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DNA methylation is a type of epigenetic modification where a methyl group is added to the cytosine or adenine
residue of a given DNA sequence. It has been observed that DNA methylation is achieved by some collaborative
agglomeration of certain proteins and non-coding RNAs. The assembly of IDN2 and its homologous proteins with
siRNAs recruits the enzyme DRM2, which adds a methyl group at certain cytosine residues within the DNA sequence.
In this study, it was found that de novo DNA methylation might be regulated by miRNAs through systematic targeting
of the genes involved in DNA methylation. A comprehensive genome-wide and system-level study of miRNA
targeting, transcription factors, DNA-methylation-causing genes and their target genes has provided a clear picture
of an interconnected relationship of all these factors which regulate DNA methylation in Arabidopsis. The study has
identified a DNA methylation system that is controlled by four different genes: IDN2, IDNl1, IDNl2 and DRM2. These
four genes along with various critical transcription factors appear to be controlled by five different miRNAs.
Altogether, DNA methylation appears to be a finely tuned process of opposite control systems of DNAmethylation-causing genes and certain miRNAs pitted against each other.
[Jha A and Shankar R 2014 miRNAting control of DNA methylation. J. Biosci. 39 365–380] DOI 10.1007/s12038-014-9437-9

1.

Introduction

Epigenetic controls cause inheritable changes in the phenotype/expression of genes through DNA methylation and
modifications to DNA binding proteins (Jenuwein 2006;
Rodenhiser and Mann 2006). Chromatin is composed of
histone proteins whose modifications regulate the states of
chromatin (Gelato and Fischle 2008). The effect of epigenetic mechanisms has been seen in different growth patterns

of same species of plants as pointed out by Lira-Medeiros
et al. (2010), as well as different behavioural patterns of
insects and humans, as reported by Patalano et al. (2012).
Epigenetic changes are crucial for the normal growth and
development of organisms and slight disturbances in these
epigenetic patterns can cause various abnormalities (Jones
and Laird 1999; Egger et al. 2004). The absence of DNA
methylation within repetitive regions of DNA causes genomic instability and changes in chromatin structure (Chen
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et al. 1998), suggesting the importance of DNA methylation
in maintaining genomic integrity. In plants, siRNAs play an
important role to regulate DNA methylation through the
process known as RNA-directed DNA methylation (RdDM)
(Wassenegger et al. 1994). During the formation of siRNAs,
the primary transcript is transcribed by RNA polymerase IV
(Herr et al. 2005; Pontier et al. 2005) and RNA polymerase
V (Wierzbicki et al. 2009). Transposons in plants are silenced by DNA methylation, and during conditions like
stress or infection, DNA methylation within the repetitive
regions is lost, resulting into the reactivation of repetitive
DNA elements (Grandbastien et al. 2005; Gehring et al.
2006). DNA methylation regulates many biochemical pathways related to plant growth and development. Changes to
methylation patterns affects many important plant growth
and development processes such as flowering time, floral
organs and imprinting (Finnegan et al. 2000). DNA methylation regulates the gene transcription by blocking transcription factor binding sites within the DNA sequence (Staiger
et al. 1989) or installing proteins on the target DNA regions
(Ng and Bird 1999). In both plants and animals, the centromeric and telomeric regions are heavily methylated, whereas
the methylation of gene-rich areas near actively transcribing
regions is markedly less (Zhang et al. 2006a, b; Cokus et al.
2008; Feng et al. 2010; He et al. 2011; Shen et al. 2012).
Mutations within the genes that code for the DNA methylation enzymes may have negative effect towards plant growth
and development. For example, mutations within DDM1
genes have been shown to affect the normal development
of Arabidopsis plants (He et al. 2011). DNA methylation is
also associated with the pollen development and for maintenance of male gamete genome purity (He et al. 2011). Also,
during early embryogenesis in plants, siRNAs are
overexpressed, which help to induce DNA methylation (He
et al. 2011).
During DNA methylation, the methyl group is introduced
to cytosine residues by enzymes like MET1 methyltransferase, CMT3 and DRMs (Gehring and Henikoff 2007), whereas DNA adenine methyltransferase is the main enzyme,
which adds methyl group at adenine residues (Heusipp
et al. 2007). DNA methylation is a highly dynamic process,
although the regulation of gene expression by DNA methylation stays under scrutiny at various levels, guided by sequence composition, cytosine symmetry and checks by
various enzymes and binding proteins. Apart from various
proteins, some non-coding RNAs have also been implicated
in the regulation of de novo DNA methylation in plants via
RNA-directed DNA methylation (RdDM) pathways. In
Arabidopsis thaliana, about 30 % of all DNA methylation
is found near siRNA biogenesis regions, suggesting a possible association between small RNAs and DNA methylation.
The siRNAs, which are required for RdDM, are synthesized
primarily by Pol IV enzymes. RDR2 binds to the newly
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formed transcript and synthesizes its complementary strand,
resulting in the formation of double stranded RNA (dsRNA).
This dsRNA is cleaved by DCL3 into small ~24 nt RNA
fragments of siRNA. After formation of the siRNA duplex,
HUA ENHANCER 1 methylates the 3′ terminal of the
mature 24 nt mature siRNA. The mature siRNA is loaded
into AGO protein complex, which is required for DNA
methylation (Havecker et al. 2010). The siRNA binds to
the complementary region of the target with the help of
AGO complex. The duplex thus formed between the target
transcript and siRNA facilitates binding of other essential
proteins. This whole assembly of proteins and RNA guides
DRM2 to introduce DNA methylation on the associated
DNA sequence (Chen and Rajewsky 2007; He et al. 2011;
Dalakouras and Wassenegger 2013).
Recently, it was found that the genes IDN2, IDNl1 and
IDNl2 were required for de novo DNA methylation in
Arabidopsis thaliana (Ausin et al. 2012). This study showed
that these proteins bind to the siRNA:transcript duplex using
their XH or XS domain that have an RNA recognition motif.
These proteins, apart from their XH/XS domains, also have
zinc finger domains which help these proteins to bind to the
DNA. Such assembly of these proteins and RNA enables
DRM2 to initiate DNA methylation. In a recently performed
genome-wide study for DNA methylation, a shotgun bisulfite sequencing was carried out on Arabidopsis (WT) and its
four mutant variants (DRM2, IDN2, IDNL1, IDNL1 mutants). RNA-seq was used to investigate the effect of DNA
methylation on gene expression across different tissues (leaf
and flower). In the present study, it has been shown that
these genes work in collaboration with each other and are
required to assist DNA methylation in the plants via RdDM.
miRNAs have been an essential central regulatory component of eukaryotic cell systems, which are expected to
control about a third of all genes (Fabian et al. 2010).
miRNAs bind to the target transcripts to either block their
translation or cleave the target (Brodersen et al. 2008; Lanet
et al. 2009; Beauclair et al. 2010). In the present work, a
system level study of DNA methylation has been carried out
with respect to the above-mentioned genes and their regulation by miRNAs, which has led to the discovery of a network
of regulatory switches controlling the DNA methylation
process. Figure 1 illustrates an example of the regulatory
interplay involved in one such DNA methylation control
system presented in the current work. This study has also
identified some transcription factors which regulate the
methylated genes, the genes coding for IDN2, IDNl2, IDNl2
and DRM2 as well as the miRNAs genes and the interrelationships among them. Next-generation sequencing read data and microarray expression data (Laubinger et al. 2010;
Ausin et al. 2012) were used to identify the regulatory
system network between transcription factors, DNA methylation target genes, DNA methylation causative genes and
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Figure 1. Regulation of de novo DNA methylation by IDN2/IDNl1/IDNl2/DRM2 genes and miRNA. The figure depicts the canonical
pathway of DNA methylation, where siRNA transcript is transcribed by RNA Pol IV and converted to dsRNA by RDR2. DCL3 enzyme
cleaves this dsRNA into mature siRNA, which is loaded in the AGO proteins. The conical pathway through which IDN2 induces DNA
methylation is shown using green arrows, whereas the regulation of DNA methylation by ath-miR-169e is shown using red arrows.

miRNAs. The present regulatory network-based study may
aid in understanding the role of miRNAs in the regulation of
de novo DNA methylation, which appears to be under control of some concerted mechanism of various regulatory
components.
2.

Material and methods
2.1

Data collection

Arabidopsis thaliana methylation data was collected from a
study performed by Ausin et al. (2012). The data was submitted in Gene Expression Omnibus (Edgar et al. 2002) by
the authors under the accession ID GSE36143. For the same
experimental conditions, the authors also provided the NGS
based expression data. The microarray expression data was
taken from an independent study (GEO accession ID
GSE21685) carried out on Arabidopsis for 36 different experimental conditions (Laubinger et al. 2010). Transcription
factor gene IDs were downloaded from PlnTFDB (PérezRodríguez et al. 2010). Sequences of IDN2, IDNl1, IDNl2,
DRM2 and miRNAs were downloaded from TAIR (Lamesch
et al. 2012).

2.2

Identification and characterization of methylated
regions

From the methylation data files, the reads data for the four
mutants was extracted, following the protocol suggested by
Ausin et al. (2012) to consider the methylation ratio of 1:2 or
more. To compare the methylated regions in the mutants
(IDN2 mutant, IDNl1-IDNl2 mutant, DRM2 mutant and
IDN2-IDNl1-IDNl2 mutant) with respect to the wild type
plant, the methylation ratio between the methylated reads
and un-methylated reads was used. If the proportion of the
methylated reads in the wild type was found greater than
50% and the proportion of the methylated reads in mutant
plants was found less than 50%, the reads would be characterized as methylated reads in the WT. The same criteria was
used to characterize the methylated regions while comparing
against all the four mutants (IDN2 mutant, IDNl1-IDNl2
mutant, DRM2 mutant and IDN2-IDNl1-IDNl2 mutant). To
annotate the methylated regions and to extract the genes
overlapping with the methylation coordinates, the GFF file
of TAIR 8 genome was fetched from TAIR. Venn diagrams
(Oliveros 2007) were prepared to show the genes which
were common or methylated exclusively in the WT or
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mutant plants. To show the distribution of the methylated
genes throughout the Arabidopsis genome, a genome map
was created using Circos (Krzywinski et al. 2009).
2.3

miRNA target identification

To identify the miRNAs targeting the transcripts of IDN2,
IDNl1, IDNl2 and DRM2, p-TAREF (Jha and Shankar 2011)
was run across the transcripts of these genes (maximum
allowed pattern mismatch value of ‘2’). The Pearson correlation coefficient (‘r’) values between the target mRNA and
miRNAs were calculated using the expression data provided
by Ausin et al. (2012) and Laubinger et al. (2010). Correlation coefficients are considered as a reliable way to examine
the expression similarity between the genes. If the correlation coefficient between two genes is positive, it usually
suggests that the genes are co-expressed and possibly related. An inverse correlation suggests a possible antagonistic
relationship. In the case of miRNAs and targets, the expression correlation between a targeting miRNA and its target
gene is expected to be negative. In this study, only those
miRNAs were selected for further analysis which exhibited a
high inverse expression correlation coefficient (<−0.5) with
their target genes. Use of such expression data ensured a low
false-positive rate. Also, the targets were validated by
searching for the target-miRNA interaction in the
degradeome data of Arabidopsis. The degradome data of
Arabidopsis was downloaded from GEO (GEO ID
GSM280227). The data was processed by SeqTar tool
(Zheng et al. 2012).
2.4

TFBS identification

Transcription factors are required for the transcriptional regulation of genes. To identify transcription factor binding
sites on plant genomic sequences, a previously developed
TFBS identification algorithm by Shankar et al. (2004),
pPromotif, was implemented with models for plant transcription factor binding sites. Experimentally validated binding
site information was collected from AGRIS database
(Yilmaz et al. 2011) as well as TBFS annotations in
GenBank entries for genomic sequences at NCBI. This was
carried out using automated web searching program developed in PERL using LWP library.
From the collected binding sites, motif profiles were
developed using Gibb's sampling. Consequently, the emission and transition probabilities along with and position
specific conservation indices for each regulatory motif were
calculated. Models and matrices were created for those transcription factors for which at least 10 binding sites were
experimentally reported and available. For 57 transcription
factor families, at least 10 experimentally validated binding
J. Biosci. 39(3), June 2014

sites were used to build their models. The algorithm generates the scores based on the emission and transition probabilities normalized by the conservation index for each
position for a given motif length. The program generates
two files: (1) In the first file all the binding sites for transcription factors are reported for the submitted sequence(s),
and (2) in the second file the single top most scoring binding
site location of the transcription factor is reported. The plant
TFBS identification version has been made available at
http://scbb.ihbt.res.in/softwares/ppromotif/ and at
sourceforge (http://sourceforge.net/projects/
networkanalysis/).
2.5

Test of significance of expression correlation

Following statistical relationship was applied to validate the
calculated correlation coefficient:
r > 6  P:E:ðrÞ
and P.E. was calculated using:


P:E:ðrÞ ¼ 0:6745  1− r2 =√n

Where
‘r’
P.E.(r)
n

is Pearson correlation coefficient
is Probable Error of 'r'
number of samples

2.6

Enrichment analysis

Enrichment analysis was performed to identify the categories
of genes enriched for methylation in wild and mutant types.
The genes that were methylated in the WT plants were
compared with the genes which were methylated in the
mutant plants. The respective Gene Ontology terms for all
the identified methylated genes were downloaded from
Ensembl plants (Kersey et al. 2010). An enrichment analysis
of the methylated genes was performed using agriGO analysis tool (Du et al. 2010). The whole transcriptome of
Arabidopsis thaliana was considered as the background.
2.7

Network generation and visualization

The regulatory networks identified in this study are visualized by a network graph, which provides information about
the genes that were methylated and regulated by transcription factors, miRNAs and methylation causative genes. The
regulatory network was constructed for all the four genes
involved in DNA methylation. The regulatory network study
was further supported by co-expression analysis across the
protein coding genes, methylated genes, miRNA genes and
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transcription factors. Networks were created using
Cytoscape (Saito et al. 2012). The Cytoscape project files
have been made available at sourceforge (http://
sourceforge.net/projects/networkanalysis/).
3.

Results and discussion

miRNAs are a class of ncRNAs which regulate gene expression by targeting mRNA transcripts. In this study, five
different miRNAs were identified, which could target some
crucial genes for de novo DNA methylation in plants. The
sets of transcription factors associated with this entire system
have also been identified and grouped into two major categories. Altogether, by examining the interactions between
some miRNAs, their target genes, DNA methylation target
genes and transcription factor binding sites, along with some
superimposed high-throughput expression data, a miRNAbased regulatory network has been proposed for the regulation of DNA methylation in Arabidopsis. The proposed
regulatory system has also been supported by analysis done
over NGS and microarray expression data.
3.1

A large number of genes exist under methylation
control

In the study conducted by Ausin et al. (2012), the authors had
used four different transgenics (mutants) of Arabidopsis
thaliana to demonstrate the importance of some genes (IDN2,
its homologs genes IDNl1, IDNl2 and DRM2) associated with
de novo DNA methylation and its regulation in Arabidopsis.
The mutants were produced using T-DNA insertion (Ausin et
al. 2009). The genes coding for IDN2, IDNl1-IDNl2, DRM2
and IDN2-IDNl1-IDNl2 were silenced in the mutants. An IDN2
mutant of Arabidopsis had IDN2 gene silenced while the remaining genes were kept functional. Similarly, in the IDNl1IDNl2 mutant, both IDNl1 and IDNl2 genes were silenced but
IDN2 and DRM2 were functional along with the rest of the
genes. In the DRM2 mutant, only DRM2 gene was silenced, but
the genes coding for IDN2, IDNl1 and IDNl2 proteins were kept
functional along with the rest of the genes. In the IDN2-IDNl1IDNl2 mutant, all the three genes were silenced.
After annotating the methylated regions using the GFF
file, it was found that 13,307 genes (including introns,
exons, 5' and 3' UTRs and promoter regions) were methylated in the WT plant and 13,631 genes were found methylated in the IDN2 mutant plant. The remaining 2,766 and
7,276 regions were annotated as repetitive elements in the
WT plant and in the IDN2 mutant plant, respectively. It was
interesting to observe that an inverse relationship existed
between the repetitive DNA methylation and IDN2, whose
absence appeared to have a more silencing impact over the
repetitive DNA regions. In general, repetitive elements have
been observed as a frequent target for DRM2 guided RdDM
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(Weisenberger et al. 2005). This observation suggests that
the process of DNA methylation could vary and might be
dependent upon different combinations of factors, providing
distinct paths for DNA methylation. This possibility is
discussed further below. However, this finding deserves an
exclusive and separate study to understand the process of
DNA methylation with respect to repetitive elements.
To find out the genes that were methylated exclusively in
the WT in the presence of IDN2, the methylated genes of the
two states (WT and IDN2 mutant) were compared with each
other. It was observed that 9,627 methylated genes were common to both states, suggesting no role for IDN2 for them. The
remaining 3,680 genes out of 13,307 genes were found to be
methylated in the WT plant but were unmethylated in the
mutant (IDN2 mutant), suggesting exclusive control by
IDN2. Similarly, 4,004 genes out of 13,631 genes were found
methylated exclusively in the IDN2 mutant but not in the WT
plant. This suggests that these genes were methylated by some
other gene(s) which become(s) active in the absence of IDN2.
The above observed phenomenon for repetitive DNA regions
could have some reasoning from this. Similarly, the identification and annotation of the other three mutants was done with
respect to the WT plant. The associated data is summarized in
table 1 and figure 2. Altogether, the findings suggest that a
large number of genes are being regulated through DNA
methylation involving these genes, with varying degrees of
specificity and coordination.
3.2

Functional category-specific regulation by DNA
methylation

To find the major functional classes of the genes regulated by
the four causative genes for DNA methylation, an enrichment
analysis was performed using hypergeometric test for enrichment (Du et al. 2010). The GO terms were downloaded from
Ensembl plants for the 3,680 genes methylated exclusively in
the presence of IDN2. Gene enrichment analysis was done
using GO categorization of the whole genes of Arabidopsis
thaliana as the background. The enrichment analysis revealed
that genes associated with mono-oxygenase activity, protein
serine/threonine kinase function, 3-beta-hydroxy-delta5-steroid dehydrogenase, transmembrane signalling receptor activity, and methylated histone residue binding were significantly
methylated in the presence of IDN2 (figure 3A).
The GO enrichment analysis for molecular function categories of these 3,680 genes methylated in the presence of
IDN2 (figure 3A) suggested that the genes were enriched for
some specific categories important in gene regulation, i.e.
histone modifications, plants growth and development. Several genes were found essential for many plant biosynthetic
pathways. A large number of target genes, which were
methylated exclusively in the presence of IDN2 included
the genes associated with methylated histone residue binding
J. Biosci. 39(3), June 2014
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Table 1. Details of the number of genes found methylated in transgenic and in WT plants
Species

Mutant

Wild type

Common in WT
and mutant

Exclusively in
mutant plant

Exclusively in
WT plant

IDN2 mutant
IDNl1-IDNl2 mutant
DRM2 mutant
IDN2-IDNl1-IDNl2 mutant

13,631
13,483
15,988
13,525

13,307
13,435
17,527
13,930

9,627
9,688
13,096
9,688

4,004
3,795
2,892
4,038

3,680
3,747
4,431
3,633

category. This suggests that IDN2 might be critical for
chromatin remodelling and epigenetic regulation as the
methylated histone binding proteins identify the methylated
histones marks and regulate the expression of nearby genes
(Sims et al. 2003). Genes belonging to another enriched set
of ‘Enzyme 3-beta-hydroxy-delta5-steroid dehydrogenase’
(classified under oxidoreductase activity) catalyse the reversible reaction ‘campest-4-en-3β-ol <=> campest-4-en-3-one +
2 H+’, which is involved in the brassinosteroid biosynthesis
pathway (Chae et al. 2012). The brassinosteroid hormone is
required for cell expansion, division and growth in plants
(Cheon et al. 2010). Another enriched category, cytochrome
P450 monooxygenases, is a group of highly important membrane proteins, which are involved in numerous biosynthetic
pathways such as the production of plant hormones, defensive
compounds and secondary metabolites (Davin and Lewis
1992; Dixon and Paiva 1995; Dixon 2001). In the biological

process category, genes related to apoptosis were found
enriched (figure 3B). Each of these associations is strongly
related to gene regulation through epigenetic control involving
mainly growth and development, suggesting some critical
roles for IDN2 in a plant's life cycle.
Similarly, an enrichment analysis was carried out for
the genes which were found exclusively methylated in
the presence of IDNl1 and/or IDNl2 genes (3,747).
Here also, the genes were enriched for apoptosis in
the GO biological process category. The gene enrichment analysis of the genes methylated in the presence
of IDNl1/IDNl2 identified that genes were enriched for
methyltransferase activity, monooxygenase activity,
spermidine synthase and transmembrane receptor activities (supplementary figure S1), in the molecular function category. The data shows that the genes associated
with methylation and signal transduction were enriched

Figure 2. Venn diagram showing distribution of methylated genes in WT and mutant plants. (A) A total of 4,431 genes were found
methylated exclusively in the WT plant (methylated by DRM2 gene), whereas 2,892 genes were found methylated in the DRM2 mutant.
Remaining 13,096 genes were found methylated in both plants. (B) A total of 4,004 and 3,680 genes were found methylated in the WT plant
(methylated in the presence of IDN2) and IDN2 mutant plant, respectively; and 9,627 genes were found methylated in both the plants. (C) A
total of 3,747 (methylated in the presence of IDNl1 and/or IDNl2) and 3,795 genes were found methylated in the WT and IDNl1-IDNl2
mutant plant. AA total of 9,688 genes were found methylated in both the plants. (D) 4,038 genes were found methylated exclusively in the
WT plant, whereas 3,633 genes were found methylated in the IDN2-IDNl1-IDNl2 mutant plant. Remaining 9,892 genes were found
methylated in both the plants.
J. Biosci. 39(3), June 2014
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Figure 3. GO Enrichment analysis of the genes methylated in the presence of IDN2. (A) Gene enrichment analysis of 3,680 genes
methylated in the presence of IDN2, for GO molecular function category. (B) Gene enrichment analysis of the above mentioned genes for
the biological process category.

for the genes exclusively methylated in the presence of
IDNl1/IDNl2.
For the DRM2 regulated system, the enrichment analysis
of 4,431 genes revealed that DRM2 regulates the methylation

of the genes associated with 4-alpha-methyl-delta7-sterol4alpha-methyl oxidase activity, 3-beta-hydroxy-delta5-steroid dehydrogenase activity, sinapoylglucose-malate Osinapoyltransferase activity and transmembrane activity in
J. Biosci. 39(3), June 2014
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the molecular function category. In the biological process
category, it was found that the genes related to apoptosis and
brassinosteroid mediated signaling activity were enriched
(supplementary figure S2), a pattern very similar to the one
observed for the genes regulated by IDN2. Enrichment of
these genes suggests that genes related to sprouting (Jaillais
and Vert 2012) as well as sterol and cholesterol biosynthesis
(Chae et al. 2012) are regulated by DRM2 enzyme. Locus
IDs and the description of the methylated genes used for the
enrichment analysis are listed in supplementary table S3.
The enrichment analysis of all the methylated genes for the
mutant strains with respect to the WT plant revealed that many
genes important for normal plant growth and development
were being regulated by IDN2, its homologous genes and
DRM2. This analysis demonstrated the importance of the
genes like IDN2 and DRM2 in de novo DNA-methylationguided regulation of plant growth and development.

3.3

A highly antagonistic relationship exists
with the targeting miRNAs

miRNAs are a class of ncRNAs with an average length of ~21
bases. miRNAs bind to the target mRNAs and regulate the
expression of the target gene either by degrading the mRNA or
causing translational repression (Brodersen et al. 2008; Lanet
et al. 2009; Beauclair et al. 2010). In plants, miRNAs regulate
many genes associated with leaf, root and floral development
pathways (Kidner and Martienssen 2005). Also, miRNAs bind
and regulate the expression of many transcription factors
(Zhang et al. 2006). In this study, some miRNAs have been
identified which could control DNA methylation through the
four genes found involved in RdDM. To identify the miRNAs
which could target and regulate the expression of IDN2,
IDNl1, IDNl2 and DRM2, the full-length transcripts for these
genes were scanned for miRNA targets using p-TAREF (Jha
and Shankar 2011). The identified target-miRNA pairs were
also evaluated for their expression anti-correlation, using the
data provided by Ausin et al. (2012) (NGS) and Laubinger et
al. (2010) (microarray).
To ensure the selection of highly probable candidates,
high stringency filters were used. Only those miRNAs were
considered which bound to their targets with a maximum of
two mismatches with the nearest interaction pattern as well
as displayed a strong inverse expression correlation coefficient with the target gene ( lesser than −0.5). Five miRNAs,
namely, ath-miR-773a, ath-miR-781a, ath-miR-837-5p, athmiR-413 and ath-miR-169 were found to target these genes
with the highest possible SVR score of '1'. None of the
miRNAs was found targeting IDNl2. Table 2 lists the
miRNAs and their targets along with their corresponding
expression correlation coefficient estimated from the expression data (NGS and microarrays). The result was
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Table 2. miRNA and their targets with the correlation values
between target and targeting miRNAs
Gene

Targeting
miRNA

rN (p-value)

rM (p-value)

IDN2
IDN2
IDNl1
IDNl1
DRM2

ath-miR-169
ath-miR-413
ath-miR-837-5p
ath-miR-781a
ath-miR-773a

−0.759 (0.0401)
−0.822 (0.0224)
0.553 (0.1275)
0.275 (0.2989)
−0.998 (.0001)

−0.205 (0.1224)
NA
−0.52 (0.0008)
−0.55 (0.0004)
−0.5 (0.0013)

r = Pearson correlation coefficient (PCC).
rN = PCC calculated from expression data from NGS platform.
r M = PCC calculated from expression data from Microarray
platform.

further validated using the degradome sequencing data
for Arabidopsis thaliana (German et al. 2008). The
degradome data analysis supported the observations that
ath-miR-773a targeted DRM2, ath-miR-781a and athmiR-837-5p targeted IDNl1, and ath-miR-413 and athmiR-169 targeted IDN2.
The methylation target genes, which were found methylated in the presence of the studied genes involved in causing
DNA methylation, were expected to be better expressed in
the absence of such genes. Thus, a positive expression correlation was expected between the methylation target genes
and the miRNAs targeting the DNA methylation causing
genes. Following this hypothesis, the expression correlation
value was estimated for each pair of the methylation target
genes and associated miRNAs targeting the DNA methylation causing genes. It was found that a total of 4,548 unique
genes had high positive correlation coefficient (‘r’ > 0.5)
with the associated miRNAs (supplementary table S4).
Interestingly, the miRNAs, which targeted the genes involved in DNA methylation, were found themselves being
target of their target genes for DNA methylation, suggesting
a negative feedback regulation. The DNA methylation marks
were found present within the 2 kb upstream of the identified
five targeting miRNAs. It was found that miRNAs athmiR773a and ath-miR413 were methylated in the presence
of IDN2 as well as its homologs (IDNl1/IDNl2), whereas
DRM2 was involved in the methylation of ath-miR773a, athmiR413 and ath-miR781a (Supplementary Table S5). The
methylation mark was not found on the remaining two
miRNAs (ath-miR-169 and ath-miR-837-5p). It needs to be
pointed out that ath-miR773a emerged as a common target
for all the four genes involved in DRM2-mediated DNA
methylation. The same miRNA targets the most important
enzyme of this entire system, DRM2. These findings once
again reinforce the observation that a concerted effort of the
genes involved in DNA methylation works in maintaining
DRM2 based DNA methylation system.

miRNAting control of DNA methylation
3.4

Critical transcription factors are involved in DNA
methylation network

Transcription factors are proteins which bind to the genomic
DNA and regulate the transcription of the target genes. As
described in the section above (Materials and methods), a
plant-specific TFBS finding tool, pPromotif, was extended
and developed from its previous implementation for animal
system (Shankar et al. 2004). A total of 57 different transcription factors were modeled into this tool. To validate the TFBS
identification algorithm for the plant system, the genomic
sequences with confirmed targets of transcription factors were
downloaded from AGRIS database (Yilmaz et al. 2011). These sequences were tested for the 57 transcription factors
modeled into pPromotif. A total of 24,915 sequences were
extracted from the initial data, in which pPromotif identified
the binding sites correctly. Once the transcription factor binding sites across these sequences were identified, the expression
correlation coefficients were estimated for the associated transcription factors and target gene pairs. The co-expression
between the transcription factor and its target gene was calculated using in-house developed scripts (scripts used in these
studies can be found at https://github.com/ashwanijha/codes).
Information regarding the members of transcription factor
families, which showed a high positive correlation coefficient
with the target genes, is available in Supplementary Table S6.
A total of 22,651 out of 24,915 (90.91%) genes showed high
positive expression correlation (r >0.5) with the targeting
transcription factors (based on the NGS data). For the data
from microarray, a total of 14,942 (59.97 %) genes showed a
high positive expression correlation (r >0.5) with the targeting
transcription factors. This study substantiated the reliability of
the developed tool to identify the TFBS in plant system.
In order to gain a complete understanding of the regulatory
networks related to DNA methylation-associated regulation, it
became imperative to combine all information related to regulatory roles being played by transcription factors, the methylated genes, the four genes regulating DNA methylation and the
targeting miRNAs. The genes were scanned for TFBS in their 1
kb upstream regions. Further, to support the TF binding site
identification, the expression correlations between the target genes and associated transcription factors were calculated. The correlation coefficient between the genes and
binding transcription factor was expected to be positive
and high. For most of the cases, it was found to be positive
with a high degree of expression correlation (>0.5), for both
the platforms (NGS and Microarray). Similarly, to find the
transcription factors regulating the expression of miRNAs,
TFBS were identified across the 1 kb upstream regions of
the miRNA. The pre-miRNA regions were also considered
for TFBS identification as they have been reported to harbor critical regulatory spots which could impart autonomy
to miRNA expression (Jha et al. 2011).
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The expression correlations for IDN2, IDNl1, IDNl2, DRM2
and miRNAs with targeting transcription factors were also
calculated and evaluated for significance. The significantly
correlated transcription factors with these genes suggested a
level of regulation by the identified transcription factors. Supplementary Table S7 lists the various transcription factors found
to be associated with the genes involved in DNA methylation,
miRNA genes as well as their corresponding expression correlation values. From the list of the genes which were found
methylated in the presence of IDN2, IDNl1/IDNl2 and DRM2
genes, the genes coding for transcription factors were were
identified. It was found that IDN2 was significantly involved
in the methylation of MADS, bHLH, MYB and MYB-related
TF families. IDNl1 and/or IDNl2 genes were found to regulate
the DNA methylation of MADS, MYB-related and MYB TF
families. DRM2 was found to regulate the DNA methylation of
bHLH, MADS, WRKY and MYB families (Supplementary
Table S7). From the Supplementary Table S7 it is clearly
evident that the majority of these TF families actually regulate
the expression of the genes methylated under the influence of
the given four genes (IDN2, its two homologous genes and
DRM2) and the miRNAs targeting these four methylation associated genes. This suggests a possible ongoing contest between
the genes required for de novo DNA methylation and the
miRNAs trying to neutralize them. IDN2 was found involved
in the methylation and silencing of MADS, bHLH, MYB and
MYB-related TF families. The same transcription factor families were found to regulate the expression of ath-miR-169e,
while MYB and MYB-related genes appeared to regulate the
expression of ath-miR-413. This miRNA was found methylated
in the presence of its target gene, IDN2. Similarly, IDNl1 and/or
IDNl2 were found involved in the methylation of the transcription factor genes coding for MYB, MADS, bHLH, bZIP,
WRKY etc. The same set of transcription factors regulated the
expression of the targeting miRNAs (ath-miR-781a and athmiR-837). DRM2 was found involved in the methylation of
transcription factor genes like bHLH, MADS, WRKY, MYB
and AP2-EREBP, which were also found regulating the expression of ath-miR-773a.
These transcription factors play an important role in regulating plant development. For example, MADS family transcription factors are required for plant reproductive
structures (Pérez-Rodríguez et al. 2010). The MYB family
transcription factors regulate the genes related to plant development and responses to stress (Massari and Murre 2000).
The bHLH transcription factor family is required for cell
proliferation (Massari and Murre 2000), while the AP2EREBP family is required for plants to tolerate stress
(Riechmann and Meyerowitz 2002). BZIP transcription factors
were found to regulate genes associated with pathogen defense
and seed development (Jakoby et al. 2002). Also, WRKY
transcription factor family has been associated with the regulation of defense genes in plants (Pandey and Somssich 2009).
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WRKY family has also been found essential for plant survival
during stress conditions (Chen et al. 2012).
This study also makes a remarkable observation that most
of the miRNAs which target the DNA methylation causing
genes and the methylation target genes themselves, were regulated by several common transcription factor families. In turn,
these ftranscription factor genes were also found to methylated
in the presence of the genes involved in de novo DNA methylation. This finding further corroborates the hypothesis that
miRNAs regulate the processes of de novo DNA methylation
in a highly networked manner and the process of epigenetic
regulation is modular. The genes, which were methylated and
silenced in the presence of the genes promoting DNA methylation, were found displaying similar expression patterns as the
miRNAs which targeted the genes involved in promoting
DNA methylation. Both were positively regulated by certain
transcription factors, many of which were targets for DNA
methylation and the genes promoting it. In addition, the enrichment data shows that IDN2, IDNl1, IDNl2 and DRM2
could regulate the expression of many genes by controlling
the methylation of the transcription factor families. Altogether,
this study has provided a valuable information resource related
to the systems biology of epigenetic gene regulation.
Figure 4 provides a view of genome-wide distribution of
DNA methylation targets of these genes, with emphasis over the
transcription factor targets. It is clear that in some regions of the
genome, the DNA methylation causative genes (IDN2, its homologous genes and DRM2) induce an enrichment in methylation patterns. In some regions, these methylation specific genes
appear to work collaboratively e.g. similar patterns are observed
in the genes that code for transcription factors methylated in the
presence of the genes involved in DNA methylation. Analysis
based on the top five GO terms in the molecular function
category of the methylated genes showed enrichment for the
genes belonging to protein binding, catalytic activity, zinc ion
binding, DNA binding, sequence-specific DNA binding transcription factor activity and ATP binding.
3.5

Co-existence of collaborative and alternative DNA
methylation routes

It was found that the correlation between the miRNAs targeting
a common gene displayed a high positive expression correlation
(>0.5) among themselves (table 2). Also, the miRNAs targeting
the genes involved in promoting DNA methylation shared
positive expression correlations among themselves. For example, ath-miR-773a, which targeted DRM2, was found positively
correlated with the other four miRNAs (table 3). This could be
due to the possibility of collaborative functioning of these four
genes involved in DNA methylation where they achieve their
tasks before contributing to the DRM2-mediated DNA methylation. However, the data also suggests the co-existence of some
alternate and independent DNA methylation routes. Figure 5
J. Biosci. 39(3), June 2014

shows that 1,392 genes were methylated exclusively in the
presence of IDN2, totally independent of the other genes
(IDNl1, IDNl2 and DRM2), although 1,875 genes were common between IDN2 and IDNl1/IDNl2. A total of 1,042 genes
methylated in the presence of IDN2 also required the presence
of DRM2 gene. This also suggested that the remaining 2,638
genes were methylated under some alternate pathway that does
not require the DRM2 gene. Similarly, 1,442 genes were found
methylated in the presence of the two IDN2 homologous genes.
Also, a total of 1,059 genes methylated in the presence of IDNl1
and IDNl2 were found methylated in the presence of DRM2.
This suggests that the remaining 2,688 genes methylated in the
presence of IDNl1 and/or IDNl2 also appear to be using some
alternate pathway. Apart from the 1,472 genes methylated in the
presence of IDN2 and its homologous genes, DRM2 appeared to
methylate a total of 2,959 genes through some alternate pathway/s, independent of IDN2 and its homologous genes.
Therefore, despite of the apparent coordination and commonalities, these DNA-methylation-causing genes appear to
promote DNA methylation even in the absence of each other,
suggesting existence of some alternative routes for methylation. Figure 5 and supplementary table S9 suggest that a large
number of genes are exclusively methylated in the presence of
each of the four genes involved in RdDM. A list of the genes
methylated in the presence of all the three genes as well as the
genes methylated in the presence of a specific DNA methylation causing gene is provided in supplementary table S9. Using
GO slim IDs of 629 genes methylated in the presence of IDN2,
IDNl1 and/or IDNl2 and DRM2, it was found that these methylation specific genes act together to cause methylation of a
large number of genes having ‘transcription factor activity’
(GO:0003700, 82 genes out of 629).
3.6

Target identification and enrichment analysis
of the identified targets of the miRNAs

To find out any possible relationship among the five miRNAs
in terms of their targets, p-TAREF was run on a whole transcriptome of Arabidopsis. It was found that ath-miR-169
targeted 17 unique genes, ath-miR-413 targeted 28 unique
genes, while ath-miR-773a, ath-miR-781a and ath-miR-837
targeted 53, 28 and 103 unique genes, respectively (supplementary table S10). Binomial tests were applied for significance estimation of the enriched GO terms associated with the
targets of the miRNAs, applying the whole Arabidopsis transcriptome as the background (supplementary table S10). In the
molecular function category, the genes related to sequencespecific DNA binding transcription factor activity, catalytic
activity, nucleic acid binding and protein binding were found
enriched across the targets of ath-miR-169 (figure 6). For the
ath-miR-413 targets, genes related to sequence-specific DNA
binding transcription factor activity, zinc ion binding, ATP
binding, DNA binding, and protein kinase activity were found
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Figure 4. Distribution of methylated genes across the Arabidopsis genome. Genome-wide DNA methylation target distribution for (A)
DRM2, (B) IDN2 and (C) IDNL1. The pink coloured bars show the genome-wide distribution of the transcription factors genes, while the
blue lines show the respective transcription factor location being targeted for methylation. The remaining lines display the overall DNA
methylation targets across the genome. Red lines show the location of miRNAs targeting the genes involved in DNA methylation. The locus
ID on the periphery of the coloured arcs represent the location of the respective transcription factor genes, methylated on the given
chromosomes. The coloured arcs represent different chromosomes along with their respective number.

enriched in the molecular function category. For miRNAs
which were found targeting IDNl1 (ath-miR-781 and athmiR-837), the genes related to protein binding, ATP binding,
DNA binding, and nucleotide binding were found enriched in
the molecular function category (figure 6).

In the biological process category, the ath-miR-169e target genes were found enriched for genes associated with
regulation of transcription, DNA-dependent, DNA methylation and chromatin silencing by small RNA. The ath-miR413 target genes were found enriched for the genes
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Table 3. Expression correlation coefficient between miRNA genes for the different platforms
miRNA

miRNA

ath-miR-169
ath-miR-169
ath-miR-169
ath-miR-169
ath-miR-413
ath-miR-413
ath-miR-413
ath-miR-773a
ath-miR-773a
ath-miR-781

ath-miR-413
ath-miR-773a
ath-miR-781
ath-miR-837
ath-miR-773a
ath-miR-781
ath-miR-837
ath-miR-781
ath-miR-837
ath-miR-837

rN (p-value)
0.929
0.635
−0.133
0.635
0.304
−0.469
0.304
0.648
0.999
0.648

(0.0037)
(0.0878)
(0.4008)
(0.0878)
(0.279)
(0.174)
(0.279)
(0.082)
(0.0001)
(0.082)

rM (p-value)
NA
0.194 (0.1358)
0.295 (0.0452)
0.306 (0.0392)
NA
NA
NA
0.645 (0.0001)
0.387 (0.0119)
0.515 (0.0009)

r = Pearson correlation coefficient (PCC).
rN = PCC calculated from expression data from NGS platform.
rM = PCC calculated from expression data from Microarray platform.

associated with regulation of transcription, chromatin silencing, pollen tube growth, and defence response to bacterium.
The target genes of ath-miR-781 and ath-miR-837 were
found significantly enriched for the genes associated with
regulation of transcription, protein phosphorylation, and
vegetative to reproductive phase transition of meristem (supplementary table S10). ath-miR-773a, which targets DRM2

gene, also targeted the genes associated with ATP binding,
DNA binding, protein binding, zinc ion binding, transferase
activity, and transferring phosphorus-containing groups activity, for the molecular function category. In the biological
process category, genes related to the regulation of transcription, galactolipid biosynthetic process, protein phosphorylation, and flower development were found enriched (figure 6).

Figure 5. The Venn diagrams showing distribution of genes methylated in the presence of IDN2, IDNl1 and/or IDNl2 and DRM2.
J. Biosci. 39(3), June 2014
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Figure 6. Enrichment analysis of the target genes of miRNAs found regulating de novo DNA methylation. As observed from the plots, in
majority of the cases, most of the target genes are associated with regulatory and epigenetic activities like chromatin silencing.

A common theme which emerged from this analysis was
the prominence of DNA binding and DNA methylation
genes across the targets of these miRNAs, corroborating
the findings made above, highlighting miRNAs as an important regulator of DNA methylation and epigenetic controls.

3.7

Network representation

The network-based representations of these findings were
visualized by the network graphs created using Cytoscape
(Saito et al. 2012). The nodes represent genes and edges
represent the expression correlation coefficient between the
genes. The network visualization project file can be
downloaded from sourceforge (https://sourceforge.net/
projects/networkanalysis/). Networks were drawn for each
miRNA targeting IDN2, IDNl1/IDNl2 and DRM2.
In Figure 7, a complete regulatory network is shown for athmiR-169e associated system, which regulates DNA methylation in Arabidopsis by targeting IDN2. The genes, which were
methylated in the presence of IDN2 and displayed expression
correlation with IDN2 more negative than −0.85 and expression correlation greater than 0.85 with ath-miR-169e, have
been shown as the circular nodes. The transcription factors
which were found positively regulating the methylation target
genes and ath-miR-169e, and which themselves were methylated under the influence of IDN2, are shown in the green
nodes. The transcription factors displayed co-expression
values greater than 0.85 with ath-miR-169e and the genes
methylated in the presence of IDN2. However, they shared a

strong negative expression correlation (r<−0.85) with IDN2
gene, which was involved in the methylation of these transcription factor genes. The edges joining the nodes have been
shown as blue dotted line representing the down-regulated
genes methylated in the presence of IDN2 (blue node). Similarly, the edges joining these methylated genes (methylated in
the presence of IDN2) nodes (shown in pink colour) to athmiR-169 (the yellow node) are represented by red lines. The
green edges represent the methylated genes regulated by the
transcription factors (shown as the green nodes) which share
high expression correlation value. The methylation target
genes have a high negative expression correlation (r<−0.85)
with IDN2 and a high positive expression correlation (r>0.85)
with the targeting miRNA, ath-miR-169e (the yellow node).
Like all other nodes, the transcription factors and the genes
methylated in the presence of IDN2, and ath-miR-169 display
high positive expression correlation. The four groups of methylated genes (the circular representations) were drawn based
on the number of connection (degrees) of these nodes. The
regulatory diagram is in line with the hypothesis proposed in
this study, where the methylated genes shown in the network
diagram exhibit high degree of inverse expression correlations
with IDN2 and high positive co-expression correlation values
with ath-miR-169e, a suppressor of IDN2. Similar systems for
ath-miR-413, ath-miR-781, ath-miR-837 and ath-miR-773a
based regulation of de novo DNA methylation were drawn
using Cytoscape (Saito et al. 2012). The complete files containing all the data used to draw the complete networks are
available at sourceforge (http://sourceforge.net/projects/
networkanalysis/).
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Figure 7. Regulatory network involved in ath-miR-169-IDN2 targeting system. The regulatory network shows the interplay between athmiR-169e and IDN2 in regulating de novo DNA methylation. The blue edges from IDN2 node connects genes methylated in the presence of
IDN2 with strong inverse correlation. Green edges connect the transcription factors positively regulating the methylated genes and display a
high expression correlation. The red edges connect the ath-miR-169e with the methylated genes having high co-expression with ath-miR169e. The zigzag edges in black represent the target (IDN2) of ath-miR-169e.
J. Biosci. 39(3), June 2014
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