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SUMMARY

Despite recent reports regarding the biology of cytosine methylation in Schistosoma mansoni, the impact of the regulatory
machinery remains unclear in diverse platyhelminthes. This ambiguity is reinforced by discoveries of DNA methyltrans-
ferase 2 (DNMT2)-only organisms and the substrate specificity of DNMT2 preferential to RNA molecules. Here, we
characterized a novel DNA methyltransferase, named CsDNMT2, in a liver fluke Clonorchis sinensis. The protein exhib-
ited structural properties conserved in other members of the DNMT2 family. The native and recombinant CsDNMT2
exhibited considerable enzymatic activity on DNA. The spatiotemporal expression of CsDNMT2 mirrored that of
5-methylcytosine (5 mC), bothofwhichwere elevated in theC. sinensis eggs.However,CsDNMT2and5 mCweremarginally
detected in other histological regionsofC. sinensis adults includingovaries and seminal receptacle.Themethylation site seemed
not related to genomic loci occupied by progenies of an active long-terminal-repeat retrotransposon. Taken together, our data
strongly suggest thatC. sinensis has preserved the functionalDNAmethylationmachinery and thatDNMT2 acts as a genuine
alternative to DNMT1/DNMT3 to methylate DNA in the DNMT2-only organism. The epigenetic regulation would target
functional genes primarily involved in the formation and/or maturation of eggs, rather than retrotransposons.

Key words: Clonorchis sinensis, DNA methylation, DNMT2, 5-methylcytosine, DNA-dependent methyltransferase, egg
development.

INTRODUCTION

Clonorchis sinensis is a parasitic trematode that causes
clonorchiasis in humans, which is highly prevalent
in China, Korea and Vietnam. This food-borne
parasite afflicts more than 35 million people world-
wide and thus, causes a great socio-economic
burden in endemic regions (Keizer and Utzinger,
2009). Humans are infected with the parasite by
consuming raw or undercooked freshwater fish con-
taining infectiveC. sinensismetacercariae. The meta-
cercariae excyst in the duodenum and migrate into
the bile ducts, where they grow into reproductive
adults. The main clinical manifestation of clonorch-
iasis is obstructive cholangiopathy including irregu-
lar dilatation and cystic degeneration of the bile
ducts, glandular hyperplasia and metaplasia of
mucin secreting biliary epithelial cells and subse-
quent periductal fibrosis (Hong, 2003). Most im-
portantly, chronic infection with C. sinensis is

likely to be closely involved with the generation of
cholangiocarcinoma, a malignant tumour arising in
the bile duct epithelium (Shin et al. 2010).
Together with Opisthorchis viverrini, C. sinensis has
been categorized as a Group I biocarcinogen by the
World Health Organization (Bouvard et al. 2009).
The draft genome of C. sinensis was recently gen-

erated and analysed by several Chinese research
groups (Wang et al. 2011; Huang et al. 2013). The
last assembled version demonstrated that the liver
fluke has a 547-Mb genome encompassing 13 634
protein-coding genes. The overall genome size and
coding capacity of C. sinensis were apparently
greater than those of other trematodes including
Schistosoma japonicum (398 Mb and 12 657 genes),
which can be partially attributed to increases in
exon numbers and intron lengths of the protein-
coding genes (The Schistosoma japonicum Genome
Sequencing and Functional Analysis Consortium,
2009; Huang et al. 2013), or to the higher copy
numbers as observed in a series of structural genes
(Cai et al. 2008; Bae et al. 2013a, b). Interestingly,
however, the fraction of repeating regions was
found to be lower in the C. sinensis genome
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(32·25% vs 40·13%); the distributions of short inter-
spersed nuclear elements and long-terminal-repeat
(LTR) retrotransposons were greatly reduced,
whereas those of other repeats including long inter-
spersed nuclear elements were slightly greater
(The Schistosoma japonicum Genome Sequencing
and Functional Analysis Consortium, 2009; Huang
et al. 2013). These genomic characters were reduced
significantly in cestodes, which are phylogenetically
more closely related to trematodes than other parasitic
groups (Tsai et al. 2013). Taken together, these
findings suggest that diverse platyhelminthes have
developed different molecular mechanisms involved
in chromosome/genome evolution.
DNA methylation is well known for its involve-

ment in regulating gene expression, condensing chro-
matin and maintaining genome stability (reviewed
in Law and Jacobsen, 2010). Methylation of the
5′ carbon of cytosine (5-methylcytosine, 5 mC) in
cytosine- and guanine-rich DNA sequences is fre-
quently associated with promoters and transposons.
The 5 mC-dependent regulatory machinery is widely
conserved in various animal and plant taxa, where
DNA methyltransferase (DNMT) 1 and DNMT3
are responsible for themaintenance and establishment,
respectively, of the genome-wide DNA methylation
map (i.e. methylome). Meanwhile, the discovery of
DNMT2-only or DNMT-free organisms has raised
questions concerning the universal role of DNA
methylation and/or the specific function(s) of
DNMT2 (Jeltsch, 2010; Schaefer and Lyko, 2010;
Raddatz et al. 2013).
Recently, cytosine methylation was investigated in

Schistosoma mansoni (Geyer et al. 2011). The blood
fluke was shown to possess functional DNA methy-
lation machinery, where a single DNMT2-like
protein (SmDNMT2) was responsible for the rele-
vant enzymatic activity. The DNMT2-orthologous
proteins, together with the methyl-CpG binding
domain proteins (MBDs), are well conserved through-
out the phylumPlatyhelminthes (Geyer et al. 2013). It
was also demonstrated that representative species of
four platyhelminth classes contain 5 mC in their
genomicDNAs. However, no definitiveDNAmethy-
lation pattern was detected in a comprehensivemethy-
lome analysis of S. mansoni, suggesting that DNA
methylation might be dispensable in the parasite
(Raddatz et al. 2013). In an effort to address the contro-
versial issue in platyhelminthes, we examined DNA
methylation-related phenomena in C. sinensis expres-
sing a single DNMT protein homologous to
DNMT2familymembers.The spatiotemporal expres-
sion pattern of Clonorchis DNMT2 (CsDNMT2),
which was largely restricted to eggs, coincided well
with thehistological distributionof 5 mCandexhibited
considerable methyltransferase activity toward DNA.
These results support the notion that DNA methyla-
tion-dependent activity is functional primarily during
early developmental stages of trematode parasites.

MATERIALS AND METHODS

Isolation of CsDNMT2

A partial 320-amino acid protein, annotated as
CsDNMT2 (GAA54195), was isolated from the C.
sinensis database of GenBank (http://www.ncbi.nlm.
nih.gov/genbank/) through a series of BLAST
searches using the amino acid sequences of human
DNMTs (HsDNMT1, NP_001124295; HsDNMT2,
NP_004403; HsDNMT3a, NP_783328; HsDNMT3b,
NP_008823). A coding DNA sequence (CDS) corre-
sponding to the CsDNMT2 fragment (963 bp) was
extracted from a C. sinensis genomic scaffold
(DF143779). Two primers were prepared from the
upstream (reverse direction, 5′-CGGAGGGCTCA
TGCTCCAC-3′) and downstream (forward direc-
tion, 5′-GACTTTTTGGACGATAAC-3′) regions
of the CDS. The primers were used in combination
with T3 and T7 promoter primers to amplify the
5′- and 3′-regions of CsDNMT2 transcript by poly-
merase chain reaction (PCR) from a C. sinensis egg
cDNA library (provided by Division of Malaria
and Parasitic Diseases, Korea Centers for Disease
Control and Prevention). The nucleotide sequences
of both amplicons were determined and overlapped
to obtain a cDNA contig. Integrity of the overlapped
sequence was confirmed by amplifying the full
open reading frame (ORF) of CsDNMT2 in the
cDNA library with an ORF-specific primer pair
(CsDNMT-ORF-F, 5′-ATGCGTGTGCTGGA
GTTGTATTC-3′ and CsDNMT-ORF-R, 5′-T
CAGTTAGTCTTTTGTGCCGAC-3′).

Sequence analysis

The structure of chromosomal CsDNMT2 gene was
determined by aligning genomic and full-length
cDNA sequences. The ORF was identified using
the ORF Finder program at the NCBI web site
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The
translated amino acid sequence was subject to a func-
tional domain search against the InterPro database of
protein families using InterProScan 5 (http://www.
ebi.ac.uk/interpro/). The presence of an N-terminal
hydrophobic sequence was examined by the SignalP
4·1 program (http://www.cbs.dtu.dk/services/
SignalP/). The primary structure of the
CsDNMT2 protein was compared with those of
other platyhelminth orthologs, as well as those of
previously characterized DNMT2s (Dong et al.
2001; Schultz et al. 2012; Li et al. 2013), using the
Clustal X program (ver. 2·1).

Prediction of secondary and tertiary structures

The secondary and tertiary structures of CsDNMT2
were predicted by the I-TASSER program (ver. 3·0;
http://zhanglab.ccmb.med.umich.edu/I-TASSER/),
which combines threading, ab initio modelling and
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structural refinement (Zhang, 2008). The template
modelling-score (TM-score) and root mean square
deviation (RMSD) were calculated between
CsDNMT2 and the reference models, and were
then used to evaluate the quality of the predicted
tertiary structure(s). The stereochemical quality of
the models was validated by subjecting PDB files
obtained by I-TASSER to the PROCHECK
server (http://www.ebi.ac.uk/thornton-srv/databases/
pdbsum/Generate.html). The resulting model was
visualized with the PyMol program (DeLano, 2002).

Generation of recombinant CsDNMT2Ab and specific
antiserum

A cDNA segment (612 bp) corresponding to the
middle-region of CsDNMT2 was amplified from
the egg cDNA library using a specific primer pair
(5′-CAGAATTCGAGGTGACAGCATTCAATG
C-3′ with EcoR I site and 5′-GACTCGAGACAA
GGACGAACAATGTCCAGG-3′ with Xho I site).
The PCR product was digested with EcoR I and
Xho I, ligated into the EcoR I/Xho I site of pET-28a
plasmid (Novagen, Madison, WI, USA), then intro-
duced intoEscherichia coliDH5α cells.The expression
fidelity of transformed clones was validated by auto-
mated DNA sequencing. The plasmid was expressed
in E. coli BL21 (DE3) cells in the presence of 0·5
mM isopropyl-β-D-thiogalactopyranoside for 4 h at
37 °C. The recombinant protein (rCsDNMT2Ab)
was purified under denaturing conditions by
nickel-nitrilotriacetic acid (Ni-NTA) agarose chro-
matography (Qiagen, Valencia, CA, USA). The
eluents were examined by 12% SDS-PAGE under re-
ducing conditions.
Purified rCsDNMT2Ab (30 μg) was mixed with

the complete (for the first injection) or incomplete
(for the second and third injections) Freund’s adju-
vants (Sigma-Aldrich, St. Louis, MO, USA) and
subcutaneously injected into BALB/c mice three
times at 2-week intervals. The mice were finally
boosted through the tail vein with 10 μg protein
and sacrificed 7 days later. The blood was collected
by heart puncture, centrifuged for 10 min at 3000 g
at 4 °C and stored at −80 °C until use. The protocol
was approved by the Institutional Review Board and
conducted in the Laboratory Animal Research
Center of Sungkyunkwan University, Korea (proto-
col 13–17).

Preparation of parasitic materials

AdultC. sinensis worms were isolated from the hepa-
tobiliary tract of experimentally infected rats, as
described in a previous report (Bae et al. 2013b).
The worms were homogenized in Triton
Extraction Buffer (TEB: PBS containing 0·5% [v/v]
Triton X-100 and a protease inhibitor cocktail [com-
plete; Roche Diagnostics GmbH, Mannheim,

Germany]) using a Dounce tissue grinder (Wheaton,
Millville, NJ, USA). The homogenate was centri-
fuged at 10 000 g for 20 min at 4 °C and the super-
natant was stored as a cytosolic protein extract
(A-CyE). After washing with TEB, the nuclei
pellet was suspended in 0·2 N HCl and incubated
overnight at 4 °C. The solution was centrifuged at
20 000 g for 5 min at 4 °C. The resulting supernatant
was designated as a nuclear protein extract (A-NuE).
Another set of cytosolic and nuclear protein

extracts were prepared without use of any probable
denaturant such as detergent and HCl following
the experimental protocol described by Sigma-
Aldrich (http://www.sigmaaldrich.com/). Briefly,
frozen C. sinensis adults were ground to powder on
liquid nitrogen using a mortar and pestle. Worm
powder was dissolved into a lysis buffer (10 mM

HEPES, pH 7·9, with 1·5 mM MgCl2 and 10 mM

KCl) containing 1 mMDTT and a protease inhibitor
cocktail (Complete; Roche Diagnostics GmbH,
Mannheim, Germany). After centrifugation at
10 000 g for 20 min at 4 °C, the supernatant was
taken as a cytosolic extract (W-CyE). The nuclei
pellet was suspended in an extraction buffer (20
mM HEPES, pH 7·9, with 1·5 mM MgCl2, 0·42 M

NaCl, 0·2 mM EDTA and 25% [v/v] glycerol) with
1 mM DTT and the protease inhibitors. The solu-
tion was shaken gently at 4 °C for 30 min and centri-
fuged at 20 000 g at 4 °C for 5 min. The resulting
supernatant (nuclear extract, W-NuE) and the cyto-
solic extract were dialyzed against PBS (pH 7·0).
Live C. sinensis adults were incubated in phenol

red-free RPMI-1640 (pH 7·2) at 37 °C overnight.
Eggs were collected from the medium and examined
under a dissection microscope to remove any frag-
ment from dead worm bodies. After washing with
PBS (pH 7·0) more than five times, the eggs were
ground under liquid nitrogen in a mortar and
pestle. Total RNA, genomic DNA and proteins
were extracted from the egg powder using the
TriZol reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). A
similar approach was used to isolate RNA and
DNA from adult C. sinensis worms. Genomic
DNA was also extracted from normal rat liver as
positive control using the Wizard Genomic DNA
purification Kit (Promega, Madison, WI, USA).

Examination of native CsDNMT2 expression

Total RNAs (1 μg) extracted from C. sinensis eggs
and adults were reverse-transcribed into single-
stranded cDNAs using a RNA PCR kit (AMV,
ver. 3·0; Takara, Shiga, Japan) in a 10 μL reaction
volume. The cDNAs (1 μL) were used to amplify
CsDNMT2 using the gene-specific primer pairs
(5′-GAGCATGAGCCCTCCGTGTCAAC-3′ and
5′-CAACGGGACTTACGATCACAAGG-3′ for
CsDNMT2Ab; 5′-ATGCGTGTGCTGGAGTT
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GTATTC-3′ and 5′-TCAGTTAGTCTTTTGT
GCCGAC-3′ for CsDNMT2ORF) under the fol-
lowing conditions: 2 min at 94 °C (preheat); 50 s
at 94 °C, 50 s at 60 °C, 1·5 min at 72 °C (26 cycles);
5 min at 72 °C (final extension). Primers specific to
a tropomyosin gene (CsTrop, L43918; 5′-TGAGT
CTCGTCTAGAAGCTGCTG-3′ and 5′-GGT
GAAATACGTAGGTTTGAACAC-3′) were used
as an internal control.
Protein extracts (50 μg) from eggs and adults (A-

CyE and A-NuE) were separated on 12% SDS-
PAGE gels under reducing conditions. The
protein bands were transferred onto nitrocellulose
membranes (Schleicher & Schuell Bioscience,
Dassel, Germany) and the membranes were incu-
bated with the anti-rCsDNMT2Ab antibody
(1:1000 dilution). Positive reactions were visualized
with horseradish peroxidase (HRP)-conjugated rabbit
anti-mouse IgG antibody (Bethyl Laboratories,
Montgomery, TX, USA) and an enhanced chemilu-
minescence (ECL) detection system (GEHealthcare,
Pittsburgh, PA, USA). The proteins (10 μg) were
similarly examined by the Western blot analysis
with an anti-histone H3 antibody (CT, Pan, clone
A3S; Millipore, Billerica, Massachusetts, USA).
Whole mounts of C. sinensis adults were prepared

as previously described (Bae et al. 2013b), then incu-
bated with the mouse anti-rCsDNMT2Ab antibody
overnight at 4 °C followed by a fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse IgG
antibody (Sigma-Aldrich). The slides were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI,
10 mg mL−1; Invitrogen) for 5 min at 4 °C in the
dark and observed under a fluorescence microscope
(IX-70; Olympus, Tokyo, Japan). The worm sections
were also incubated with a pooled normal mouse
serum (negative control) or a 5 mC-specific antibody
(33D3; Epigentek, Farmingdale, NY, USA).

Detection of 5 mC in the genomic DNA of C. sinensis

Genomic DNA (5 μg) prepared from adult worms
was digested with Msp I or Hpa II, fractionated on
1% agarose gels and then either visualized by eth-
idium bromide staining or processed for Southern
blotting. The blots were hybridized with CsRn1
LTR probe enzymatically labelled with an ECL
Direct Labelling Kit (Amersham Pharmacia
Biotech) and signals were visualized with the ECL
Detection Kit and X-ray film.
The presence of 5 mC was quantitatively exam-

ined in the genomic DNA of C. sinensis eggs and
adults (100 and 400 ng/well) using a methylated
DNA quantification kit (MethylFlash™; Epigentek)
according to the manufacturer’s instructions. Rat
genomic DNA and pET-28a plasmid, that had been
linearized by EcoR I digestion, were included in the
analysis as positive andnegative controls, respectively.
The assay was performed in triplicate and the relative

amounts of the 5 mC were presented as the mean ±
standard deviation (S.D.) of absorbance at 450 nm.

DNA methyltransferase activity of CsDNMT2

DNA fragment corresponding to the ORF region of
CsDNMT2 was amplified with the ORF-specific
primers to generate the full-length recombinant
CsDNMT2 protein (rCsDNMT2ORF). The
protein expressed in inclusion bodies was refolded
via a series of dialysis against decreasing concentra-
tions of guanidine hydrochloride solution, as previ-
ously described (Thomson et al. 2012). The refolded
protein was purified by Ni-NTA agarose chromatog-
raphy and finally dialyzed against PBS (pH 7·0).
Presence ofCsDNMT2andhistoneH3 in thewhole

worm extracts (W-CyE and W-NuE; each 20 μg) was
examined by Western blot analysis. The protein
samples (20 μg/reaction) and rCsDNMT2ORF (0·1,
0·2 and 0·4 μg/reaction) was used in themeasurement
of the DNMT activity using a DNAmethyltransfer-
ase activity assay kit (EpiQuik™; Epigentek). The
mean ± S.D. of absorbance at 450 nm, which was
determined from triplicate reactions, was expressed
as a relative enzyme activity.

RESULTS

Isolation of C. sinensis gene homologous to DNMT2

A BLASTp search with HsDNMT2 enabled re-
trieval of a partial 320-aa sequence (GAA54195)
from the Clonorchis proteome database, which had
been annotated as DNA (cytosine-5-)-methyltrans-
ferase (coverage 83%, E-value 8e-58, and identity
38%). The HsDNMT1 and HsDNMT3 sequences
did not have any significant match in the database.
Whole genome screening using HsDNMTs and the
Clonorchis sequence by tBLASTn also isolated only
a single nucleotide sequence (BADR02002681) con-
taining the putativeClonorchisDNMT2 gene. Based
on the nucleotide information, a full-length cDNA
sequence was isolated from an egg cDNA library
of C. sinensis and named CsDNMT2. The
CsDNMT2 ORF was 1143 bp in length encoding a
380-aa protein. Consistent with the BLAST
results, functional analysis of the protein by
InterProScan identified the CsDNMT2 as a C-5
cytosine methyltransferase (InterPro; IPR001525),
a DNA_methylase (PFAM; PF00145) and a
C5METTRFRASE (PRINTS; PR00105). The
CsDNMT2 sequence was deposited in the
GenBank with the accession number KM491714.

Structural characterization of CsDNMT2

The amino acid sequence of CsDNMT2 was aligned
with those of DNMT2 proteins in protozoa, platy-
helminthes and human (Fig. 1). All sequences exam-
ined shared well-conserved motifs found in the
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DNMT2 protein family (motif I–X), even though
hypervariable regions were observed between motif
VIII and the target recognition domain. The aa resi-
dues involved in substrate binding could be recog-
nized at their respective positions (open circles in
Fig. 1; Dong et al. 2001). Cysteine and glutamic
acid, which are known to act as catalytic nucleophiles
for the initial attack of DNA methyltransferase and
RNA methyltransferase, respectively (Jeltsch et al.
2006; Jurkowski et al. 2008), were conserved in
motifs IV and VI (C7 and E114 marked by closed
circles). The SignalP program could not recognize
an N-terminal hydrophobic sequence. The exon-
intron architectures of the DNMT2 genes were
also highly comparable among the platyhelminth
and human homologs; five introns of the
HsDNMT2 gene were orthologous to those of platy-
helminth genes (62·5%; Fig. 2A).
A total of three models were suggested for the ter-

tiary structure of CsDNMT2 protein by I-TASSER
using multiple threading templates including
Spodoptera frugiperda (PDB no. 4h0nA),

Entamoeba histolytica (PDB no. 3qv2A) and human
(PDB no. 1g55A) DNMT2s (Supplementary
Table S1). The confidence scores (C-score) of the
simulated models were found to be −0·53 (model
1), −0·58 (model 2) and −0·59 (model 3). The
TM-score and RMSD of model 1 showing the
highest confidence were determined to be 0·65 ±
0·13 and 7·9 ± 4·4 Å, respectively. A Ramachandran
plot was generated by the PDBsum server to evalu-
ate the stereochemical quality of model 1. As
shown in Fig. 2B, amino acids residing in most
favoured regions, additional allowed regions, gener-
ously allowed regions and disallowed regions were
estimated to be 85·4% (292 residues), 10·5% (36 resi-
dues), 2% (7 residues) and 2% (7 residues), respect-
ively (see legend to Fig. 2B). The statistical quality
of the simulated structure was substantially enhanced
when HsDNMT2 was used as the guide template,
which occupied the top of the PDB enzyme
homolog list obtained by functional prediction (C-
score 0·23, TM-score 0·74 ± 0·11 and RMSD 6·2 ±
3·8 Å). The tertiary structure of CsDNMT2 was

Fig. 1. Sequence alignment of Clonorchis sinensis DNMT2 with its orthologs. Dots represent gaps introduced during the
alignment. Different shades of grey indicate the degrees of similarity among sites. Secondary structural elements (rods for
α-helix and arrows for β-strand) of CsDNMT2 and HsDNMT2 are presented at the top and bottom of the alignment,
respectively. Conserved sequence motifs of the DNMT2 family are marked with Roman numerals (I–X). Amino acids
involved in substrate binding are distinguished with open circles. Closed circles mark cysteine and glutamic acid acting as a
catalytic nucleophile in DNA (C76) and RNA (E114) methyltransferases, respectively. TRD indicates the target
recognition domain. The sequences used in the alignment were retrieved from the GenBank database: EgDNMT2,
Echinococcus granulosus (CDJ23387); EhDNMT2, Entamoeba histolytica (XP_655267); EmDNMT2, Echinococcus
multilocularis (CDI70800); HmDNMT2,Hymenolepis microstoma (CDJ13147); HsDNMT2,Homo sapiens (NP_004403);
SfDNMT2, Spodoptera frugiperda (AFS64716); SmaDNMT2, Schistosoma mansoni (XP_002575636); SmeDNMT2,
Schmidtea mediterranea (AHB82105).
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well aligned with that of HsDNMT2, where aa resi-
dues constituting the substrate-binding site of each
molecule were similarly spaced (Fig. 2C).

Examination of CsDNMT2 expression and
chromosomal 5 mC

The CsDNMT2 transcripts were readily amplified
by RT-PCR using C. sinensis egg RNA, whereas

the mRNA was substantially reduced in a whole
adult worm sample (Fig. 3A). The differential
expression of CsDNMT2 between egg and adult
stages was further evidenced by Western blot
analysis of C. sinensis proteins with the
rCsDNMT2Ab-specific antibody (Fig. 3B). A
strong positive signal was detected between 40 and
50 kDa on the lane loaded with the egg proteins, of
which molecular weight was comparable with that

Fig. 2. Structural conservation ofClonorchis sinensisDNMT2 gene (CsDNMT2) and its protein product. (A) Exon-intron
architecture of platyhelminth DNMT2 genes (SmaDNMT2 of Schistosoma mansoni; EgDNMT2 of Echinococcus
granulosus; HmDNMT2 of Hymenolepis microstoma) were compared with those of protozoan (EhDNMT2 of Entamoeba
histolytica) and human (HsDNMT2) genes. The coding sequences (CDS) are presented with open squares in proportion to
their relative sizes and the intervening introns are marked by indentations with a fixed length. The phase of each intron
(blue Arabic numerals), as well as the length of the exons and introns in base pairs, is also marked at the corresponding
position. The dotted vertical lines connect introns occupied in an orthologous position. Red squares mark the exons of
platyhelminth genes, which have been further split in the vertebrate orthologs. (B) A Ramachandran plot was generated to
evaluate the stereochemical quality of the predicted CsDNMT2 tertiary structure. Most favoured regions (A, B and L) are
coloured in red, while additional allowed (a, b, l and p), generously allowed (-a, -b, -l and –p) and disallowed regions are
shown as brown, yellow and light yellow, respectively. Blue squares and triangles represent non-glycin and glycin residues
in most favoured and additional allowed regions. Red squares mark non-glycin residues in generously allowed and
disallowed regions. (C) The tertiary structures of CsDNMT2 (ocher) and HsDNMT2 (yellowish green) were predicted
with the I-TASSER program and aligned with each other using the PyMol program. The amino acids composing the
substrate binding site are marked in red. White arrows in the CsDNMT2 model indicate amino acid stretches
corresponding to those of human protein that were deleted during crystallization (Dong et al. 2001).
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of CsDNMT2 (43·3 kDa), however, lanes with the
adult protein extracts (A-CyE and A-NuE) did not
show any considerable reactivity with the antibody.
An anti-histone H3 antibody was found to react
similarly with the egg proteins and adult nuclear
proteins (lower panel of Fig. 3B).
Restriction patterns of adult genomic DNA with

Msp I and Hpa II were similar when examined by
ethidium bromide staining or Southern blot analysis
with the CsRn1 LTR probe (Fig. 4A). The presence
of 5 mC in the genomic DNAs of C. sinensis adults
and eggs was further examined using the methylated

DNA quantification assay kit. Rat genomic DNA
and pET-28a plasmid DNA were used as positive
and negative controls, respectively. The parasite
DNAs exhibited considerable reactivity against the
5 mC-specific antibody in the ELISA-based analysis
(P-values of one-tailed t-test <0·0001; Fig. 4). The
signal was dose-dependent relative to DNA concen-
tration and substantially higher in egg-stage DNA.
Rat DNA was also found to be highly reactive
against the antibody, whereas that of the bacterial
plasmid was negligible. These findings coincided
well with the histological localities of CsDNMT2

Fig. 3. Expression pattern of CsDNMT2. (A) The relative expression level of CsDNMT2 was examined by reverse
transcription PCR, using total RNAs extracted fromClonorchis sinensis eggs and adults (Adu).CsDNMT2Ab corresponded
to a middle region of the CsDNMT2 coding sequence (positions 181–792), while CsDNMT2ORF covered the full coding
sequence. Amplification of CsTrop was included as an internal control. (B) Presence of native CsDNMT2 in the egg and
adult protein extracts was determined by Western blot analysis with the anti-rCsDNMT2Ab antibody. The cytosolic (A-
CyE) and nuclear (A-NuE) proteins of adult C. sinensis, which were extracted using the Dounce homogenizer to minimize
contamination by egg materials, were used for the examination. Antibody specific to histone H3 was applied in the
examination as a control.

Fig. 4. Detection of 5-methylcytosine (5 mC) in the chromosomal DNA of Clonorchis sinensis. (A) Adult genomic DNA
was digested with the 5 mC-sensitive Hpa II (H) or 5 mC-insensitive Msp I (M) isoschizomers. After electrophoresis on
1% agarose gels, the restriction fragments were visualized by ethidium bromide staining (EtBr) or hybridized with the
long-terminal-region sequence of CsRn1 (CsRn1 LTR) in a Southern blot. The signals were developed using an ECL
detection system. DNA size standards are shown on the left. (B) Relative abundance of 5 mC in the genomic DNAs of
C. sinensis eggs and adults was assayed using ELISA. Relative amounts of 5 mC were estimated as the average absorbance
at 450 nm± standard deviation from triplicate reactions. Rat and pET-28a plasmid DNAs were included as positive and
negative controls. Concentrations of DNAs added in the measurements are presented in ng at the bottom of the
histograms. Asterisks indicate reactions with one-tailed p values less than 0·0001 based on Student’s t test compared with
the reactions without DNA.
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and 5 mC in adult worms. Both molecules appeared
to be largely restricted within intrauterine eggs,
while some marginal signals were detected in vitel-
line follicles, ovary and the seminal receptacle
(Fig. 5).

Methyltransferase activity of rCsDNMT2ORF

Since native CsDNMT2 was not detected in the
adult proteins extracted using the Dounce homogen-
izer (Fig. 3B), another set of protein extracts (W-
CyE and W-NuE) was prepared from adult worms

Fig. 5. Histological distributions of CsDNMT2 and 5-methylcytosine (5 mC) in adult Clonorchis sinensis sections. The
adult worm sections were incubated with antibody specific to CsDNMT2 or 5 mC. Positive binding was visualized by
staining the sections with a fluorescein isothiocyanate (FITC)-conjugated secondary antibody. A pooled serum obtained
from normal mice was used as a negative control and nuclei were counter-stained with 49,6-diamidino-2-phenolindole
(DAPI). SR, seminal receptacle; Teg, tegument; VF, vitelline follicle. White arrows in FITC-stained images indicate
epifluorescent eggshells.
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homogenized with a mortar and pestle on liquid ni-
trogen. The acid-extraction step was excluded to
prevent protein denaturation. This nuclear extract
contained a substantial amount of native
CsDNMT2, although histone H3 was greatly
reduced likely resulting from using a more neutral ex-
traction procedure (inset panel in Fig. 6). The
rCsDNMT2ORF protein expressed in the inclusion
bodies of E. coli cells was refolded under in vitro con-
ditions to obtain a bioactive form. The protein was
used in the determination of DNA methyltransferase
activity after purification, together with the W-CyE
and W-NuE. As shown in Fig. 6, the 5 mC-specific
antibody was highly reactive with DNAs that were
pre-incubated with the refolded rCsDNMT2ORF or
with the nuclear extract (W-NuE) of C. sinensis, as
well as control DNMT protein included in the assay
kit (+control). The signal intensity increased relative
to increasing rCsDNMT2ORF added during the pre-
incubation step. Similar to the results from Western
blot analysis (inset panel), substrate DNA mixed
with the cytosolic proteins (W-CyE) exhibited minor
reactivity with the 5 mC-specific primary antibody.

DISCUSSION

Some structural features of partial CsDNMT2
(GAA54195) have recently been described by

Geyer et al. (2013). In the present study, we deter-
mined the full-length CsDNMT2 gene and pro-
posed a three-dimensional model for the protein.
The DNA methyltransferase activity and spatio-
temporal expression/distribution pattern of the
Clonorchis protein were also examined in association
with that of 5 mC. The protein shared structural
properties with DNMT2 family proteins isolated
from various organisms. The expression pattern of
CsDNMT2 coincided well with the histological lo-
cality of 5 mC, both of which were largely restricted
within uterine eggs and only slightly presented
in other tissues including seminal receptacle.
Comprehensive screening of the parasite’s whole
genome using the sequences of CsDNMT2 and
HsDNMTs demonstrated that only the
CsDNMT2 protein might provide enzymatic activ-
ity responsible for the conversion of cytosine into 5
mC in the chromosomal DNA of C. sinensis.
5mC and related molecules involved in gene silen-

cing and suppression of transposable elements seem
to have evolved in the last eukaryotic common ances-
tor (Jurkowski and Jeltsch, 2011). DNMT3 and
DNMT1 are believed to be responsible for the es-
tablishment of organism-specific methylomes, al-
though different sets of these enzymes have been
identified in several organisms (Zemach and
Zilberman, 2010). However, DNMT2-only or
DNMT-free organisms contradicted the widely
accepted role of DNA methylation in eukaryotes
(Jeltsch, 2010; Raddatz et al. 2013). The genomes
of parasitic platyhelminthes examined here were
also found to encode a single DNMT2 protein
(Fig. 1; Geyer et al. 2013). Geyer et al. (2011)
described detection of chromosomal 5 mC and its
biological implication, especially those associated
with the oviposition processes, in S. mansoni.
However, no clearly defined pattern such as CpG
specificity was recognized in the DNMT2-depend-
ent methylome of the blood fluke, which might
propose that 5 mC does not function in the regula-
tion of gene expression (Raddatz et al. 2013). The
CsDNMT2 protein and chromosomal 5 mC were
largely localized within eggs in adult C. sinensis
(Fig. 5). Adult proteins extracted using the
Dounce homogenizer, which rarely disrupts egg-
shells, did not contain any detectable amount of
CsDNMT2 (Fig. 3B). Therefore, the detection of
5 mC (Fig. 4) and DNMT activity (Fig. 6) in
adult-derived DNA and protein, respectively, are
likely due to the presence of egg DNAs and proteins
that were released during the isolation steps.
Considering that the schistosome DNA used in the
previous methylome analysis was prepared from
adult males (Raddatz et al. 2013), DNMT2 ortho-
logs appear to express their methylation activity
during egg stages in parasitic trematodes.
DNA methylation is also responsible for the pre-

vention of intra-genomic multiplication of Class I

Fig. 6. DNA methyltransferase activity of
rCsDNMT2ORF. The enzymatic activity of
rCsDNMT2ORF was measured against a DNA substrate.
Reactions with the cytosolic (W-CyE) andnuclear (W-NuE)
proteins ofClonorchis sinensis adults,whichwereprepared by
a liquid nitrogen-based method, were included in the assay,
as well as those with no protein (−control) or those with
DNMT1 (+control). Inset panel shows the Western blot
results of W-CyE and W-NuE with the CsDNMT2- and
H3-specific antibodies. The relative activity is represented as
an average absorbance at 450 nm± standard deviation from
triplicate reactions. Asterisks indicate reactions with one-
tailed p values less than 0·0001 based on Student’s t test
compared with the negative control.
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transposable elements (i.e. retrotransposons). The
first retrotransposition step, transcription, is
blocked by a 5 mC-mediated molecular mechanism
within or near the promoter of autonomous elements
(Yoder et al. 1997). In mammals, retrotransposons
expand with increased transcriptional activity, after
genome-wide DNA methylation is abolished
during an early stage of embryogenesis (Kano et al.
2009). The chromosomal DNA of C. sinensis adults
exhibited a similar susceptibility to the methyla-
tion-insensitive Msp I and methylation-sensitive
Hpa II isoschizomers. Southern blot analysis of
the DNA fragments with the LTR probe of
CsRn1, an active Gypsy-like LTR retrotransposon
residing in the C. sinensis genome (Bae et al. 2001;
Bae and Kong, 2003), also demonstrated the negli-
gible level of DNA methylation in the CsRn1 pro-
moter region (Fig 4A). Egg DNA, which showed a
strong 5 mC-specific signal (Figs 4B and 5), could
not be examined by the restriction pattern analysis
due to insufficient egg DNA. Methylome analysis
of egg DNA and identification of target genes with
defined DNA methylation patterns would help
address this issue in DNMT2-only platyhelminthes.
Despite structural conservation among DNMT

families, the role of DNMT2 has been highly enig-
matic, mainly due to gene mutants displaying only
minor phenotypes. The role of DNMT2 as a DNA
methyltransferase in DNMT1/DNMT3-deficient
eukaryotes has also been challenged by its tRNA-
biased substrate specificity (Goll et al. 2006;
Schaefer and Lyko, 2010). DNMT proteins are
subject to posttranslational modification including
methylation and phosphorylation to increase their
stability and/or activity (Kinney and Pradhan,
2011). However, the biochemical properties of
DNMT2 homologs presently available were
obtained largely by using recombinant proteins
expressed in E. coli cells (Fisher et al. 2004; Li
et al. 2013; Müller et al. 2013). It is possible that
posttranslational modification events induce con-
formational changes to affect positions of catalytic
nucleophiles (i.e. C76 for DNA and E114 for
RNA; Fig. 1), which alters substrate preference
(Jeltsch et al. 2006; Jurkowski et al. 2008). For
example, examination of the CsDNMT2 sequence
with NetPhos (http://www.cbs.dtu.dk/services/
NetPhos/) suggested multiple serine, threonine and
tyrosine residues as targets for phosphorylation
(data not shown). Alternatively, the general plasti-
city of the target recognition could be dependent
on the surrounding conditions including the
absence/presence of specific cofactor protein(s).
DNMT1 associated protein (GAA32832; Rountree
et al. 2000) and methyl binding domain protein
(MBD) 1 (GAA50068)/MBD2 (GAA57483)
encoded in the DNMT2-only Clonorchis genome
could be candidates for the future examination.
Investigations on the substrate preference and

effects of transacting proteins with rCsDNMT2 pre-
pared in a eukaryotic system could provide evidences
to solve these controversial issues.
In conclusion, although we have only limited data

on the substrate preference of CsDNMT2 and other
platyhelminth orthologs, we conclude that
CsDNMT2 functions as a DNA methyltransferase
based on the following: (1) CsDNMT2 exhibits se-
quence homology to members of DNMT family;
(2) the spatiotemporal expression pattern of the
protein corresponds well with the presence of 5
mC; (3) the protein is significantly accumulated in
the nuclear portion of the parasite’s cells and; (4)
rCsDNMT2 shows methyltransferase activity
upon exposure to DNA substrate. The mature
gamete- and egg-specific expression of CsDNMT2
further suggests its role during embryogenesis.
Future investigations of trematode DNMT2 activity
may provide a target for controlling parasitic dis-
eases such as clonorchiasis that pose great public
health burdens in endemic regions.
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