
Journal of Reproduction and Development, Vol. 57, No. 5, 2011, 11-033A

—Original Article—

Non-CpG Methylation Occurs in the Regulatory Region of the Sry Gene
Koichiro NISHINO1–3)#, Naoko HATTORI1), Shun SATO1), Yoshikazu ARAI1), Satoshi TANAKA1), 
Andras NAGY3) and Kunio SHIOTA1)

1)Laboratory of Cellular Biochemistry, Animal Resource Sciences/Veterinary Medical Sciences, The University of Tokyo, 
Tokyo 113-8657, 2)JSPS Postdoctoral Fellowship for Research Abroad, Japan Society for Promotion of Science (JSPS), 
Tokyo 102-8472, Japan and 3)Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, ON M5G 1X5, Canada
#Present: Laboratory of Veterinary Biochemistry and Molecular Biology, Faculty of Agriculture, University of Miyazaki, 
Miyazaki 889-2192, Japan

Abstract. The Sry (sex determining region on Y chromosome) gene is a master gene for sex determination.  We
previously reported that the Sry gene has tissue-dependent and differentially methylated regions (T-DMRs) by
analyzing the DNA methylation states at CpG sites in the promoter regions.  In this study, we found unique non-CpG
methylation at the internal cytosine in the 5’-CCTGG-3’ pentanucleotide sequence in the Sry T-DMR.  This non-CpG
methylation was detected in four mouse strains (ICR, BALB/c, DBA2 and C3H), but not in two strains (C57BL/6 and
129S1), suggesting that the CCTGG methylation is tentative and unstable.  Interestingly, this CCTGG methylation was
associated with demethylation of the CpG sites in the Sry T-DMR in the developmental process.  A methylation-
mediated promoter assay showed that the CCTGG methylation promotes gene expression.  Our finding shows that
non-CpG methylation has unique characteristic and is still conserved in mammals.
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NA methylation plays an important role in normal differentia-
tion, development and cloned animals [1–4].  Eukaryotic DNA

contains 5-methylcytosine as the only methylated nucleotide in the
genome.  The methylation of cytosine occurs mainly at the CpG
site in mammals [5–7].  Non-CpG methylation in mammals is quite
rare, whereas non-CpG methylation as CNG (N can be any base) is
common in plants [8], bacteria [9, 10] and yeast [11].  In mammals,
DNA methylation of CpGs is involved in various phenomena from
development through gene silencing, splicing, stabilizing and chro-
matin remodeling [1, 12–21].  In contrast, the biological role of
non-CpG methylation in mammals is unknown.

Sry (sex determining region on the Y chromosome) is the master
gene for initiating the cascade leading to testicular differentiation in
mammals [22].  Expression of the Sry gene is restricted to gonadal
somatic cells at 10.5–12.5 days postcoitum (dpc) in the mouse [23–
25].  The Sry gene produces two types of transcripts with different
transcription start sites, linear and circular forms [24, 26].  The lin-
ear transcript is translated into protein and is expressed only from
10.5 to 12.5 dpc in the pre-Sertoli cells in the developing male
gonad [23–25], whereas the circular form is thought to be untrans-
lated [23, 27–29].  The Sry gene has tissue-dependent and
differentially methylated regions (T-DMRs), and the CpG methyla-
tion kinetics coincide with the spatio-temporal expression of the
Sry gene [19].  Thus, the Sry locus may be an interesting model for
acquiring the epigenetic regulation and development of the gonad
from the evolutional aspect in mammals.

Previous studies reported methylation at the CCWGG (W=A or
T) pentanucleotide sequence in mammals [30–33], but the function
of CCWGG methylation remains unknown.  Here, we report on the
methylation of the CCTGG pentanucleotide sequence in the Sry
locus.  We examined DNA methylation in, and compared it
between, the CCTGG and CpG sites and we studied the relation-
ship between CCTGG methylation and gene expression.

Materials and Methods

Mice and cell preparation
The experiments were carried out according to the guidelines for

the care and use of laboratory animals, Graduate School of Agricul-
ture and Life Sciences, The University of Tokyo.  ICR (CD-1)
mice, which have been kept as a closed colony in Japan and were
designated as ICR-J in this experiment, were purchased from a Jap-
anese dealer (Charles River Japan, Yokohama, Japan).  Another
ICR (CD-1) strain of mice, which has been kept as another closed
colony in North America and was designated as ICR-A, was pur-
chased from a North American dealer (Harlan, Indianapolis, IN,
USA).  C57BL/6, 129S1, BALB/c, DBA2 and C3H mice were pur-
chased from a Canadian dealer (Charles River Canada, Quebec,
Canada).  Noon on the day when a vaginal plug was detected was
designated as 0.5 dpc, and 8.5-dpc embryos, 11.5-dpc gonads sepa-
rated from the mesonephros and livers and 15.5-dpc testes and
livers were collected.  Adult male (>3 months old) livers, kidneys
and testes were also collected.  To obtain 11.5-dpc gonadal somatic
cells or adult testicular somatic cells, 11.5-dpc gonads or adult tes-
tes were pipetted to disperse single cells in a trypsin and
collagenase solution.  Separated cells were cultured in DMEM
(Gibco BRL, Rockville, MD, USA) with 10% FBS at 37 C for 3 h.
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Within this period, most of the somatic cells adhere to the dish sur-
face, but the germ cells and blood cells do not.  Then the floating
cells were removed with the supernatant, and the remaining
somatic cells were harvested after washing three times with PBS.
To collect adult germ cells, adult testes were fixed with 4% (w/v)
paraformaldehyde and embedded in paraffin.  Five-micrometer-
thick sections of adult testis were stained with Mayer’s hematoxy-
lin and eosin, and then dried well.  Spermatogonia, spermatocytes
and round spermatids from the sections were isolated using a
PALM MicroBeam system (PALM Microlaser Technologies A.G.,
Bernried, Germany) according to the manufacturer’s instructions.
Germ cells from the sections were pooled (100–200 cells).  Sperm
was also obtained from the cauda epididymis.  All samples were
frozen in liquid nitrogen and stored at –80 C until use.

Sodium bisulfite sequencing and MultiNA-COBRA
A small amount of genomic DNA was extracted, treated with

sodium bisulfite and subjected to restriction mapping and sequenc-
ing analyses as described previously [19].  The Hind III-digested
genomic DNA were treated with 2.5 M bisulfite at 55 C for 16 h
[19].  PCR amplification was performed using IMMOLASE™

DNA polymerase (Bioline, London, UK) and the primer set IBF/
IBR for Region I or IIBF/IIBR1 or IIBR2 for Region II [19].  To
determine the methylation status of individual CpG and CCTGG
sites, the PCR product was gel extracted and subcloned into
pGEM-T Easy vector (Promega, Madison, WI, USA), and then
sequenced.  The PCR reaction was performed at least three times,
and 4–6 clones per PCR reaction were sequenced.  The 3.8-kb
DNA fragment (from nt4870 to nt8700; the numbering is based on
the registered nucleotide sequence in the GenBank database; acces-
sion number X67204) including the 3.4-kb upstream region of the
linear transcription start site and a part of the open reading frame of
the Sry gene was amplified by genomic PCR using PrimeSTAR®

HS DNA polymerase (Takara Bio, Otsu, Japan) and subcloned into
pGEM-T Easy vector (Promega).  Cloning of unmethylated con-
structs was performed using the bacterial strain SCS110
(Stratagene, La Jolla, CA, USA), which is deficient in both Dam
and Dcm methylases.  The internal cytosine methylation of
CCWGG was performed using the bacterial strain GM2159 (kindly
given by Dr. Martin G. Marinus, University of Massachusetts Med-
ical School), which has only Dcm methylase and is deficient in
Dam methylase.  To produce the CpG-methylated constructs, the
unmethylated construct prepared from SCS110 E. coli. was methy-
lated in vitro by Sss I methylase (New England Biolabs, Beverly,
MA, USA).  The CpG/CCWGG-methylated construct was also
generated by methylating CpG sites of the CCWGG-methylated
construct with Sss I methylase.  The Hind III-digested fragments
were collected from all constructs, and restriction mapping was
performed using the combined bisulfite restriction analysis
(COBRA) method [34] in Region II as described previously [19].
MultiNA-COBRA (COBRA coupled with the Shimadzu MCE®-
202 MultiNA platform), which is based on the Bio-COBRA
method [35, 36], was used for quantitative DNA methylation anal-
ysis.  For DNA methylation-sensitive genomic PCR, the
unmethylated and CCWGG-methylated plasmid and the 11.5-dpc
gonad and liver genomic DNA were digested with PspGI (New

England Biolabs), which recognizes the 5’-CCWGG-3’ sequence,
but the methylation of the internal cytosine residues in CCWGG is
resistant to cleavage.  Genomic PCR was performed using IMMO-
LASE™ DNA polymerase (Bioline) and the primer set 5’-
TAAGGAAATGACAGCCAGCCCTGAC-3’ and 5’-GTCAAG-
CAAAACCCCTCAAGTTTGTG-3’ for Region II [19].

Methylation-mediated promoter assay
The DNA methylation-mediated promoter assay was performed

as described previously [19].  The 2.0-kb upstream region of the
linear transcription start site (from nt6214 to nt8246) of the Sry
gene was subcloned into pGL3-Basic vector (Promega).  Cloning
of the unmethylated and CCWGG- and CpG-methylated constructs
was performed as described above.  The gonadal cells of a 11.5-dpc
fetus (pcgc11.5) from ICR-J were cultured on a 24-well plate (1.6 ×
104 cells/well).  The cells were then transfected with 0.165 pmol of
reporter constructs with Effectene Transfection Reagent (Qiagen
GmbH, Hilden, Germany).  To normalize the firefly luciferase
activity of the reporter constructs, an internal control plasmid
(0.015 pmol) expressing Renilla luciferase (pRL-TK vector,
Promega) was cotransfected into the cells.  Promoter activity was
measured 12 h after transfection into pcgc11.5.  The activities of
both luciferases were determined using a dual-luciferase reporter
assay system (Promega) according to the manufacturer’s instruc-
tions.  Experiments were performed at least three times
independently.

Results

The Sry T-DMRs contain CCTGG sequences
There are two T-DMRs at the putative promoter region of circu-

lar and linear form transcripts, Region I and Region II, respectively
(Fig. 1A), in the Sry locus [19].  Region I and Region II contain two
CpG sites (a, nt5475; b, nt5688; the numbering is based on the reg-
istered nucleotide sequence in the GenBank database; accession
number X67204) and five CpG sites (c, nt7411; d, nt7728; e,
nt7741; f, nt7844; g, nt8004; Fig. 1A).

Bisulfite sequencing analysis revealed that CpGs in Region I
were hypomethylated in the blastocyst, 11.5-dpc gonad, adult liver
and adult kidney but were highly methylated in the 11.5-dpc liver
in the ICR-J strain (Fig. 1B).  The CpGs in Region II were hypom-
ethylated in the 11.5-dpc gonad and the blastocyst, whereas they
were hypermethylated in the 11.5-dpc liver, adult liver and kidney
in the ICR-J strain (Fig. 1B).  These results confirmed those of a
previous study [19].  There is a CCTGG sequence in each of
Region I (†, nt5174) and Region II (*, nt7476; Fig. 1A).  An inter-
nal cytosine in the CCTGG was methylated in Region I in the
blastocyst, 11.5-dpc gonad and adult liver and kidney, but not in the
11.5-dpc liver (Fig. 1B).  In contrast, the CCTGG in Region II was
not methylated in the 11.5-dpc liver and adult tissues (Fig. 1B).
Interestingly, the methylation of CCTGG in Region II occurred in
the blastocyst and gonad of 11.5-dpc, in which the CpGs were
unmethylated.  No methylation of symmetric and asymmetric non-
CpG sites, including CWG, CCG, CA and CT sites, was observed
in any sample examined.

To confirm further the presence of CCTGG methylation without
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the sodium bisulfite reaction, we attempted a CCWGG methyla-
tion-sensitive restriction enzyme-mediated genomic PCR (Fig.
1C).  Region II was amplified by PCR using genomic DNA derived
from 11.5-dpc fetal gonad or liver that had been predigested with
PspGI, a CCWGG methylation-sensitive restriction enzyme.  The
11.5-dpc gonadal genomic DNA gave a PCR band, but the liver

DNA did not.  When the CCWGG-methylated construct was used
as a positive control, a band of the expected size was also detected,
whereas the unmethylated construct, as a negative control, did not
give an amplified product when the constructs were predigested by
PspGI. 

We performed the bisulfite reaction at 55 C, which used to be
one of the standard condition.  This allows for the possibility that
the CCTGG methylation detected at the Region II came from an
experimental artifact because the cytosine to uracil conversion in
the bisulfite reaction is often prevented by local folding.  To
address this issue, we confirmed conversion efficiency using three
different methylated fragments (unmethylated, CpG-methylated
and CCWGG-methylated constructs).  Region II was amplified
after the bisulfite reaction, and the conversion was determined at all
cytosines by sequencing.  Region II contains 94 cytosine residues,
6 of which are located at CpG sites and 1 of which is located at the
CCWGG site (Fig. 2AB).  Almost all unmethylated cytosines were
converted to uracil in all the three different fragments (Fig. 2C).
No CCTGG methylation was detected from the unmethylated con-
struct, meaning that bisulfite conversion of the CCTGG site under
the standard conditions, in so far as Region II was analyzed, was
not influenced by a secondary structure.  Thus, the existence of
CCTGG methylation was confirmed by two different methods.
The CCTGG of Sry T-DMR was differentially methylated in a tis-
sue- and development-dependent manner.  There is an inverse
relationship between cytosine methylation in the CCTGG and CpG
sites at the genomic locus.

Efficiency of CCTGG methylation detection by sodium bisulfite 
reaction

To evaluate the detection efficiency of CCWGG methylation,
MultiNA-COBRA and bisulfite sequencing were performed using
a mixture of differently methylated DNA fragments including
Region II.  The CCWGG-methylated and unmethylated fragments,
unmethylated and CpG-methylated fragments, CCWGG-methy-
lated and CpG/CCWGG-methylated fragments or CCWGG- and
CpG-methylated fragments were then mixed at 3:1, 1:1 and 1:3
ratios.  MultiNA-COBRA was performed using the methylation-
sensitive restriction enzyme Hpy CH4 IV (New England Biolabs),
and the level of DNA methylation at the CpG site was quantified
based on the density of the PCR band.  The CpG methylation levels
of unmethylated, CCWGG-methylated, CpG-methylated and CpG/
CCWGG-methylated fragments were 8.3 ± 0.2, 9.6 ± 0.1, 90.9 ±
0.3 and 85.3 ± 0.1%, respectively.  The levels of CpG methylation
at the HpyCH4IV site of the mixtures of unmethylated and CpG-
methylated fragments were 21.8 ± 0.2% (3:1), 39.1 ± 0.2% (1:1)
and 68.3 ± 0.4% (1:3), those of the mixtures of CCWGG-methy-
lated and CpG/CCWGG-methylated fragments were 33.0 ± 0.2%
(3:1), 72.7 ± 0.87% (1:1), and 87.0 ± 1.0% (1:3) and those of the
mixtures of CCWGG-methylated and CpG-methylated fragments
were 51.9 ± 0.9% (3:1), 72.0 ± 0.9% (1:1) and 84.6 ± 0.1% (1:3,
Fig. 3C).  The CCWGG methylation was visibly lower than
expected, although the mixtures of unmethylated and CpG-methy-
lated fragments provided a methylation ratio close to the expected
value.  Sodium bisulfite sequencing also showed a marked ten-
dency against detection of CCTGG methylation (Fig. 3EFGH).

Fig. 1. A: CpG and CCWGG (W=A or T) sequences at the mouse Sry
locus in ICR-J mice.  Closed circles indicate the CpG
dinucleotide, and open diamonds indicate the CCWGG
pentanucleotide sequences.  The Sry gene has two putative
promoter regions of circular and linear transcripts (Region I and
Region II).  There are two CpGs (a, nt5475; b, nt5688) and one
CCTGG (nt5174) in Region I, and five CpGs (c, nt7411; d,
nt7728; e, nt7741; f, nt7844; g, nt8004) and one CCTGG
(nt7476) in Region II.  The numbering is based on the registered
nucleotide sequence in the GenBank database (accession number
X67204).  Arrows indicate the primer positions for bisulfite PCR
[19].  B: DNA methylation status in Region I and Region II
detected by bisulfite sequencing analysis in the ICR-J strain.
Open and closed circles indicate unmethylated and methylated
CpGs, respectively.  Open and closed diamonds indicate
unmethylated and methylated CCTGGs, respectively.  Crosses
( ) and asterisks (*) show the position of the CCTGG site.  C:
Detection of CCWGG methylation by methylation-sensitive
restriction enzyme PspGI-mediated genomic PCR.  After
digestion with PspGI, the CCWGG methylated plasmid
(CCWGG) and the CCWGG unmethylated plasmid (U), 11.5-
dpc gonad and liver genomic DNAs were subjected to PCR (+
lanes).  PCR was also performed with undigested genomic DNA
(–lanes).  The 11.5-dpc gonad gave a PCR band, indicating that
the CCTGG site was methylated.
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The CCTGG methylation ratios estimated from bisulfite sequenc-
ing of the mixtures of CCWGG-methylated and unmethylated
fragments were 64.7% (3:1), 17.6% (1:1) and 0.6% (1:3, Fig. 3E),
and those of the mixtures of CCWGG-methylated and CpG-methy-
lated fragments were 76.5% (3:1), 82.4% (1:1) and 94.1% (1:3, Fig.
3H).  The CpG or CCTGG methylation ratio in other samples
appeared almost equal to the expected ratio (Fig. 3FG).  These data
indicate that detection of CCTGG methylation, particularly in the
combination of methylated and unmethylated CCWGG and of
methylated CCWGG and CpG, is biased in the sodium bisulfite
method.

Inverse correlation between methylation of CCTGG and CpG 
sequences in Region II

To examine the relationship between CCTGG and CpG methy-
lation, the methylation status of Sry T-DMR was investigated in the
developing gonad and other tissues in the ICR-J strain (Fig. 4).  In
Region II, hypermethylation of the CCTGG was detected in the
gonad of 11.5 dpc.  The 11.5-dpc fetal gonadal somatic cells were
also hypermethylated.  The CpGs were hypermethylated in the 8.5-
dpc embryo and 11.5-dpc liver.  In contrast, methylation of the
CpGs was rare in the gonad and gonadal somatic cells at 11.5 dpc.
The CCTGG was unmethylated in the 8.5-dpc embryo and in the

liver at 11.5 and 15.5 dpc.  In the adult testicular somatic cells, no
CCTGG methylation was detected in Region II (Fig. 4B).  Sper-
matogonia, spermatocytes and round spermatids showed
hypermethylation of the CCTGG site and hypomethylation of the
CpG sites (Fig. 4B).  No methylation of symmetric and asymmetric
non-CpG sites was observed in any sample examined except for the
CCTGG site.  Thus, the methylation status showed an inverse rela-
tionship between CpG and CCTGG sites in Region II, and this
DNA methylation dynamic corresponded with the temporal expres-
sion pattern of the Sry gene.

Variation of CCTGG methylation between mouse strains 
In an ICR mouse subcolony, CpGs in Region II were methylated

partially in the fetal gonads of ICR-A mice (Fig. 5B).  The partial
methylation of CpGs also occurred in the C57BL/6, 129S1, BALB/
c, DBA2 and C3H strains (Fig. 5B).  COBRA analysis also indi-
cated that the trend for the CpGs in Region II to become
hypomethylated in the fetal gonad at 11.5 dpc relative to the fetal
liver at 11.5 dpc was common among all mice strains (data not
shown).  The CCTGG methylation was also observed in the ICR-A,
BALB/c, DBA2 and C3H strains, whereas the C57BL/6 and 129S1
strains did not exhibit CCTGG methylation (Fig. 5B and 5C).  No
other DNA methylation of symmetric or asymmetric non-CpG sites

Fig. 2. Efficiency of bisulfite conversion under different conditions.  A: The 3.8-kb Hind III-digested fragment of the mouse Sry locus including
Region II that was amplified (bar).  Circles and a diamond indicate CpG and CCTGG sites, respectively.  Gray circles indicate CpG sites (h,
nt7655; i, nt7767) in 129S1, which have been converted to CpT or CpA in the ICR strain.  H, Hind III site.  B: Nucleotide sequence of Region
II.  Letters above sequence (c, d, e, f, h and i) indicate CpG sites.  Arrowheads and the asterisk (*) show the position of cytosines and
methylated cytosine in the CCTGG site, respectively.  (C) Bisulfite sequencing analysis of all cytosines at the Region II using the
unmethylated fragments (upper panel), CpG-methylated fragments (middle panel) and CCTGG-methylated fragment (lower panel) treated
under three different conditions.  Open and closed circles indicate unmethylated and methylated cytosines, respectively.  Letters above
sequence (c, d, e, f, h and i) and the asterisk (*) indicate the positions of the CpG and CCTGG site, respectively.
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was detected in the mice strains examined.  These data are interest-
ing in that they imply that methylation of the CCTGG site seems to
depend on the genomic background.

Effect of CpG or CCTGG methylation on Sry promoter activity
We previously established a promoter assay system using

pcgc11.5 in vitro [19].  The reporter construct includes the 2.0-kb
5’-flanking region of the Sry gene, which is the putative linear pro-
moter region and contains six CpG and one CCTGG sites.
Interestingly, the CCWGG-methylated reporter construct showed
increasing activity, up to 128%, compared with the unmethylated
construct, although CpG methylation suppressed the activity to
43% in pcgc11.5 (Fig. 6).  The internal cytosine methylation of
CCWGG seemed to promote the activity, even though the CpG
methylation suppressed the activity (Fig. 6).  These results indicate
that the biological role of CCTGG methylation is distinct from that
of CpG methylation.

Discussion

We found a unique non-CpG methylation of the internal
cytosine within the sequence CCTGG at two T-DMRs in the Sry
locus on the Y chromosome in the mouse.  Sodium bisulfite
sequencing is a conventional method for detecting DNA methyla-
tion in the genome, but here, we showed that CCWGG methylation
is likely to be underestimated by sodium bisulfite sequencing
because of a potential PCR and cloning bias.  Therefore, CCWGG
methylation in mammals may be greater than expected.

Molone et al. [30] found methylation at the CCWGG pentanu-
cleotide sequence in an endogenous mammalian gene of primary
effusion lymphoma and myeloma cell lines.  Franchina et al. [31]
and Agirre et al. [32] also reported that methylation of CCWGG
can be found at the flanking region of the CpG island of the myf-3
gene and at the promoter of TP53.  Imamura et al. [33] found non-
CpG methylation at the Peg1/Mest gene in the preimplantation
embryo.  We found a unique DNA methylation at the CCTGG site
in the Sry promoter regions and that this methylation occurred

Fig. 3. Efficiency of CCTGG methylation detection by
sodium bisulfite reaction.  A: The 3.8-kb Hind III
fragment of the mouse Sry locus including Region II
that was amplified (bar).  Circles and a diamond
indicate CpG and CCTGG sites, respectively.  Gray
circles indicate CpG sites in 129S1.  The arrow
represents the HpyCH4IV restriction enzyme site for
the COBRA assay.  H, Hind III site.  B: Diagram of
four differently methylated DNA constructs,
completely unmethylated (U), CCWGG-methylated
(CCWGG), CpG-methylated (CpG) and CpG/
CCWGG-methylated (Db) fragments.  C: CpG
methylation ratio determined by the MultiNA-
COBRA assay.  D–H: Results of sodium bisulfite
sequencing from the mixture DNA.  Note that
CCWGG methylation was underrepresented in the
mixture of CCWGG- and unmethylated fragments
and the mixture of CCWGG- and CpG-methylated
fragments.



591CCWGG METHYLATION ON Sry GENE
reciprocally to CpG methylation.  In contrast, CCWGG methyla-
tion is common in plants [8], bacteria [9,10], and yeasts [11].
CCWGG methylation was observed only in the limited develop-
mental period in the restricted animal strains studied, suggesting
that non-CpG methylation is transient and unstable on the Y
chromosome.

We also determined the genomic sequence of the Sry promoter
region including the Region I and Region II in all mice strains
examined (data not shown).  The genomic sequences of the locus
were identical in the 129S1, C57BL/6, BALB/c, DBA2 and C3H
strains, supporting the interpretation that another mechanism
besides the local sequence produces CCTGG methylation.

Male-to-female sex reversal has been reported after transfer of a
certain Mus Domesticus-derived Y chromosome into the C57BL/6J
inbred mouse strain [37–39].  Interestingly, the genomic sequence
of the Sry promoter region including Region I and Region II in the
ICR mice was the same as that in the Mus Domesticus strains.  It
will be valuable to examine whether the Mus Domesticus-derived
Y chromosome can be affected by CCTGG methylation in the sex-
determining period.  The difference in the sensitivity to DNA meth-
ylation, such as at the CpG and/or CCWGG sites, between C57BL/
6J and Mus Domesticus might be one reason why sex reversal

occurs in B6-YDOM mice.  If so, the strain-dependent phenomena
may be reconciled by the epigenetic mechanism involving strain-
dependent non-CpG methylation, although further study is needed
using B6-YDOM mice.  In addition, some studies have reported that
CCWGG methylation causes transcriptional silencing [9, 30, 31,
40].  In contrast, CCWGG methylation at the Sry locus did not
repress the gene expression in this study.  CCWGG methylation
seems to act as transcriptional promotion.

Recently, Lister et al. reported that human embryonic stem (ES)
cells have abundant non-CpG methylation including CHG and

Fig. 4. Reciprocal DNA methylation between CpG and CCTGG sites at
the Region II in ICR-J.  A: DNA methylation status in Region II
during development.  Gon-S, gonadal somatic cells.  B: DNA
methylation status in the adult testis.  Tes-S, testicular somatic
cells; Gonia, spermatogonia; Cyte, spermatocyte; R-tid, round
spermatid.  Open and closed circles indicate unmethylated and
methylated CpGs, and open and closed diamonds indicate
unmethylated and methylated CCTGGs, respectively.  Asterisks
(*) show the position of the CCTGG site.  The letters c–f indicate
the position of each CpG site, corresponding to those in Fig.1.
Note that reciprocal methylation between CpG and CCTGG was
highly consistent.

Fig. 5. DNA methylation status depends on the mouse strain.  A:
Genomic structure of the 2.0-kb upstream region of mouse Sry.
The circles and diamonds indicate CpG and CCTGG sites,
respectively.  Gray circles indicate CpG sites (h, nt7655; i,
nt7767) present in the C57BL/6, 129S1, BALB/c DBA2, and
C3H strains, but not in the ICR strains.  The numbering is based
on the registered nucleotide sequence in the GenBank database
(accession number X67204).  The letters c–f indicate the position
of each CpG site corresponding to those in Fig.1.  B: DNA
methylation status of individual CpG and CCTGG sites in
Region II in 11.5-dpc fetal gonads determined by bisulfite
sequence analysis.  C: Results of additional bisulfite sequencing
of ICR-A, C57BL/6 and 129S1.  Open and closed circles indicate
unmethylated and methylated CpGs, and open and closed
squares indicate unmethylated and methylated CCTGGs,
respectively.  Asterisks (*) show the position of the CCTGG site.
The numbers in parentheses in (C) indicate the number of clones
sequenced.  Note that CCTGG methylation was not detected in
the C57BL/6 and 129S1 strains.
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CHH sites (where H=A, C and T) [41].  Of the methylcytosines
detected in the human ES cell line, 0.3% were in the CCWGG con-
text [41].  Combined with our results, CCWGG methylation is
conserved in mammals.  The CCTGG methylation at the Sry locus
is fragile, but further elucidation of the unique characteristics of
non-CpG methylation should help in understanding mammalian
epigenetic mechanisms.

Acknowledgments

We thank Dr MG Marinus (University of Massachusetts Medi-
cal School) for the GM2159 bacterial strain and Dr C Maeda for
collecting the fetal gonads.  This research was supported by the
Japan Society for the Promotion of Science (JSPS, KN) and
Grants-in-Aid for Scientific Research 21221008 (KS) and
20062003 (ST) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

References

  1. Li E. Chromatin modification and epigenetic reprogramming in mammalian develop-
ment. Nat Rev Genet 2002; 3: 662–673.

  2. Reik W. Stability and flexibility of epigenetic gene regulation in mammalian develop-
ment. Nature 2007; 447: 425–432.

  3. Ohgane J, Wakayama T, Kogo Y, Senda S, Hattori N, Tanaka S, Yanagimachi R,

Shiota K. DNA methylation variation in cloned mice. Genesis 2001; 30: 45–50.
  4. Kremenskoy M, Kremenska Y, Suzuki M, Imai K, Takahashi S, Hashizume K, Yagi

S, Shiota K. DNA methylation profiles of donor nuclei cells and tissues of cloned
bovine fetuses. J Reprod Dev 2006; 52: 259–266.

  5. Gruenbaum Y, Stein R, Cedar H, Razin A. Methylation of CpG sequences in eukary-
otic DNA. FEBS Lett 1981; 124: 67–71.

  6. Razin A, Webb C, Szyf M, Yisraeli J, Rosenthal A, Naveh-Many T, Sciaky-Gallili N,

Cedar H. Variations in DNA methylation during mouse cell differentiation in vivo and
in vitro. Proc Natl Acad Sci USA 1984; 81: 2275–2279.

  7. Boyes J, Bird A. Repression of genes by DNA methylation depends on CpG density
and promoter strength: evidence for involvement of a methyl-CpG binding protein.
Embo J 1992; 11: 327–333.

  8. Gruenbaum Y, Naveh-Many T, Cedar H, Razin A. Sequence specificity of methyla-
tion in higher plant DNA. Nature 1981; 292: 860–862.

  9. Yoder JA, Walsh CP, Bestor TH. Cytosine methylation and the ecology of intrage-
nomic parasites. Trends Genet 1997; 13: 335–340.

10. Casadesus J, Low D. Epigenetic gene regulation in the bacterial world. Microbiol Mol

Biol Rev 2006; 70: 830–856.
11. Pinarbasi E, Elliott J, Hornby DP. Activation of a yeast pseudo DNA methyltrans-

ferase by deletion of a single amino acid. J Mol Biol 1996; 257: 804–813.
12. Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltransferase gene

results in embryonic lethality. Cell 1992; 69: 915–926.
13. Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, Bird A. Tran-

scriptional repression by the methyl-CpG-binding protein MeCP2 involves a histone
deacetylase complex. Nature 1998; 393: 386–389.

14. Eden S, Hashimshony T, Keshet I, Cedar H, Thorne A. DNA methylation models
histone acetylation. Nature 1998; 394: 842.

15. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b
are essential for de novo methylation and mammalian development. Cell 1999; 99:
247–257.

16. Cho JH, Kimura H, Minami T, Ohgane J, Hattori N, Tanaka S, Shiota K. DNA meth-
ylation regulates placental lactogen I gene expression. Endocrinology 2001; 142: 3389–
3396.

17. Imamura T, Ohgane J, Ito S, Ogawa T, Hattori N, Tanaka S, Shiota K. CpG island of
rat sphingosine kinase-1 gene: tissue-dependent DNA methylation status and multi-
ple alternative first exons. Genomics 2001; 76: 117–125.

18. Hattori N, Nishino K, Ko YG, Ohgane J, Tanaka S, Shiota K. Epigenetic control of
mouse Oct-4 gene expression in embryonic stem cells and trophoblast stem cells. J Biol

Chem 2004; 279: 17063–17069.
19. Nishino K, Hattori N, Tanaka S, Shiota K. DNA methylation-mediated control of Sry

gene expression in mouse gonadal development. J Biol Chem 2004; 279: 22306–22313.
20. Ko YG, Nishino K, Hattori N, Arai Y, Tanaka S, Shiota K. Stage-by-stage change in

DNA methylation status of Dnmt1 locus during mouse early development. J Biol Chem

2005; 280: 9627–9634.
21. Tomikawa J, Fukatsu K, Tanaka S, Shiota K. DNA methylation-dependent epige-

netic regulation of dimethylarginine dimethylaminohydrolase 2 gene in trophoblast
cell lineage. J Biol Chem 2006; 281: 12163–12169.

22. Koopman P, Gubbay J, Vivian N, Goodfellow P, Lovell-Badge R. Male development
of chromosomally female mice transgenic for Sry. Nature 1991; 351: 117–121.

23. Rossi P, Dolci S, Albanesi C, Grimaldi P, Geremia R. Direct evidence that the mouse
sex-determining gene Sry is expressed in the somatic cells of male fetal gonads and in
the germ cell line in the adult testis. Mol Reprod Dev 1993; 34: 369–373.

24. Jeske Y, Bowles J, Greenfield A, Koopman P. Expression of a linear Sry transcript in
the mouse genital ridge. Nature Gent 1995; 10: 480–482.

25. Hacker A, Capel B, Goodfellow P, Lovell-Badge R. Expression of Sry, the mouse sex
determining gene. Development 1995; 121: 1603–1614.

26. Dolci S, Grimaldi P, Geremia R, Pesce M, Rossi P. Identification of a promoter region
generating Sry circular transcripts both in germ cells from male adult mice and in
male mouse embryonal gonads. Biol Reprod 1997; 57: 1128–1135.

27. Capel B, Swain A, Nicolis S, Hacker A, Walter M, Koopman P, Goodfellow P, Lov-

ell-Badge R. Circular transcripts of the testis-determining gene Sry in adult mouse tes-
tis. Cell 1993; 73: 1019–1030.

28. Cao QP, Gaudette MF, Robinson DH, Crain WR. Expression of the mouse testis-
determining gene Sry in male preimplantation embryos. Mol Reprod Dev 1995; 40: 196–
204.

29. Lahr G, Maxson S, Mayer A, Just W, Pilgrim C, Reisert I. Transcription of the Y chro-
mosomal gene, Sry, in adult mouse brain. Brain Res Mol Brain Res 1995; 33: 179–182.

30. Malone CS, Miner MD, Doerr JR, Jackson JP, Jacobsen SE, Wall R, Teitell M.

CmC(A/T)GG DNA methylation in mature B cell lymphoma gene silencing. Proc Natl

Acad Sci USA 2001; 98: 10404–10409.
31. Franchina M, Kay PH. Evidence that cytosine residues within 5'-CCTGG-3' pentanu-

cleotides can be methylated in human DNA independently of the methylating system
that modifies 5'-CG-3' dinucleotides. DNA Cell Biol 2000; 19: 521–526.

32. Agirre X, Vizmanos JL, Calasanz MJ, Garcia-Delgado M, Larrayoz MJ, Novo FJ.

Fig. 6. Methylation promoter assay for mouse Sry using primary
cultured gonadal cells from the 11.5-dpc fetus.  Closed circles
and gray diamonds indicate CpG and CCWGG (W=A or T)
sequences, respectively.  The position of Region II is represented
as the bold bar.  LTSS, transcription start site of the linear form
transcript.  The reporter construct contains 2.0 kb of the putative
promoter region of the linear form transcript ligated to the
luciferase gene.  Primary cultured gonadal cells of an 11.5-dpc
ICR-J fetus (pcgc11.5) were used for this assay.  The numbering
for the constructs is based on the registered nucleotide sequence
in the GenBank database (accession number X67204).  Un-me,
unmethylated; CCWGG me, CCWGG-site methylated; CpG me,
CpG-site methylated.  The average activity of the unmethylated
construct was arbitrarily set as 100%.  All results are shown as
the mean ± SE.  Values with different letters beside the bars are
significantly different (P<0.001, Student’s t-test).  Experiments
were replicated at least three times in each case.  We note that
internal cytosine methylation of CCWGG seemed to promote the
activity, whereas CpG methylation suppressed the activity.



593CCWGG METHYLATION ON Sry GENE
Methylation of CpG dinucleotides and/or CCWGG motifs at the promoter of TP53
correlates with decreased gene expression in a subset of acute lymphoblastic leukemia
patients. Oncogene 2003; 22: 1070–1072.

33. Imamura T, Kerjean A, Heams T, Kupiec JJ, Thenevin C, Paldi A. Dynamic CpG and
non-CpG methylation of the Peg1/Mest gene in the mouse oocyte and preimplanta-
tion embryo. J Biol Chem 2005; 280: 20171–20175.

34. Xiong Z, Laird PW. COBRA: a sensitive and quantitative DNA methylation assay.
Nucleic Acids Res 1997; 25: 2532–2534.

35. Brena RM, Auer H, Kornacker K, Hackanson B, Raval A, Byrd JC, Plass C. Accurate
quantification of DNA methylation using combined bisulfite restriction analysis cou-
pled with the Agilent 2100 Bioanalyzer platform. Nucleic Acids Res 2006; 34: e17.

36. Brena RM, Auer H, Kornacker K, Plass C. Quantification of DNA methylation in elec-
trofluidics chips (Bio-COBRA). Nat Protoc 2006; 1: 52–58.

37. Eicher E, Washburn L, Whitney Jr, Morrow K. Mus poschiavinus Y chromosome in

the C57BL/6J murine genome causes sex reversal. Science 1982; 217: 535–537.
38. Eicher EM, Washburn LL. Inherited sex reversal in mice: identification of a new pri-

mary sex-determining gene. J Exp Zool 1983; 228: 297–304.
39. Biddle FG, Nishioka Y. Assays of testis development in the mouse distinguish three

classes of domesticus-type Y chromosome. Genome 1988; 30: 870–878.
40. Lorincz MC, Schubeler D, Goeke SC, Walters M, Groudine M, Martin DI. Dynamic

analysis of proviral induction and de novo methylation: implications for a histone
deacetylase-independent, methylation density-dependent mechanism of transcrip-
tional repression. Mol Cell Biol 2000; 20: 842–850.

41. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR,

Lee L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar

AH, Thomson JA, Ren B, Ecker JR. Human DNA methylomes at base resolution
show widespread epigenomic differences. Nature 2009; 462: 315–322.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


