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ABSTRACT

Mammalian cells contain copious amounts of
RNA including both coding and noncoding RNA
(ncRNA). Generally the ncRNAs function to regu-
late gene expression at the transcriptional and post-
transcriptional level. Among ncRNA, the long ncRNA
and small ncRNA can affect histone modification,
DNA methylation targeting and gene silencing. Here
we show that endogenous DNA methyltransferase
1 (DNMT1) co-purifies with inhibitory ncRNAs. Mi-
croRNAs (miRNAs) bind directly to DNMT1 with high
affinity. The binding of miRNAs, such as miR-155-
5p, leads to inhibition of DNMT1 enzyme activity.
Exogenous miR-155-5p in cells induces aberrant
DNA methylation of the genome, resulting in hy-
pomethylation of low to moderately methylated re-
gions. And small shift of hypermethylation of pre-
viously hypomethylated region was also observed.
Furthermore, hypomethylation led to activation of
genes. Based on these observations, overexpression
of miR-155-5p resulted in aberrant DNA methylation
by inhibiting DNMT1 activity, resulting in altered gene
expression.

INTRODUCTION

Mammalian epigenetics, including patterns of sequence-
specific DNA methylation, are increasingly viewed as pre-
dominate drivers in mammalian development and dis-
eases (1). There are three known catalytically active DNA
(cytosine-5) methyltransferases, DNMT1, DNMT3A and
DNMT3B along with a host of ancillary proteins, includ-
ing DNMT3L, CFP1 (CXXC finger protein) and UHRF1
(ubiquitin-like containing PHD and RING finger do-
main protein), that facilitate DNA methylation targeting
and maintenance during cell division (2–7). In the clas-
sical maintenance DNA methylation model, DNA repli-

cation events create hemimethylated and unmethylated
CpG dyads in the newly synthesized DNA molecules from
fully methylated and unmethylated parental DNA, respec-
tively. Hemimethylated CpG becomes fully methylated by
DNMT1, whereas the unmethylated CpG sites remain,
thus preserving the site-specific methylation patterns (8,9).
DNMT1 is recruited to the replication fork by prolifera-
tive cell nuclear antigen (PCNA) and to hemimethylated
DNA sites by UHRF1 (6,10–12). These intricate mechanis-
tic events of recruitment and targeting ensure DNMT1 is
poised at the site of DNA replication for methyl transfer
during cell division. Furthermore, at hemimethylated sites,
additional maintenance of methylation fidelity is achieved
by catalytic activation of DNMT1 by UHRF1 (13,14).

Recent cumulative genome-wide analysis studies on di-
verse human cell and tissue types have demonstrated that
the majority of CpG sites are stably methylated, and ap-
proximately 21% of CpG-methylated sites are dynamically
methylated (15). These regions are speculated to play ma-
jor roles in controlling the transcription networks of cells
(15,16). CpGs contained in coding, intronic and extragenic
regions generally have higher levels of methylation com-
pared to promoter regions. Both imprinted alleles and inac-
tive X chromosome in mammals are also methylated. Fail-
ure to maintain correct methylation patterns often leads to
aberrant DNA methylation, promoting human diseases and
developmental defects including neurodegenerative, neuro-
logical autoimmune diseases and cancers (17). Aberrant
DNA methylation often occurs as a result of dysregulation
of DNMTs, as reported in various human cancers, includ-
ing lung, prostate, colorectal and breast cancer (18–20). Al-
though the detailed mechanisms of DNMTs dysregulation
are unknown, a number of studies suggest the alteration
of DNMT expression, catalysis or targeting may play key
roles. Furthermore, long noncoding RNA, microRNA and
small RNA are increasingly being identified as potential
regulators of DNA methylation (21,22).

Plants and some evolutionary lower eukaryotes such
as Schizosaccharomyces pombe and Caenorhabditis elegans

*To whom correspondence should be addressed. Tel: +1 978 380 7227; Fax: +1 978 921 1350; Email: pradhan@neb.com

C© The Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



Nucleic Acids Research, 2015, Vol. 43, No. 12 6113

use small interfering RNA (siRNA) to target gene silenc-
ing in a sequence-specific manner, resulting in transcrip-
tional repression. However, in the Arabidopsis model sys-
tem, 24-nucleotide small interfering RNAs participate in
RNA-directed DNA methylation using Domains Rear-
ranged Methyltransferase 2 (DRM2) (23). Mechanistically,
DRM2 was found to exist in complex with the small in-
terfering RNA (siRNA) effector ARGONAUTE4 (AGO4)
and preferentially methylate one DNA strand. Therefore,
DRM2 is guided to target loci by the AGO4–siRNA com-
plex (24). These transcriptional gene-silencing (TGS) mech-
anisms account for an estimated 30% of the methylation in
Arabidopsis genome. Similarly in mammals, a small class
of germ-line-specific ncRNA, known as Piwi-interacting
RNAs (piRNAs) are shown to guide de novo methyla-
tion of specific sequences (25). These piRNAs are asso-
ciated with the Piwi subfamily of the Argonaute protein.
Apart from RNA-guided DNA methylation, several fami-
lies of microRNAs have profound effects on DNA methy-
lation. One such example is the miR-29 family of microR-
NAs that binds to DNMT3b mRNA and deplete its en-
zyme levels. Also, downregulation of these microRNAs
leads to restoration of the normal pattern of DNA methy-
lation and a decrease in number/size of xenograft mouse
tumors (26). Similarly, in proatherosclerotic conditions, re-
duction of miRNA-152 loosens inhibition of DNMT1,
leading to hypermethylation of the ER� gene and a de-
crease in ER� levels (27). The suggested mechanisms of
microRNA-mediated DNA methylation changes are pri-
marily attributed to degradation of DNA methyltransferase
mRNAs (28).

Several decades ago, in a classic biochemical study,
Bolden et al. showed that polyribonucleotides, specifically
poly G and homopolymers poly(dC·dG) and poly(dA·dT),
are potential inhibitors of partially purified HeLa cell DNA
methyltransferase, suggesting this enzyme is regulated in
vivo by the presence of RNA at specific chromosomal
sites, resulting in site-specific DNA methylation (29). Fur-
ther studies on the potential mechanism of inhibition for
DNMT3A proposed a direct binding of RNA molecule on
the enzyme (30). Holz-Schietinger and Reich demonstrated
a single-stranded RNA molecule that is antisense to the E-
cadherin promoter binds tightly to the catalytic domain of
DNMT3A and inhibits its activity in vitro (30). These ob-
servations suggested that a specific RNA may change the
epigenetic landscape by selectively targeting DNA methy-
lation machinery. Recently, a new phenomenon of DNA
methylation control was discovered, which was mediated
by ecRNA (extra-coding RNA) (31). In this study, Di Rus-
cio et al. demonstrated a functional RNA arising from the
CEBPA locus regulates CEBPA methylation. This RNA as-
sociates with DNMT1, preventing CEBPA gene methyla-
tion, which in turn results in robust expression of CEBPA
mRNA and functional proteins (31). These observations
prompted us to dissect the mechanistic events of small
RNA-mediated DNMT1 inhibition. We investigated the
mechanism of DNMT1 inhibition by small RNA and fur-
ther focused on a series of microRNAs that can potentially
inhibit DNMT1 activity. We further studied the gene ex-
pression profile of microRNA-mediated demethylation of
the genome.

MATERIALS AND METHODS

Methyltransferase assays

Recombinant human DNMT1 was expressed and purified
in Sf9 insect cell lines using baculovirus expression system
as described before (32). The sequences of RNA oligonu-
cleotides used in this study are listed in Supplementary Ta-
ble S1. Twenty micromolar of RNA oligonucleotides were
resuspended in 10 mM Tris-HCl (pH 8.0) and 100 mM
NaCl and incubated at 95◦C for 2 min, 65◦C for 5 min, 45◦C
for 10 min, 37◦C for 10 min and 25◦C for 10 min before use.
For formation of G-quadruplex-structured RNA, oligonu-
cleotides were resuspended in a similar buffer, except NaCl
was substituted with 100 mM KCl and 2 mM MgCl2.

Hemimethylated DNA substrate with the sequence of
(CMeGG·CCG)12 was used for all DNMT1 steady-state
biochemistry assays. For determination of the inhibi-
tion pattern and Ki of RNAs versus hemimethylated
DNA substrate, 20 nM of the DNMT1 enzyme was in-
cubated with various concentrations of hemimethylated
DNA substrate in the presence of increasing concentrations
of RNA oligonucleotide and 5.328 �M of [3H]AdoMet
(PerkinElmer). Reactions were performed at 37◦C for 30
min as described before (32). Apparent Km versus RNA
concentration was fitted to linear regression, and the Ki was
the absolute value of x where y = 0 in the linear regression
function.

To determine the inhibition pattern and Ki of RNAs ver-
sus AdoMet, steady-state biochemistry assay was carried
out as described earlier, except that hemimethylated DNA
was used at 2 �M fixed concentration and varied AdoMet
concentrations.

Single-point biochemistry assay was performed by in-
cubating 10 nM of the DNMT1 enzyme with 1 �M of
hemimethylatd DNA or 4 ng/�l of poly dI·dC and 5.328
�M of [3H]AdoMet in the presence of 5.28 �M of syn-
thetic miRNA oligonucleotide. Reaction was continued for
15 min and [3H]CH3 incorporation was measured. For bac-
terial DNA methyltransferase assay, 0.08 U/�l M.SssI, 0.5
U/�l M.HhaI or 0.08 U/�l M.HpaII were incubated with
2 ng/�l of pUC19 DNA and 5.328 �M of [3H]AdoMet in
the presence of 5 �M synthetic miRNA oligonucleotide. All
reactions were performed for 30 min at 37◦C in 50 �l final
volume.

To study the effect of RNase A on DNA methyltrans-
ferase activity, 10 nM of recombinant DNMT1 or immuno-
precipitated DNMT1 from HEK293T cells were used. Sim-
ilar experimental conditions with that of single-point bio-
chemistry assays were used, except that 200 ng/�l RNase
A were added to the reaction mixture and incubated for 30
min at 37◦C.

Mapping of the RNA-binding motif in DNMT1

Full-length DNMT1 enzyme was truncated into five frag-
ments and expressed as GST fusions in Escherichia coli.
Proteins were captured using glutathione sepharose beads
(GE healthcare) and washed extensively to get rid of un-
bound proteins. RNA oligonucleotides were labeled at the
5′ end with [� -33P]ATP (PerkinElmer) using T4 polynu-
cleotide kinase (New England Biolabs), and purified with il-
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lustra ProbeQuant G-50 Micro Columns (GE Healthcare).
The binding assay was performed in 50 �l reaction volume
containing 20 �l of GST-DNMT1 fragment beads, 5 �l of
5 �M labeled RNA oligonucleotides, 5 �l of 10X DNMT1
reaction buffer (New England Biolabs) and 20 �l of RNase-
free water. After incubation at 37◦C for 10 min, beads were
washed three times and resuspended in 200 �l of PBS. The
radioactivity bound was measured in liquid scintillator. The
amount of RNA oligonucleotide bound to beads was calcu-
lated by normalizing the scintillation counts of beads to that
of 1 pmol labeled RNA oligonucleotide.

Cell culture and transfection

HEK293T and HCT116 cells were cultured in DMEM and
McCoy’s 5A (Gibco) media supplemented with 10% fetal
bovine serum, respectively. For genome-wide DNA methy-
lation and transcriptome studies, HCT116 cells were trans-
fected with 2 �M miR-155-5p oligonucleotides or random
23-mer oligonucleotide mixtures for a week using Lipofec-
tamine 2000 (Life Technologies).

Immunoprecipitation and western blot

HEK293T cells were used for DNMT1–RNA complex im-
munoprecipitation. Immunoprecipitation was performed as
described by Rinn et al. (33). Briefly, 107 cells were har-
vested without cross-linking, washed with PBS and resus-
pended in 8 ml nuclear isolation buffer (0.32 M sucrose,
10 mM Tris-HCl pH 7.5, 5 mM MgCl2 and 1% Triton X-
100). After incubation on ice for 20 min, nucleus was pel-
leted by centrifugation at 2500 x g for 15 min at 4◦C and
resuspended in 1 ml RIP buffer (150 mM KCl, 25 mM Tris-
HCl pH 7.5, 5 mM EDTA, 0.5 mM DTT, 0.5% NP-40,
40 U/ml murine RNase inhibitor, 70 �g/ml proteinase in-
hibitor PMSF). Nuclei were passed through a syringe nee-
dle for 40 times and supernatant were collected after cen-
trifugation at 13 000 × g for 10 min. Two micrograms of
the N-16 goat polyclonal antibody (Santa Cruz) recogniz-
ing the N-terminal region of DNMT1 was added to the
nuclear extract and incubated at 4◦C for 1 h. Then 40 �l
of protein G magnetic beads (New England Biolabs) were
added and incubated for an additional hour with rotation.
After washing three times with RIP buffer, beads were re-
suspended in 20 �l RIP buffer. Five microliters of DNMT1-
bound beads were used for methyltransferase assays. Equal
amounts of DNMT1 enzyme in immunoprecipitated sam-
ples (for methyltransferase assay) were validated by western
blot and DNMT1 monoclonal antibody (ab54759, Abcam).

Quantitation of DNMT1 binding with miR-155-5p in vitro

DNMT1 was immunoprecipitated from HCT116 cells over-
expressing the miR-155 pre-miRNA using the DNMT1 an-
tibody mentioned above or normal IgG control. The bound
RNA was extracted from immunoprecipitated DNMT1 us-
ing Trizol reagent. miR-155-5p was quantified using Taq-
Man small RNA qPCR assay (Life Technologies).

Genome-wide DNA methylation analysis using RRBS

One microgram genomic DNA from HCT116 cells trans-
fected with RNAs were digested by MspI, end-repaired,

dA-tailed and ligated to methylated loop adaptor using the
NEBNext Ultra DNA Library Prep Kit for Illumina (New
England Biolabs). After resolving DNA on 2% agarose gels
150–400 bp region was excised and DNA extracted. DNA
was bisulfite converted using the EZ DNA Methylation Kit
(Zymo Research) and amplified using EpiMark Hot Start
Taq DNA Polymerase (New England Biolabs). Biological
replicate libraries were constructed and sequenced in sep-
arated lanes on the Illumina GAII platform in the 72 bp
paired-end reads.

Adaptor sequences were trimmed from RRBS reads
using the trim galore package (http://www.bioinformatics.
babraham.ac.uk/projects/trim galore/) and reads with a
Phred score < 20 were discarded. Reads were mapped to
hg19 and methylation at CpG sites was extracted using
the Bismark package (34). Differential methylation analysis
was carried out using the logistic regression statistical test in
the methylKit package (35). For calculation of the density
CpG in differentially methylated regions, fasta sequences
were obtained from hg19 using BEDTools and CpGs were
counted (36).

RNA-seq and transcriptome analysis

RNA-seq libraries were constructed using 1 �g of total
RNA as input with the NEBNext Ultra Directional RNA
Library Prep Kit (New England Biolabs). Biological tripli-
cate and quadruplicate libraries were made with RNA pre-
pared from control random oligonucleotides or miR-155-5p
transfected cells, respectively. Libraries were sequenced on
Illumina GAII in separate lanes in 72 bp paired-end reads.

Adaptor and low quality sequences were trimmed and
reads mapped to hg19 using the TopHat package (37).
Reads mapped to known genes were counted using the HT-
seq counting tools against the UCSC know genes table (ver-
sion March 6, 2013) (38). Differential gene expression was
analyzed using the DESeq2 package, which fits raw counts
to a negative binomial generalized linear model (39). Genes
with adjusted P value lower than 0.1 (default value in DE-
Seq2) were considered significantly differentially expressed.
Gene ontology analysis was carried out using the g:Profiler
tools on the biological process and molecular function GO
terms (40).

RESULTS

RNA binds and specifically inhibits DNMT1

Eukaryotic cells offer a microenvironment of abundant cod-
ing and noncoding RNA. To determine if RNA binds and
modulates DNMT1 activity, we performed immunoprecip-
itation of human DNMT1 from the nuclear extract using
an antibody against DNMT1. DNMT1 activity was com-
pared on the precipitated samples before and after treat-
ment with RNase A. To our surprise, RNase A treatment
increased DNMT1 activity in vitro. The methyltransferase
activity on hemimethylated DNA was ∼18-fold higher com-
pared to control, whereas 2-fold higher activity was ob-
served on a poly(dI·dC) substrate (Figure 1A). We also car-
ried out the same experiment with baculovirus expressed
and purified recombinant DNMT1 (32), where the en-
zyme was repeatedly washed with 0.5 M salt to get rid

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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Figure 1. DNMT1 binds to RNA and is inhibited by RNA. (A) DNMT1 activity assay with or without RNase A using poly dI·dC or hemimethylated DNA
as substrate, left panel DNMT1 immunoprecipitated from HEK293T, and right panel recombinant DNMT1. Lower panel displays respective western blot
and Coomassie staining of immunoprecipitated and recombinant DNMT1 after methyltransferase assays. Error bars represent the SD of biological trip-
licates. (B) Schematic diagrams displaying DNMT1 domain structure (upper) and quantitative SDS polyacrylamide gel electrophoresis of GST-DNMT1
fragment fusion proteins used in the RNA-DNMT1 fragment binding assays (Frag (fragment) 1∼5) (lower). DMAP, DNA methyltransferase associated
protein binding domain; RFD, replication foci domain; BAH, bromo-adjacent homology domain. (C) Secondary structure of RNA oligonucleotides and
binding analysis of DNMT1-GST fusions with different oligonucleotides, positional entropy of oligonucleotides was noted beneath the structure diagrams.
(D) DNA methyltransferase assays in the presence of inhibitory RNA oligonucleotides asCEBPA-2HPE or miR-155-5p using bacterial enzymes (M.SssI,
M.HhaI and M.HpaII) or human DNMT1. C and D, Error bars represent the SD of at least three independent experiments each performed in duplicate.

of nucleic acid potentially bound in the purification pro-
cess. Once again, we observed ∼10-fold higher methylation
of hemimethylated DNA and about 4-fold higher methy-
lation for poly(dI·dC) substrate (Figure 1A). To exclude
the possibility that addition of RNase A may have altered
DNMT1 integrity, we probed a portion of the reaction mix-
ture by western blot with anti-DNMT1 antibody for im-
munoprecipitated samples, or simply resolved the protein
by SDS-PAGE and stained for recombinant DNMT1. In-
deed, RNase A-treated DNMT1 appeared intact and was
of the same molecular mass when compared to control (Fig-
ure 1A, lower panel), negating any catalytic activation ef-
fort due to proteolysis (41). These results suggest that the
inhibitory RNA indeed binds to DNMT1 despite high salt
wash during either immunoprecipitation from nuclear ex-
tracts or chromatography purifications from Sf9 cells.

It has been previously shown that a functional long
ncRNA arising from the CEBPA locus, ecCEBPA, a long
RNA interacts with DNMT1, resulting in prevention of
CEBPA gene methylation and robust CEBPA messenger
RNA production (31). RNA oligonucleotides correspond-
ing to the 5′ and 3′ parts of ecCEBPA displayed strong affin-

ity for DNMT1 (31). To confirm RNA-binding domain of
DNMT1 and its implication in catalysis, we purified five
overlapping GST-DNMT1 fusion fragments (Figure 1B).
These purified fragments were incubated with two different
small RNAs representing the antisense CEBPA transcript
(asCEBPA-1 and asCEBPA-2) and respective point mu-
tants (asCEBPA-1HPE and asCEBPA-2HPE). These mu-
tants offer higher positional entropy than their correspond-
ing wild-types (Figure 1C, upper panel). Indeed, fragment
4 of DNMT1, which includes a portion of the catalytic do-
main, bound to all four asCEBPA fragments suggesting that
small RNA binds to DNMT1 at the DNA methyltrans-
ferase catalytic region (Figure 1C, lower panel).

Since RNA binds to the catalytic domain of DNMT1
and addition of RNase A activates DNMT1, we hypoth-
esized that small RNA or microRNA would be a nat-
ural component of DNMT1 enzyme. We immunopre-
cipitated DNMT1 and observed miR-155-5p enrichment
in DNMT1 precipitates, demonstrating a physical inter-
action between miR-155-5p and DNMT1 (Supplemen-
tary Figure S1). To demonstrate the functional role of
small RNA-DNMT1 interaction in catalysis, we incubated
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recombinant purified DNMT1 with asCEBPA-2HPE or
miR-155-5p and performed methyltransferase assays on
a hemimethylated DNA substrate. Both asCEBPA-2HPE
and miR-155-5p inhibited DNMT1 activity (Figure 1D),
suggesting RNA as an inhibitor of human DNMT1, pre-
sumably by binding to the catalytic domain of the en-
zyme. To investigate the specificity of RNA-mediated in-
hibition of DNMT1, three prokaryotic DNA (cytosine-
5) methyltransferases with CpG methylation specificity,
as that of DNMT1, M.SssI (CG), M.HhaI (GCGC) and
M.HpaII (CCGG) were chosen and methyltransferase as-
says were performed. None of the three prokaryotic DNA
methyltransferases showed noticeable inhibition when in-
cubated with asCEBPA-2HPE or miR-155-5p, confirming
that the small RNA-mediated inhibition is specific for hu-
man DNMT1 (Figure 1D).

Mechanism of RNA-mediated DNMT1 inhibition

Since certain small RNAs bind and inhibit DNMT1 activ-
ity, we performed detailed steady-state enzyme kinetic as-
says to determine the reaction mechanism. First, we var-
ied the hemimethylated substrate DNA concentration keep-
ing both S-adenosyl-L-methionine (AdoMet) and DNMT1
concentrations fixed and increased the concentration of
asCEBPA-2 RNA. As the asCEBPA-2 RNA concentra-
tion increased, the apparent Km value of the enzyme in-
creased without affecting the Vmax (Figure 2A), suggest-
ing that asCEBPA-2 RNA-mediated inhibition may be
competitive. When we plotted 1/velocity as a function of
1/[hemimethylated DNA] in a double-reciprocal plot, each
reaction curve yielded straight lines that intersected on the
Y-axis (Figure 2B), confirming that asCEBPA-2 RNA in-
hibits DNMT1 in a competitive manner, perhaps affect-
ing the hemimethylated substrate binding. Since DNMT1
is a bisubstrate (hemimethylated DNA and AdoMet) en-
zyme, we further analyzed the effect of asCEBPA-2 on
AdoMet substrate binding. We varied the AdoMet con-
centration keeping both the hemimethylated DNA [S] and
DNMT1 [E] concentrations fixed with increasing con-
centrations of asCEBPA-2 RNA [I]. As the asCEBPA-2
RNA concentration increased, the inhibitor affected the
slope and Y-intercepts of the double reciprocal plot (Fig-
ure 2C), suggesting asCEBPA-2 RNA-mediated inhibition
may be mixed. Re-plots of the 1/velocity as a function of
1/[AdoMet] each yielded a straight line that intersected
left of the Y-axis (Figure 2D), confirming asCEBPA-2
RNA inhibits DNMT1 as a mixed inhibitor, perhaps by
binding to DNMT1 or to the DNMT1–hemimethylated
DNA complex. These results suggest that small RNA
binds to DNMT1 directly and alters its hemimethylated
substrate binding capacity or by binding to DNMT1–
hemimethylated DNA complex. When AdoMet was con-
stant, with varied amounts of hemimethylated DNA as sub-
strate, the Ki was 0.43 �M. Similarly, when hemimethylated
DNA was constant with variable AdoMet concentration,
the Ki was 0.09 �M (Table 1).

MicroRNA also inhibits DNMT1

Most cancer cells have aberrant DNA methylation and of-
ten overexpress microRNAs. For example, miR-155 and the

miR-17∼92 cluster are highly expressed in breast cancer
and B-cell lymphomas, respectively (42,43). After surveying
the literature, 14 microRNAs were selected to study their
effects on DNMT1 activity (Supplementary Table S1). Un-
der identical reaction conditions, almost all microRNAs
were able to inhibit DNMT1. However, miR-17-5p, miR-
127-3p, miR-155-5p and miR-373-5p showed the great-
est inhibition of DNMT1 activity (Figure 3A). We pro-
ceeded to investigate if miR-155-5p (one of the best in-
hibitors, Table 1) mediated inhibition of DNMT1 also fol-
lows the same inhibition mechanism as that of asCEBPA-2
RNA. As the miR-155-5p concentration increased, the ap-
parent Km value of the enzyme increased without affecting
the Vmax, suggesting miR-155-5p-mediated inhibition may
be competitive (Figure 3B). Replots of 1/velocity versus
1/[hemimethylated DNA] for all miR-155-5p concentra-
tions intersected on Y-axis confirming that miR-155-5p also
is a competitive inhibitor (Figure 3C). We also performed
inhibition profiles for miR-9-5p, miR-17-5p, miR-21-5p,
miR-92-1-5p, miR-92-3p, miR-127-3p, miR-9-3p, miR-16-
5p, miR-19b-3p, miR20a-5p, miR-145-5p, miR-146a-5p,
miR-373-5p and miR-17-5p and observed competitive in-
hibition in each (Table 1). The inhibition constant Ki var-
ied broadly between 0.03 and 2.4 �M, indicating differen-
tial inhibition of DNMT1 by microRNAs, perhaps reflect-
ing their binding affinity and sequence.

We hypothesized that if the binding affinity is a ma-
jor determinant of microRNA-based inhibition, then the
microRNA–DNMT1 complex cannot be dissociated by
adding the natural hemimethylated DNA substrate to the
reaction mixture. We individually incubated miR-17-5p (Ki
= 0.3 �M) and miR-155-5p (Ki = 0.03 �M) with AdoMet
and DNMT1. Once the microRNA–DNMT1 complex
formed, we added increased amounts of hemimethylated
DNA and measured the enzyme activity. Addition of 5-fold
excess hemimethylated substrate to a reaction mix contain-
ing miR-17-5p (2 �M) only rescued half of normal DNMT1
activity. Similarly, but to a much greater extent, the addi-
tion of 200-fold excess hemimethylated substrate to a reac-
tion mix containing miR-155-5p (0.05 �M) also did not res-
cue DNMT1 activity completely (Figure 3D). These results
confirm that microRNA can bind to DNMT1 strongly and
inhibit its activity.

We further performed a deletion analysis of miR-155-5p
by truncating it from either the 5′ or 3′ end to determine
the seed sequence for DNMT1 inhibition (Figure 3E, lower
panel). We observed that the first 10 nucleotides from the
5′ end were not essential for DNMT1 inhibition. However,
deleting the last two 3′ nucleotides of miR-155-5p relieved
∼50% of the inhibitory effect on DNMT1 and deleting 4–10
3′ nucleotides rescued ∼90% of the activity (Figure 3E, up-
per panel). This suggests that the 3′ nucleotides of miR-155-
5p are essential for inhibition. Indeed, the Ki for the deletion
with 5′ 10 nucleotides (5p-5) was 0.12 �M compared to 0.03
�M for the full-length microRNA (Supplementary Figure
S2).

The 3′ sequences of miR-155-5p essential for DNMT1 in-
hibition are guanine-rich sequences tending to form a G-
quadruplex structure in solution. We hypothesized that the
G-quadruplex form of an RNA molecule may play an ac-
tive role in the inhibition of DNMT1 activity. Therefore,
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Figure 2. Inhibition patterns of DNMT1 activity by asCEBPA-2 versus hemimethylated DNA and AdoMet substrates. (A and C) are representative
initial velocity curve of DNMT1 activity in the presence of variable concentrations of asCEBPA-2. The concentrations of [3H]CH3 incorporated into
hemimethylated DNA by DNMT1 were plotted against variable hemimethylated DNA (A) or AdoMet concentrations (C). (B and D), respective double
reciprocal plots of (A) and (C) for fixed asCEBPA-2 concentration. A ∼ D, error bars represent the SD of at least three independent experiments performed
in duplicate.

Table 1. Inhibition pattern of DNMT1 by small RNAs

Inhibitor RNA Type of inhibition Ki (�M)

DNA as variable substrate
asCEBPA-1 competitive 2.003
asCEBPA-1HPE competitive 0.918
asCEBPA-2 competitive 0.434
asCEBPA-2HPE competitive 0.135
miR-9-5p competitive 0.493
miR-17-5p competitive 0.317
miR-21-5p competitive 1.291
miR-92a-1-5p competitive 0.476
miR-92a-3p competitive 1.650
miR-127-3p competitive 0.269
miR-155-5p competitive 0.028
miR-9-3p competitive 1.602
miR-16-5p competitive 0.463
miR-19b-3p competitive 3.323
miR-20a-5p competitive 0.561
miR-145-5p competitive 2.458
miR-146a-5p competitive 1.031
miR-373-5p competitive 0.298
AdoMet as variable substrate
asCEBPA-2 mixed 0.092
miR-17-5p mixed 0.385

we chose a telomere RNA sequence and also a short arti-
ficial RNA sequence, which we termed SuperG, (Supple-
mentary Table S1) which both have a higher potential of
forming G-quadruplex structures in the presence of KCl,
and used these to assay inhibition of DNMT1 activity. In-
deed, these two small RNA showed greater DNMT1 in-
hibition when they are annealed in the presence of KCl,
compared to control NaCl (Supplementary Figure S3A).
The formation of higher molecular weight bands in native
polyacrylamide gel electrophoresis (Supplementary Figure
S3B) and enhanced absorbance in circular dichroism (CD)

spectrum (Supplementary Figure S3C) validated the for-
mation of parallel lattices of G-quadruplexes in DNMT1
assay conditions (44). Taken together, the essential role of
the 3′ sequences of miR-155-5p in DNMT1 inhibition, and
inhibition of DNMT1 by G-quadruplex structured RNAs
suggests that G-quadruplex RNA may fit into the catalytic
pocket of DNMT1 and impair the enzyme activity.
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Figure 3. miRNA inhibits DNMT1 activity. (A) Single point biochemistry assay showing that miRNAs inhibit DNMT1 activity. (B) Velocity curve of
[3H]CH3 incorporation into hemimethylated DNA substrate catalyzed by DNMT1 in the presence of various concentrations of miR-155-5p. (C) Double
reciprocal plots showing the competitive inhibition pattern of miR-155-5p versus hemimethylated DNA substrate. (D) Increasing hemimethylated DNA
cannot reverse miRNA-based inhibition. (E) Deletion mapping of miR-155-5p (upper) at 5′ or 3′ and internal nucleotides, and bar plot shows the in-
corporation of [3H]CH3 in the presence of RNA oligonucleotides (lower). A ∼ E, error bars represent the SD of at least three independent experiments
performed in duplicate.

Exogenous miR-155-5p causes aberrant DNA methylation of
mammalian genome

To determine the effect of microRNA on genomic methy-
lation in mammalian cell, we transfected mixture of ran-
dom 23-mer RNA oligonucleotides and miR-155-5p sepa-
rately into human colorectal cancer cell line HCT116, and
compared the DNA methylation in the genome of trans-
fected cells using reduced representation bisulfite sequenc-
ing (RRBS) analysis. Libraries were sequenced on an Illu-
mina GAII platform. Of each biological replicate, about 30
million of 72 bp high-quality paired-end reads (Phred score
> 20, adaptor trimmed) were mapped uniquely to human
genome hg19. With a minimum read coverage threshold of
ten, 4 896 172 CpG sites were covered by the four RRBS
libraries, which represents about 9% of the total CpG sites
in human genome.

Differential methylation analysis was performed on sin-
gle CpG sites as well as 50 kb and 10 kb tiles. Of the 49

406 nonoverlapped 50 kb genome tiles analyzed, 4354 tiles
(8.8% of total tiles) showed hypomethylation in the cells
transfected by miR-155-5p compared to the genomic tiles
in the cells transfected with random 23-mers with a mean
demethylation rate of 2.4%, while 882 tiles (1.8% of to-
tal tiles) showed hypermethylation with a mean methyla-
tion change rate of 4.0% (logistic regression test, P < 0.01).
Thus, miR-155-5p causes genome-wide demethylation since
the number of hypomethylated tiles is higher than that of hy-
permethylated tiles (Figure 4A). As expected, the expression
level of DNMT1 in the cells transfected with miR-155-5p or
random 23-mers is comparable as detected by western blot,
RT-qPCR and RNA-seq (Supplementary Figure S4).

At the single base resolution level, 55 225 differentially
methylated CpG sites were separated into six bins based on
their average methylation level in the four libraries (Figure
4B). Mean methylation levels were significantly lower in the
medium-to-low range (bin 0, average demethylation 1.24%,
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Figure 4. Genome-wide DNA methylation profile of miR-155-5p transfected cells. (A) Scatter plot displaying differentially methylated regions in the
genome after HCT116 cells were transfected with miR-155-5p or random 23-mers control RNA. The methylation difference (miR-155-5p minus random
23-mers transfected, average value of two biological replicates) was plotted against the –log10P-value. Green dots represent significantly changed regions.
Numbers of differentially methylated regions were annotated in the plot. (B) Box plot showing the methylation level in replicates across the bins with
increasing methylation level averages. (C) CpG site density curve per 10 kb in all regions, hypermethylated regions and hypomethylated regions. (D) Average
differential methylation in genomic repetitive elements.

P = 0.005, t-test; bin 0.4, average demethylation 6.36%, P =
0.007, t-test; other bins are not significantly different) with
the most robust demethylation (6.36%) occurring at bin 0.4
(Figure 4B), which represents 10.2% of the total differen-
tially methylated sites. Based on these data, we concluded
that miR-155-5p-mediated genome-wide demethylation oc-
curs at the medium-to-low methylated CpG sites.

In another analysis, we calculated the CpG density of
nonoverlapping 10 kb differentially methylated tiles. The
density of tiles at a particular CpG density was plotted
against the corresponding number of CpG sites per 10 kb
(Figure 4C). Peaks in the density curve appeared at 78.3,
106.6 and 223.1 CpG sites per 10 kb in the groups contain-
ing all the tiles analyzed, significantly hypermethylated or
significantly hypomethylated tiles, respectively. This anal-
ysis indicated that miR-155-5p-mediated CpG demethy-
lation preferentially occurs in CpG dense regions in the
genome. Indeed, by analyzing the distribution of differen-
tially methylated sites, we found that hypomethylated sites
are more enriched in CpG islands than the hypermethylated
sites, but most of the hypomethylated sites (60.8%) are still
located in the non-CpG island regions (Supplementary Fig-
ure S5, upper panel). Similarly, hypomethylated sites are
enriched to a higher level in promoter regions than hyper-
methylated sites (Supplementary Figure S5, lower panel).
Hence, we conclude that miR-155-5p-mediated genome-

wide demethylation events show a preference for medium-
to-low level methylated CpG dense regions that may be sit-
uated in either CpG islands or elsewhere.

We also examined the methylation of repetitive elements
in the genome that is prone to be affected based on DN-
MTs targeting on the DNA in the cells (45). We analyzed
the methylation level of Alu, SINE, LINE and Satellite ele-
ments. Differentially methylated CpG sites were assigned to
repetitive elements and the average differential methylation
level at relative positions of repetitive elements was plotted.
Interestingly, the border of SINE and Alu elements and the
center of LINE elements showed hypomethylation, while
Satellite elements showed hypermethylation (Figure 4D).

miR-155-5p induced aberrant methylation led to alteration of
gene expression

To determine if microRNA mediated aberrant DNA methy-
lation affects gene expression, we performed a comparative
transcriptome analysis of the miR-155-5p and mixture of
random 23-mer RNA oligonucleotides transfected HCT116
cells. About 30 million of the 72-bp read pairs were mapped
to hg19 for each library, and about 20 million mapped
reads in each library could be assigned to a known gene.
A total number of 321 genes were found differentially ex-
pressed, where 159 genes were upregulated and 162 genes
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Figure 5. Transcriptome analysis of miR-155-5p and random 23-mers control RNA. (A) MA plot analysis of miR-155-5p versus random 23-mers control
displaying up- and downregulated genes. (B) Normalized read counts of the top five genes with the lowest adjusted P values.

were downregulated in cells transfected with miR-155-5p
(Figure 5A). Indeed, by analyzing the top five genes with
lowest adjusted P value, four of them (IFIT1, IFI6, SAMD9
and GALNT5) showed elevated expression, while SAT1
showed reduced expression (Figure 5B). The regularized
logarithm (rlog) transformed read counts of the top 100
genes with lowest adjusted P value were also plotted on the
heatmap demonstrating clustering of random 23-mer RNA
oligonucleotides triplicate and miR-155-5p quadruplet dis-
playing differential expression (Figure 6A).

To correlate gene expression change with aberrant DNA
methylation by direct inhibition of DNMT1 by miR-155-
5p, we performed an overlapping analysis on the gene
expression profile and DNA methylation profile (Figure
6B–D). Differential methylation analysis was performed
in the context of genes (from -2000 bp upstream of the
TSS to the transcription termination site) using the RRBS
data, and 4135 genes were found demethylated in the pro-
moter or gene body region while 682 genes were found
hypermethylated. By overlapping the hypomethylated gene
list with upregulated gene list, 28 hypomethylated genes
were found upregulated in the miR-155-5p transfected cells,
which represents 17.8% of the total upregulated genes; these
genes are MGEA5, SHOC2, UPF2, IKZF5, MKI67, WAC,
CDK1, DNA2, KIF11, MYOF, ARHGAP19, ETS1, ADAR,
IQGAP3, EPHA2, MYEOV, KIAA1731, ASPM, KIF14,
YOD1, OAS3, MED13L, SH3BP5L, RBMS2, PRIM1,
MON2, MDM2 and IFI6 (Figure 6C). The expression of
five hypermethylated genes was found downregulated in the
miR-155-5p transfected cells (Figure 6D). Indeed, 19 695
common genes were covered by both RNA-seq and RRBS
analysis (at least one CpG site in the promoter and gene
body region), which represents 83.1 and 88.2% of the RNA-
seq and the RRBS covered genes (Figure 6B). And this indi-
cates that the coverage of RRBS and RNA-seq data across
the genome is comparable and the overlapping analysis is
not biased. Gene ontology analysis revealed that these dif-
ferentially expressed genes were significantly enriched in the
cell cycle regulation, metabolism and protein binding path-
ways (Supplementary Figure S6).

DISCUSSION

Small RNAs are a class of noncoding RNA molecules
distributed nonrandomly in the genome. They are fre-
quently located in chromosomal regions susceptible to copy
number variation (CNV), associated with cellular func-
tions, gene expression and are often misregulated in can-
cer. Widespread changes of miRNA expression conferring
malignant phenotype development have been reported in
multiple cancers (46). Concurrent with alteration of mi-
croRNA expression, many cancer cells also overexpress
DNA (cytosine-5) methyltransferases facilitating aberrant
hypermethylation and silencing of selected tumor suppres-
sor genes (47). This is in contrast with the overall genome-
wide hypomethylation in cancer genome, affecting a large
number of repetitive elements (48). Several lines of evi-
dence indicate that other mechanisms of gene regulation
critically coordinate DNMTs expression, enzyme turnover,
catalytic activity and target specificity. Multiple binding
sites for transacting factors, presumably involved in post-
transcriptional regulation and transcript stabilization lead-
ing to modulation of cellular enzyme levels, are found in
the 3′ UTR and coding sequence of DNMT mRNA (49).
Furthermore, different splice variants of DNMTs have been
detected in mammalian cells suggesting these isoforms may
have different function and activity.

One example of microRNA targeting DNMT expression
is miR-29. In the germ cells of adult rats exposed neonatally
to estrogenic analog, EB (estradiol benzoate), and in mouse
spermatogonia type B-spermatocyte cell lines transfected
with miR-29, decrease of DNMT1, DNMT3a, DNMT3b
and anti-apoptotic myeloid cell leukemia sequence 1 (Mcl-
1) protein levels was observed (50). The DNMTs decrease
was associated with a concomitant increase in transcript
levels of previous DNA methylation target genes L1td1-
1ORF1 and ORF2, Cdkn2a and Gstp1, due to hypomethyla-
tion. Similarly, in hepatic cell differentiation, miR-148a was
critical in direct targeting of DNMT1 expression (51). Other
microRNAs, such as miR-152 and miR-17∼92 have also
shown transcriptional regulation of DNMT1 (52). Most of
these studies have established that an increase or decrease of
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Figure 6. Correlation of differential transcription and differential genomic methylation. (A) Heat map of rlog transformed read counts from top 100 genes
with lowest adjusted P values showing the differential transcription of the random 23-mers control RNA and miR-155-5p transfected cells. Correlation
of differential methylation of genome and differential transcription by overlapping the gene list obtained from RRBS and RNA-seq dataset. (B) All genes
covered by RRBS versus whole transcriptome. (C) Upregulated genes versus hypomethylated genes. (D) Downregulated genes versus hypermethylated
genes.
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microRNA expression is correlated with DNMTs mRNA
expression.

In our study, we have demonstrated a direct effect of
small RNA species, including microRNA, on DNMT1 en-
zyme activity. These RNAs inhibited DNMT1 activity via
binding to the catalytic region. Previously, DNMT2, a
protein with similar catalytic motif with that of DNMT1
was shown to bind tRNA and confer specificity as tRNA
methyltransferase suggesting the catalytic region of DN-
MTs have evolved as both DNA and RNA binder (53).
Once a microRNA binds DNMT1, this complex would lack
a turnover mechanism. So, if the binding affinity of RNA
and DNMT1 was strong, it would make a catalytically in-
competent complex, even in the presence of excess DNA as
observed in our study (Figure 3D). We also demonstrated
that DNMT1–RNA interaction and inhibition of DNMT1
activity is RNA sequence dependent. Subtle changes in
RNA sequence affected the binding of RNA with DNMT1
(Figure 1C). MicroRNA with different sequences exhibited
distinct inhibition constant (Table 1). However, we have not
described a consensus DNMT1 binding RNA sequence yet.
Although, the sequence spectrum of DNMT1 binder RNA
may be broad, more sequence analysis of DNMT1 bound
small RNA is needed to resolve this issue. Binding and in-
hibition of DNMT1 by miRNA resulted in aberrant DNA
methylation and altered gene expression. Recently, it has
been discovered that ecRNA (extra-coding RNA) arising
from the CEBPA locus regulates CEBPA methylation by
direct interaction with DNMT1, which results in elevated
expression of CEBPA mRNA (31). Our mechanistic stud-
ies suggest that microRNA, which is a member of the small
RNA or short noncoding RNA family (ncRNAs < 200 nu-
cleotides) (54), form complex with DNMT1 and this com-
plex exists in mammalian cells along with DNMT1–ecRNA
complex. So, it is possible that there are two distinct com-
plexes of cellular DNMT1, one catalytically active without
RNA and the other catalytically inactive with bound RNA.
Furthermore, the cellular mechanisms that make catalyti-
cally inactive DNMT1 to active is yet to be deciphered.

We also observed a small but significant hypomethylation
of the genome in miR-155-5p overexpression cell lines due
to inhibition of DNMT1 enzyme activity. The demethyla-
tion rate ranged between 0.2 and 36.4% affecting 4135 genes
and impacting the expression of a subset of them. We be-
lieve demethylation of some of these genes may be inad-
equate to alter gene expression. Another plausible expla-
nation is that DNA methylation and gene repression may
not be strictly correlated, since DNA methylation is not the
only epigenetic regulator that affects gene expression. In-
deed histone modification marks alone or in combination
with DNA methylation could also regulate genes expression
(55). In chronic lymphocytic leukemia, positive, negative
and nonsignificant correlation between gene expression and
DNA methylation were observed for multiple genes (56).
Only about 4% of the CpG sites showed a significant corre-
lation between DNA methylation and gene expression (56).

Recently another epigenetic writer, the multi-subunit hi-
stone methyltransferase complex, PRC2, is also shown to
bind RNA. In a study by Davidovich et al., PRC2 is shown
to bind any RNA promiscuously (57). PRC2 was found at
transcriptionally active chromatin in its catalytically inac-

tive form. In addition, the authors also find PRC2 bound
to repressed genes, and these genes are regulated by catalyt-
ically active PRC2-mediated methylation. Thus, the authors
propose a model in which promiscuous RNA binding of
PRC2 serves as a checkpoint to ensure the PRC2-mediated
gene silencing (57). The model indicates that promiscuous
RNA inappropriately transcribed from genuine polycomb
target gene recruit PRC2, resulting in stimulation of PRC2
activity, H3K27 trimethylation and repression of gene ex-
pression (57). Also in another study, PRC2 is guided to its
target in an inactive form by RNA and activated by interac-
tion with JARID2 (58). Both studies showed the loading of
PRC2 to RNA and the stable recruitment of the complex to
chromatin. EZH2 catalytic activity can be highly regulated
in independent cellular processes, which are at least in part
mediated by the modulation of RNA-binding affinities of
EZH2.

It is plausible that a large number of DNA and histone
methyltransferases are bound to RNA at the chromatin in-
terface. The lysine methyltransferase SET9 contains a split
SET domain and is capable of monomethylating different
proteins, and is inhibited by HOTAIR RNA in in vitro as-
says using histone octamers as substrates. Similar observa-
tion is also reported for SET8, a histone H4K20 methyl-
transferase (59). Inactivation of SET9 by RNA would have
implication on DNMT1 stability and DNA methylation
inheritance, since DNMT1 methylation at K142 by SET9
leads to its degradation by proteosomal pathways (60).
Thus it appears that some, if not all-epigenetic writer en-
zymes may be regulated by RNA. Thus, RNA may be a ma-
jor gatekeeper for epigenetic inheritance in vertebrates.
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6. Bostick,M., Kim,J.K., Estève,P.O., Clark,A., Pradhan,S. and
Jacobsen,S.E. (2007) UHRF1 plays a role in maintaining DNA
methylation in mammalian cells. Science, 317, 1760–1764.

7. Sharif,J., Muto,M., Takebayashi,S., Suetake,I., Iwamatsu,A.,
Endo,T.A., Shinga,J., Mizutani-Koseki,Y., Toyoda,T., Okamura,K.
et al. (2007) The SRA protein Np95 mediates epigenetic inheritance
by recruiting Dnmt1 to methylated DNA. Nature, 450, 908–912.

8. Riggs,A.D. (1975) X inactivation, differentiation, and DNA
methylation. Cytogenet. Cell Genet., 14, 9–25.

9. Holliday,R. and Pugh,J.E. (1975) DNA modification mechanisms
and gene activity during development. Science, 187, 226–232.

10. Leonhardt,H., Page,A.W., Weier,H.U. and Bestor,T.H. (1992) A
targeting sequence directs DNA methyltransferase to sites of DNA
replication in mammalian nuclei. Cell, 71, 865–873.

11. Hashimoto,H., Horton,J.R., Zhang,X., Bostick,M., Jacobsen,S.E.
and Cheng,X. (2008) The SRA domain of UHRF1 flips
5-methylcytosine out of the DNA helix. Nature, 455, 826–829.

12. Avvakumov,G.V., Walker,J.R., Xue,S., Li,Y., Duan,S., Bronner,C.,
Arrowsmith,C.H. and Dhe-Paganon,S. (2008) Structural basis for
recognition of hemi-methylated DNA by the SRA domain of human
UHRF1. Nature, 455, 822–825.

13. Bashtrykov,P., Jankevicius,G., Jurkowska,R.Z., Ragozin,S. and
Jeltsch,A. (2014) The UHRF1 protein stimulates the activity and
specificity of the maintenance DNA methyltransferase DNMT1 by
an allosteric mechanism. J. Biol. Chem., 289, 4106–4115.

14. Berkyurek,A.C., Suetake,I., Arita,K., Takeshita,K., Nakagawa,A.,
Shirakawa,M. and Tajima,S. (2014) The DNA methyltransferase
Dnmt1 directly interacts with the SET and RING finger-associated
(SRA) domain of the multifunctional protein Uhrf1 to facilitate
accession of the catalytic center to hemi-methylated DNA. J. Biol.
Chem., 289, 379–386.

15. Ziller,M.J., Gu,H., Muller,F., Donaghey,J., Tsai,L.T., Kohlbacher,O.,
De Jager,P.L., Rosen,E.D., Bennett,D.A., Bernstein,B.E. et al. (2013)
Charting a dynamic DNA methylation landscape of the human
genome. Nature, 500, 477–481.

16. Smith,Z.D., Chan,M.M., Humm,K.C., Karnik,R., Mekhoubad,S.,
Regev,A., Eggan,K. and Meissner,A. (2014) DNA methylation
dynamics of the human preimplantation embryo. Nature, 511,
611–615.

17. Lv,J., Liu,H., Su,J., Wu,X., Liu,H., Li,B., Xiao,X., Wang,F., Wu,Q.
and Zhang,Y. (2012) DiseaseMeth: a human disease methylation
database. Nucleic Acids Res., 40, D1030–1035.

18. Lin,R.K., Wu,C.Y., Chang,J.W., Juan,L.J., Hsu,H.S., Chen,C.Y.,
Lu,Y.Y., Tang,Y.A., Yang,Y.C., Yang,P.C. et al. (2010) Dysregulation
of p53/Sp1 control leads to DNA methyltransferase-1 overexpression
in lung cancer. Cancer Res., 70, 5807–5817.

19. Kobayashi,Y., Absher,D.M., Gulzar,Z.G., Young,S.R.,
McKenney,J.K., Peehl,D.M., Brooks,J.D., Myers,R.M. and
Sherlock,G. (2011) DNA methylation profiling reveals novel
biomarkers and important roles for DNA methyltransferases in
prostate cancer. Genome Res., 21, 1017–1027.

20. Agrawal,A., Murphy,R.F. and Agrawal,D.K. (2007) DNA
methylation in breast and colorectal cancers. Mod. Pathol., 20,
711–721.

21. Augoff,K., McCue,B., Plow,E.F. and Sossey-Alaoui,K. (2012)
miR-31 and its host gene lncRNA LOC554202 are regulated by
promoter hypermethylation in triple-negative breast cancer. Mol.
Cancer, 11, 5.

22. Yan,J., Guo,X., Xia,J., Shan,T., Gu,C., Liang,Z., Zhao,W. and Jin,S.
(2014) MiR-148a regulates MEG3 in gastric cancer by targeting
DNA methyltransferase 1. Med. Oncol., 31, 879.

23. Johnson,L.M., Du,J., Hale,C.J., Bischof,S., Feng,S.,
Chodavarapu,R.K., Zhong,X., Marson,G., Pellegrini,M., Segal,D.J.

et al. (2014) SRA- and SET-domain-containing proteins link RNA
polymerase V occupancy to DNA methylation. Nature, 507, 124–128.

24. Zhong,X., Du,J., Hale,C.J., Gallego-Bartolome,J., Feng,S.,
Vashisht,A.A., Chory,J., Wohlschlegel,J.A., Patel,D.J. and
Jacobsen,S.E. (2014) Molecular mechanism of action of plant DRM
de novo DNA methyltransferases. Cell, 157, 1050–1060.

25. Watanabe,T., Tomizawa,S., Mitsuya,K., Totoki,Y., Yamamoto,Y.,
Kuramochi-Miyagawa,S., Iida,N., Hoki,Y., Murphy,P.J., Toyoda,A.
et al. (2011) Role for piRNAs and noncoding RNA in de novo DNA
methylation of the imprinted mouse Rasgrf1 locus. Science, 332,
848–852.

26. Fabbri,M., Garzon,R., Cimmino,A., Liu,Z., Zanesi,N., Callegari,E.,
Liu,S., Alder,H., Costinean,S., Fernandez-Cymering,C. et al. (2007)
MicroRNA-29 family reverts aberrant methylation in lung cancer by
targeting DNA methyltransferases 3A and 3B. Proc. Natl. Acad. Sci.
U. S. A., 104, 15805–15810.

27. Wang,Y.S., Chou,W.W., Chen,K.C., Cheng,H.Y., Lin,R.T. and
Juo,S.H. (2012) MicroRNA-152 mediates DNMT1-regulated DNA
methylation in the estrogen receptor alpha gene. PLoS One, 7, e30635.

28. Sun,X., He,Y., Huang,C., Ma,T.T. and Li,J. (2013) The epigenetic
feedback loop between DNA methylation and microRNAs in fibrotic
disease with an emphasis on DNA methyltransferases. Cell. Signal.,
25, 1870–1876.

29. Bolden,A., Ward,C., Siedlecki,J.A. and Weissbach,A. (1984) DNA
methylation. Inhibition of de novo and maintenance methylation in
vitro by RNA and synthetic polynucleotides. J. Biol. Chem., 259,
12437–12443.

30. Holz-Schietinger,C. and Reich,N.O. (2012) RNA modulation of the
human DNA methyltransferase 3A. Nucleic Acids Res., 40,
8550–8557.

31. Di Ruscio,A., Ebralidze,A.K., Benoukraf,T., Amabile,G., Goff,L.A.,
Terragni,J., Figueroa,M.E., De Figueiredo Pontes,L.L.,
Alberich-Jorda,M., Zhang,P. et al. (2013) DNMT1-interacting RNAs
block gene-specific DNA methylation. Nature, 503, 371–376.

32. Pradhan,S., Bacolla,A., Wells,R.D. and Roberts,R.J. (1999)
Recombinant human DNA (cytosine-5) methyltransferase. I.
Expression, purification, and comparison of de novo and
maintenance methylation. J. Biol. Chem., 274, 33002–33010.

33. Rinn,J.L., Kertesz,M., Wang,J.K., Squazzo,S.L., Xu,X.,
Brugmann,S.A., Goodnough,L.H., Helms,J.A., Farnham,P.J.,
Segal,E. et al. (2007) Functional demarcation of active and silent
chromatin domains in human HOX loci by noncoding RNAs. Cell,
129, 1311–1323.

34. Krueger,F. and Andrews,S.R. (2011) Bismark: a flexible aligner and
methylation caller for Bisulfite-Seq applications. Bioinformatics, 27,
1571–1572.

35. Akalin,A., Kormaksson,M., Li,S., Garrett-Bakelman,F.E.,
Figueroa,M.E., Melnick,A. and Mason,C.E. (2012) methylKit: a
comprehensive R package for the analysis of genome-wide DNA
methylation profiles. Genome Biol., 13, R87.

36. Quinlan,A.R. and Hall,I.M. (2010) BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics, 26, 841–842.

37. Kim,D., Pertea,G., Trapnell,C., Pimentel,H., Kelley,R. and
Salzberg,S.L. (2013) TopHat2: accurate alignment of transcriptomes
in the presence of insertions, deletions and gene fusions. Genome
Biol., 14, R36.

38. Anders,S., Pyl,P.T. and Huber,W. (2015) HTSeq-a Python framework
to work with high-throughput sequencing data. Bioinformatics, 31,
166–169.

39. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

40. Reimand,J., Kull,M., Peterson,H., Hansen,J. and Vilo,J. (2007)
g:Profiler–a web-based toolset for functional profiling of gene lists
from large-scale experiments. Nucleic Acids Res., 35, W193–W200.

41. Adams,R.L., Burdon,R.H., McKinnon,K. and Rinaldi,A. (1983)
Stimulation of de novo methylation following limited proteolysis of
mouse ascites DNA methylase. FEBS Lett., 163, 194–198.

42. Zhang,C.M., Zhao,J. and Deng,H.Y. (2013) MiR-155 promotes
proliferation of human breast cancer MCF-7 cells through targeting
tumor protein 53-induced nuclear protein 1. J. Biomed. Sci., 20, 79.

43. Jin,H.Y., Oda,H., Lai,M., Skalsky,R.L., Bethel,K., Shepherd,J.,
Kang,S.G., Liu,W.H., Sabouri-Ghomi,M., Cullen,B.R. et al. (2013)



6124 Nucleic Acids Research, 2015, Vol. 43, No. 12

MicroRNA-17∼92 plays a causative role in lymphomagenesis by
coordinating multiple oncogenic pathways. EMBO J., 32, 2377–2391.

44. Vorlickova,M., Kejnovska,I., Sagi,J., Renciuk,D., Bednarova,K.,
Motlova,J. and Kypr,J. (2012) Circular dichroism and guanine
quadruplexes. Methods, 57, 64–75.

45. Deplus,R., Blanchon,L., Rajavelu,A., Boukaba,A., Defrance,M.,
Luciani,J., Rothe,F., Dedeurwaerder,S., Denis,H., Brinkman,A.B.
et al. (2014) Regulation of DNA methylation patterns by
CK2-mediated phosphorylation of Dnmt3a. Cell Rep., 8, 743–753.

46. Croce,C.M. (2009) Causes and consequences of microRNA
dysregulation in cancer. Nat. Rev. Genet., 10, 704–714.

47. Rhee,I., Bachman,K.E., Park,B.H., Jair,K.W., Yen,R.W.,
Schuebel,K.E., Cui,H., Feinberg,A.P., Lengauer,C., Kinzler,K.W.
et al. (2002) DNMT1 and DNMT3b cooperate to silence genes in
human cancer cells. Nature, 416, 552–556.

48. Kitkumthorn,N. and Mutirangura,A. (2011) Long interspersed
nuclear element-1 hypomethylation in cancer: biology and clinical
applications. Clin. Epigenetics, 2, 315–330.

49. Lopez de Silanes,I., Gorospe,M., Taniguchi,H., Abdelmohsen,K.,
Srikantan,S., Alaminos,M., Berdasco,M., Urdinguio,R.G.,
Fraga,M.F., Jacinto,F.V. et al. (2009) The RNA-binding protein HuR
regulates DNA methylation through stabilization of DNMT3b
mRNA. Nucleic Acids Res., 37, 2658–2671.

50. Meunier,L., Siddeek,B., Vega,A., Lakhdari,N., Inoubli,L.,
Bellon,R.P., Lemaire,G., Mauduit,C. and Benahmed,M. (2012)
Perinatal programming of adult rat germ cell death after exposure to
xenoestrogens: role of microRNA miR-29 family in the
down-regulation of DNA methyltransferases and Mcl-1.
Endocrinology, 153, 1936–1947.

51. Gailhouste,L., Gomez-Santos,L., Hagiwara,K., Hatada,I.,
Kitagawa,N., Kawaharada,K., Thirion,M., Kosaka,N.,
Takahashi,R.U., Shibata,T. et al. (2013) miR-148a plays a pivotal role
in the liver by promoting the hepatospecific phenotype and
suppressing the invasiveness of transformed cells. Hepatology, 58,
1153–1165.

52. Osella,M., Riba,A., Testori,A., Cora,D. and Caselle,M. (2014)
Interplay of microRNA and epigenetic regulation in the human
regulatory network. Front Genet, 5, 345.

53. Goll,M.G., Kirpekar,F., Maggert,K.A., Yoder,J.A., Hsieh,C.L.,
Zhang,X., Golic,K.G., Jacobsen,S.E. and Bestor,T.H. (2006)
Methylation of tRNAAsp by the DNA methyltransferase homolog
Dnmt2. Science, 311, 395–398.

54. Jacquier,A. (2009) The complex eukaryotic transcriptome:
unexpected pervasive transcription and novel small RNAs. Nat. Rev.
Genet., 10, 833–844.

55. Cameron,E.E., Bachman,K.E., Myohanen,S., Herman,J.G. and
Baylin,S.B. (1999) Synergy of demethylation and histone deacetylase
inhibition in the re-expression of genes silenced in cancer. Nat.
Genet., 21, 103–107.

56. Kulis,M., Heath,S., Bibikova,M., Queiros,A.C., Navarro,A., Clot,G.,
Martinez-Trillos,A., Castellano,G., Brun-Heath,I., Pinyol,M. et al.
(2012) Epigenomic analysis detects widespread gene-body DNA
hypomethylation in chronic lymphocytic leukemia. Nat. Genet., 44,
1236–1242.

57. Davidovich,C., Zheng,L., Goodrich,K.J. and Cech,T.R. (2013)
Promiscuous RNA binding by Polycomb repressive complex 2. Nat.
Struct. Mol. Biol., 20, 1250–1257.

58. Cifuentes-Rojas,C., Hernandez,A.J., Sarma,K. and Lee,J.T. (2014)
Regulatory interactions between RNA and polycomb repressive
complex 2. Mol. Cell, 55, 171–185.

59. Kaneko,S., Son,J., Bonasio,R., Shen,S.S. and Reinberg,D. (2014)
Nascent RNA interaction keeps PRC2 activity poised and in check.
Genes Dev., 28, 1983–1988.
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