorized into 3 
groups: DNA methyltransferase inhibitors, histone deacetylase 
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Table 1. Compounds applied in plant epigenetics studies

Compounds

(molecular structure)
Targets of inhibition

Examples of application

Plant species [dosage] (references)

5-Azacytidine

DnA methyltransferases Daucus carota L. cv Koushingosun [4.1–20.5 µM] (Yamamoto et al., 2005)

Arabidopsis thaliana [40 µM] (Baubec et al., 2009)

Solanum ruiz-lealii [40 µM] (Marfil et al., 2012)

5-aza-2'-deoxycytidine

DnA methyltransferases Arabidopsis thaliana [7 µg/ml] (Chang and Pikaard, 2005)

Zebularine

DnA methyltransferases Arabidopsis thaliana [20–80 µM] (Baubec et al., 2009)

Trichostatin A

RPD3-like and HD-tuin 
types of Histone deacety-

lases

Arabidopsis thaliana [0.5–50 µM] (Chang and Pikaard, 2005; Tanaka et 
al., 2008)

Sodium butyrate

RPD3-like and HD-tuins 
type of Histone deacety-

lases
Brassica napus [2–10 mM] (Chen and Pikaard, 1997)

Sirtinol

sirtuin-type Histone 
deacetylases

Arabidopsis thaliana [25–100 µM] (Grozinger et al., 2001)

nicotinamide

sirtuin-type Histone 
deacetylases

Arabidopsis thaliana [5M] (Donna et al., 2009)
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inhibitor,44 suggesting that inhibition of HDA19, which func-
tions redundantly with HDA6 in promoting normal post-ger-
mination growth, mediates TSA-induced growth arrest. TSA 
also alters Arabidopsis root hair cell development, likely through 
its inhibition of HDA18, since mutation of HDA18 resulted in 
a similar phenotype as was observed in TSA-treated wild type 
plants.45

Either TSA or 5-aza treatment can de-repress silenced rRNA 
genes in plants, while simultaneous treatment of both chemicals 
did not further elevate rRNA transcript levels,46 indicating that 
histone deacetylation and DNA methylation function in the 
same pathway to regulate rRNA transcriptional silencing. This 

activity of HDAC.43 TSA and other HDAC inhibitors have been 
applied in plant epigenetics studies, often in combination with 
mutagenetic studies, to investigate the importance of histone 
acetylation to various biological processes at phenotypic and 
molecular levels. In an Arabidopsis HDA6 repression line, TSA 
treatment caused growth arrest due to releasing of the suppressed 
gene expression of LEAFY COTYLEDON1 (LEC1), FUSCA3 
(FUS3), and ABSCISIC ACID INSENSITIVE3 (ABI3), all 
of which are embryonic transcription factors functioning in 
the maintenance of embryonic properties.44 An HDA6/HDA19
double-repression line similarly displayed growth arrest and 
embryo-like structures on mature leaves in the absence of HDAC 

Table 1. Compounds applied in plant epigenetics studies

Diallyl disulfide

histone deacetylases Arabidopsis thaliana [2.5–7.5 mM] (wang et al., 2013)

HC toxin

histone deacetylases P. sativum L. Cv. Alaska 2B [10 µM] (Murphy et al., 2000)

Sulfamethazine

dihydropteroate synthase Arabidopsis thaliana [50 µM] (Zhang et al., 2012)

Dihydroxypropyladenine

S-adenosylhomocysteine 
hydrolase

Arabidopsis thaliana [50–200 µM] (Baubec et al., 2010)

ethionine

S-adenosylmethionine 
synthases

Nicotiana tabacum L. cv Vielblattriger [300 µM] (Kovarík et al., 1994)
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which is an antifolate compound that causes folate depletion in 
Arabidopsis.57

Removal of the methyl group from SAM generates 
S-adenosylhomocysteine (SAH). The enzyme SAHH1 (SAH 
hydrolase 1) breaks SAH down to homocysteine and adenosine, 
a process that is essential to regenerate SAM and to maintain 
SAM-dependent methylation. Inhibition of Arabidopsis SAHH1 
by dihydroxypropyladenine (DHPA) releases epigenetic silenc-
ing of a transgene, of which transcription requires simultane-
ous reduction in the levels of DNA methylation and histone 
H3K9 dimethylation.58 In another study, DHPA treatments of 
germinating tobacco seeds resulted in dosage-dependent global 
DNA hypomethylation and pleiotropic developmental defects.59 
Similar to DHPA, ethionine treatment caused DNA hypo-
methylation in tobacco cells, possibly due to its function as an 
antagonist of methionine,60 which is the immediate precursor 
of SAM.

Perspective

In parallel to mutagenesis, chemical inhibition of epigenetic reg-
ulators provides a quick and effective approach to investigate the 
roles of epigenetic modifications in controlling various biologi-
cal processes, especially for plant species of which genetic infor-
mation is limited. In the model organism Arabidopsis thaliana, 
multi-gene families are commonly present for epigenetic regula-
tors, though proteins in a gene family may individually have spe-
cific functions. In the cases where chemical inhibitors target the 
conserved functional domain of an enzyme family, the strategy 
of chemical biology can bypass the problem of gene redundancy. 
While chemical inhibitors are useful tools in studying plant epi-
genetics, it is worth to note that they should be used with care 
since most of them are also effective, and actually were first dis-
covered, in mammalian studies. SMZ is one exception because it 
targets dihydropteroate synthase that is absent in humans, which 
do not synthesize folate de novo.61 In comparison to the various 
types of epigenetic modifications discussed herein and beyond, 
to date only a small number of compounds have been applied in 
plant epigenetics studies. Future research efforts in chemical biol-
ogy, such as by means of chemical genetics screens, will expand 
the list of small molecule probes and consequently provide fur-
ther mechanistic and functional insights into epigenetic regula-
tions in plants.
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is consistent with the general notion that histone deacetylation 
confers transcriptional gene silencing and is correlated with 
repressive epigenetic marks such as DNA methylation. On the 
other hand, studies with chemical probes also revealed unrelated- 
or even antagonistic gene regulation by histone acetylation and 
DNA methylation. TSA has been shown to have no effects on 
transcriptional silencing of some transgenes that can be induced 
by 5-aza treatments.47,48 Meanwhile, comparative transcriptional 
profiling of Arabidopsis treated with TSA, aza-dC, or both, dis-
closed little overlap between genes that were differentially regu-
lated by these two chemicals, as well as the fact that TSA and 
aza-dC are often antagonistic in regulating gene expression.34

Similar to TSA, sodium butyrate activates silent rRNA 
genes.46 Arabidopsis treated with sodium butyrate exhibits 
increased acetylation of histone H4 at lysines 5, 8, 12, and 16, 
all of which are found at the promoters of active rRNA genes.49 
As a result of the enrichment in the pool of acetylated histones, 
sodium butyrate treatment also rendered subsequent mass spec-
trometric analyses to discover the processive nature of histone H4 
hyperacetylation.49 Activities of sirtuin-type HDACs are unaf-
fected by TSA or sodium butyrate, but can be inhibited by sirti-
nol, which inhibits proper vascularization as well as hypocotyl 
and root development in Arabidopsis.50 In addition, several other 
histone deacetylation inhibitors including nicotinamide, diallyl 
disulfide, and HC toxin have also been applied for studying the 
importance of histone deacetylation in plants.51-53

Compounds that disrupt normal methyl supplies. Folate-
dependent C1 metabolism produces S-adenosylmethionine 
(SAM), which is the universal methyl donor utilized by most 
methyltranferases to methylate DNA, RNA, and histones and 
other proteins.54 In a chemical genetic screening, sulfametha-
zine (SMZ) was identified as a chemical suppressor of epigenetic 
gene silencing in plants.55 SMZ treatment releases transcriptional 
silencing of transgenes as well as endogenous transposons and 
other repetitive elements. Arabidopsis treated with SMZ exhib-
ited substantially reduced levels of DNA methylation and histone 
H3K9 dimethylation but did not show changes in the levels of 
heterochromatic siRNAs.55 SMZ belongs to the family of sulfon-
amides, which are known antibacterial compounds functioning 
through impairment of folate synthesis. As structural analogs and 
competitive antagonists to p-aminobenzoic acid (PABA), sulfon-
amides competitively inhibit dihydropteroate synthase-catalyzed 
biosynthesis of dihydropteroic acid, the precursor of tetrahydro-
folic acid in the folate biosynthesis pathway.56 SMZ treatments 
decreased plant folate pool size and caused methyl deficiency as 
demonstrated by reductions in SAM levels and in global DNA 
methylation,55 indicating that SMZ confers epigenetic regulation 
via impairment of folate-dependent methyl supplies. Consistently, 
exogenous application of PABA or its downstream compounds in 
the folate biosynthesis pathway restored transcriptional silencing 
in SMZ-treated plants, whereas release of epigenetic gene silenc-
ing can also be observed in plants treated with methotrexate,55 
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