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Neonatal Exposure to Diethylstilbestrol Alters Expression of
DNA Methyltransferases and Methylation of Genomic DNA in
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Abstract. Perinatal exposure to diethylstilbestrol (DES) can have numerous adverse effects on the reproductive organs
later in life, such as vaginal clear-cell adenocarcinoma. Epigenetic processes including DNA methylation may be involved
in the mechanisms. We subcutaneously injected DES to neonatal C57BL/6 mice. At days 5, 14, and 30, expressions of
DNA methyltransferases (Dnmts) Dnmtl, Dnmt3a, and Dnmt3b, and transcription factors Spl and Sp3 were examined.
We also performed restriction landmark genomic scanning (RLGS) to detect aberrant DNA methylation. Real-time RT-
PCR revealed that expressions of Dnmt1, Dnmt3b, and Sp3 were decreased at day 5 in DES-treated mice, and that those of
Dnmtl, Dnmt3a, and Sp1 were also decreased at day 14. RLGS analysis revealed that 5 genomic loci were demethylated,
and 5 other loci were methylated by DES treatment. Two loci were cloned, and differential DNA methylation was
quantified. Our results indicated that DES altered the expression levels of Dnmts and DNA methylation.
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DIETHYLSTILBESTROL (DES) is a synthetic non-
steroidal estrogen that was widely used to prevent mis-
carriage and other pregnancy complications from the
late 1930s through the 1970s. In 1971, a correlation
between DES exposure of mothers and the occurrence
of vaginal clear cell adenocarcinoma in their young
daughters was reported [1]. Subsequently, many other
problems relating to female and male reproductive
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organs such as breast cancer, squamous neoplasia
of the cervix and vagina, and prostate and testicular
cancers have been reported [2]. An animal perinatal
exposure model showed that DES induced similar
reproductive abnormalities [3-5], and DES is now
widely known as an estrogenic endocrine disruptor. In
our previous studies, we showed that mice treated neo-
natally with DES or the phytoestrogen, genistein,
developed altered expression levels of various genes in
male reproductive organs, even during adulthood [6—
10]. Since the expression changes lasted for long peri-
ods of time, and DES was reported to be non-geno-
toxic [11], epigenetic mechanisms might be involved
in the gene expression changes. DNA methylation has
an important role in epigenetics, and the DNA methy-
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lation of promoter regions generally represses gene
expression. The cell specific DNA methylation pat-
terns formed during development and differentiation
are thought to be associated with cell specific gene
expression patterns and cell characterization [12, 13].
Li et al. reported that, in the uterus of mice treated
neonatally with DES, DNA methylation of CpG sites
in the lactoferrin gene promoter was altered [14]; and
expression of c-fos was persistently elevated and CpG
sites in its exon 4 were hypomethylated [15]. Alworth
et al. reported that fetal exposure to DES caused
changes in uterine weight and hypermethylation of
ribosomal DNA at 7-8 months of age [16]. However,
the mechanisms altering DNA methylation are
unknown, and further information on aberrant DNA
methylation of other genes including high-throughput
analysis is required. Methylation of genomic DNA is
catalyzed by DNA methyltransferases (Dnmts) includ-
ing Dnmt1, Dnmt3a, and Dnmt3b. Dnmtl is known as
a maintenance methyltransferase responsible for copy-
ing the parental-strand methylation pattern to a daugh-
ter strand after DNA replication [17]. Dnmt3a and
Dnmt3b function primarily as de novo methyltrans-
ferases to establish methylation patterns, and are
strongly expressed in differentiating cells such as early
embryos and developing germ cells [18]. In reports
showing that environmental stresses (dioxin or X-
irradiation) altered DNA methylation, expressions of
Dnmts or methyltransferase activity were also altered
[19, 20]. Changes in expression levels of Dnmts may
result in aberrant DNA methylation. Expression of
Dnmits is thought to be regulated by complex mecha-
nisms in a cell type or a differentiation stage specific
manner, and transcription factors Spl and Sp3 are
reported to participate in this process [21, 22]. Spl
and Sp3 share the same binding sites, and competi-
tively or cooperatively regulate expressions of various
genes [23]. Altered expression of Dnmts induced by
environmental stresses might be mediated by altered
expression of Spl and/or Sp3.

In the present study to investigate effects of neonatal
DES exposure on DNA methylation in the uterus, we
analyzed expressions of Dnmts and related transcrip-
tion factors as well as genome-wide DNA methylation.
Real-time RT-PCR analysis revealed expression
changes of Dnmts and transcription factors Spl and
Sp3. Furthermore, genome-wide analysis of DNA
methylation using restriction landmark genomic scan-
ning (RLGS) revealed that several genomic loci were

methylated or demethylated by neonatal DES expo-
sure.

Materials and Methods
Animals

Pregnant C57BL/6 mice were obtained from Japan
SLC (Shizuoka, Japan). Newborn mice were subcuta-
neously injected with DES dissolved in 25 pl sesame
oil (3 pg/pup/day) from postnatal days 1 to 5 [4, 24,
25]. Untreated and vehicle-treated mice were used as
controls. At days 5, 14, and 30, uteri were excised and
stored at —80°C until use. All mice were maintained in
accordance with the Chiba University guidelines for
animal experimentation.

Real-time RT-PCR

Total RNA was separately extracted from uteri of 5
mice using the TRIzol reagent (Invitrogen, San Diego,
CA). Total RNAs were reverse-transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen KK,
Tokyo, Japan) according to the manufacturer’s proto-
cols. Real-time RT-PCR was performed in a DNA
Engine Opticon (MJ Research, Cambridge, MA) using
the Platinum SYBR Green qPCR SuperMix UDG
(Invitrogen). Primers for Dnmts [26] and other prim-
ers used in this study were as follows. Dnmt1 (Acces-
sion no. X14805): forward primer, 5'-CCT AGT TCC
GTG GCT ACG AGG AGA A-3'; reverse primer, 5'-
TCT CTC TCC TCT GCA GCC GAC TCA-3Y
Dnmt3a (Accession no. AF068625): forward primer,
5'-GCC GAA TTG TGT CTT GGT GGA TGA CA-3';
reverse primer, 5'-CCT GGT GGA ATG CAC TGC
AGA AGG A-3"; Dnmt3b (Accession no. AF068626):
forward primer, 5'-TTC AGT GAC CAG TCC TCA
GAC ACG AA-3"; reverse primer, 5'-TCA GAA GGC
TGG AGA CCT CCC TCT T-3'; Spl (Accession no.
AF022363): forward primer, 5'-AGG GAG GCC CAG
GTG TAG-3"; reverse primer, 5'-GGC AAG ACG
GGC AAT ACC-3" Sp3 (Accession no. BC079874):
forward primer, 5'-TAC TCG CCT CTG GAA CAC
CT-3"; reverse primer, 5'-GCA GAC CAA GAG GCA
CAT TAG-3"; B-actin (Accession no. X03672): for-
ward primer, 5-AGA GGG AAA TCG TGC GTG
AC-3'; reverse primer, 5'-CAA TAG TGA TGA CCT
GGC CGT-3". In all cases, reactions were performed
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in triplicate using the same five independent samples
of uterine RNA. Real-time RT-PCR results were nor-
malized against corresponding B-actin contents. Data
were presented as means + S.E.M.

RLGS

RLGS was performed as described previously [27—
29]. Briefly, genomic DNA was extracted from con-
trol or DES-treated mice, and 3 pg genomic DNA was
treated with 10 U Klenow fragment (Takara Bio,
Shiga, Japan) in the presence of 0.4 uM dGTPasS,
0.2 uM dCTPaS (Amersham Biosciences, Bucking-
hamshire, UK), 0.4 uM ddATP, and 0.4 uM ddTTP
(Takara Bio). DNA was digested with 20 U Not I as a
methylation-sensitive landmark enzyme (Nippon
Gene, Toyama, Japan), and cohesive ends were
labeled with 1.3 U Sequenase Version 2.0 (USB,
Cleveland, OH), in the presence of 0.33 uM [a-
2P]dCTP and 0.33 uM [0-*?P]JdGTP (Amersham
Biosciences). The labeled DNA was then digested
with 20U Pvu Il (methylation-insensitive, Nippon
Gene), and was subjected to first-dimension electro-
phoresis on a 0.9% agarose gel at 230 V for 23 h.
DNA fragments in the gel were treated with 1000 U
Pst I (methylation-insensitive, Nippon Gene). Second-
dimension electrophoresis was carried out at 160 V for
20 h. The gel was then dried, and exposed to an X-ray
film (Kodak, XAR 5, Eastman Kodak, Rochester, NY)
for 24 weeks at —80°C. All experiments were
repeated at least twice.

Spot cloning

Two spots in the uterus of DES-treated mice were
cloned using Easy Anchor Not I (Nippon Gene).
Briefly, genomic DNA from the uterus was digested
with Not | and Pvu II. DNA fragments containing Not
I ends were collected using Easy Anchor Noz I. One-
fifth of the purified DNA was labeled at the Not I site
with [0-32P]dGTP and [a-3?P]dCTP and the labeled
portion mixed with the remaining four-fifths before
being subjected to RLGS separation. After exposure
to X-ray film for 1 week, gel pieces were punched out
at specific spots. The DNA fragment in each punched-
out gel spot was electro-eluted. The eluted DNA was
initially ligated into the Not I and Pst I sites of pBlue-
script I (Stratagene, La Jolla, CA). Inserted fragments
were amplified by PCR and the PCR products cloned

into pGEM-T easy vectors (Promega, Madison, WI).
Sequences were determined using an ABI PRISM 310
Genetic Analyzer (Applied Biosystems, Foster City,
CA).

Quantification of DNA methylation at landmark Not 1
sites

Cloned DNA fragments from RLGS spots had one
Not 1 site and one Pst | site at each end. To obtain
methylation ratios of Not I sites of cloned spots, we
conducted methylation-sensitive restriction digestion
and real-time PCR. Genomic DNAs extracted from
DES-treated and control mice were digested with
methylation-insensitive Ps¢ 1.  Subsequently, each
sample was divided in half. One half was digested
with methylation-sensitive Not I, and the other was not
digested. Not I-treated and untreated DNAs were ana-
lyzed by real-time PCR using pairs of primers across
the Not 1 sites. Initial DNA amounts were normalized
against B-actin amount, as described above. The meth-
ylation ratio was defined as the proportion of undi-
gested DNA in Not I-treated genome to that in Not 1-
untreated genome. Primers for real-time PCR were as
follows: spot U7: 5'-CAG GTG CTG CCC ACT GTC-
3", 5'-AAA AGA GAG CAA AGG AAA ACT TAG
C-3'"; and spot U10: 5'-GGC AGA ATG CTC AGG
AAC AG-3', 5'-AGG TGA CAG GTG GCA AGA TT-
3'. Reactions were performed in triplicate using the
same sample as in RLGS analysis. Data are presented
as means + S.E.M.

Statistical analysis

Data are expressed as means + S.E.M. Statistical
analyses were performed using Student’s z-test with
significance set at p<0.05.

Results
Effects on body and uterine weights

DES-treated mice exhibited reduced body weights
throughout the experiment (Table 1). Immediately
after DES exposure, at day 5, body weights were
reduced to 84.7% of control, and at day 14, the reduc-
tion became the largest (71.9% of control). At day 30,
body weights of DES-treated mice were gradually
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Table 1. Body and uterine weights

Body weight Uterine weight  Relative uterine weight
(2 (mg) (mg/g)
Day 5 Control 3.03+£0.07 ND ND
DES 2.56 +£0.05* ND ND
Day 14 Control 6.08£0.17 5.08+0.21 0.84 +0.02
DES 4.37 £0.22%%* 9.00 £ 1.65% 2.06 £ 0.36**
Day 30 Control 13.35 + 0.41 17.04 + 1.83 1.26 £0.10
DES 11.20 + 0.82* 6.63 £ 0.88** 0.59 £ 0.05**
ND indicates no data. *p<0.05, **p<0.01 vs. control
restored to the control value (83.9% of control). There
were no significant differences in the body weight A O Control
between control and DES treated mice at birth. On the 12 W DES
other hand, uterine weights were higher in DES- s %
treated mice than in control mice at day 14 (177.3% of é 0.8 !_|
control). However, thereafter, they were reduced to £ e
lower than control at day 30 (38.9% of control). 2 04
S 02
Expression of DNA methyltransferases and transcrip- -
tion factors 0 5 14 30
Day
Real-time RT-PCR revealed altered expressions of B
the DNA methyltransferases, Dnmtl, Dnmt3a, and o 14 *
Dnmt3b by DES treatment. In DES-treated mice, B 12 ’_‘
expressions of Dnmtl and Dnmt3b were decreased at q;i 018
day 5, and those of Dnmtl and Dnmt3a at day 14 S 06
(Fig. 1). Furthermore, expressions of transcription E 0.4
factors Spl and Sp3 were examined; at day 5, expres- ¢ 02 ﬂ
sion of Sp3 was decreased and at day 14, that of Spl 0 5 14 20
was (Fig. 2). At day 30, expressions of Dnmts, Spl, Day
and Sp3 were not significantly different between treat- C =
ments (Figs. 1 and 2). 1o
&
RLGS g o1 8
g o
in]
We performed RLGS to analyze methylation status g gj
of the uterus at day 30 with or without DES treatment. § 0.2
In this analysis, the presence of spots indicated deme-
thylation of landmark Not 1 sites, and vice versa. A 0 5 14 30
total of 1212 spots were compared to identify differ- Day
ences between control and DES-treated mice in the  Fig, 1. Effects of diethylstilbestrol (DES) on mRNA

uterus. Five spots (0.4% of all spots analyzed) were
only detected in control mice (Fig. 3, UI-US in left
panel), and another 5 (0.4%) were specifically detected
only in DES-treated mice (Fig. 3, U6-U10 in right
panel). The remaining 1202 spots (99.6%) were
detected in both control and DES-treated mice.

expression levels of DNA methyltransferases.
Newborn mice were exposed to DES from postnatal
days 1 to 5 and expression levels of Dnmtl (A), Dnmt3a
(B), and Dnmt3b (C) in the uterus were examined by
real-time RT-PCR. Expression of each gene in control
mice at day 5 was normalized to 1. Data are expressed
as means = S.E.M. of 5 uteri. *p<0.05.
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Spot Cloning

We performed spot cloning using Easy Anchor Not
I, and successfully cloned 2 spots, but could not clone

the other 8 spots. Characteristics of the cloned DNA
fragments including lengths of Not I-Pst 1 fragments,
their genomic loci and neighboring genes, were identi-
fied using BLAST (http://www.ncbi.nlm.nih.gov/
BLASTY/) (Table 2). Specifically, spot U7 was located

O Control in intron 1 of the paxillin gene. Spot U10 was located
A W DES between hypothetical proteins LOC628639 and
c 1.6 * LOC628579, and the distances from them were about
o .
? 1‘21 ’—‘ 180 kb and 210 kb, respectively.
o) .
S 1
w08 Quantification of DNA methylation
S 06
T 04 . . .
S o2 For the 2 cloned spots, differential methylation
0 5 14 30 detected by RLGS was confirmed and quantified using
Day methylation-sensitive restriction digestion and real-
time PCR. As shown in Fig. 4, the methylation ratio of
B % DES-treated mice was lower than that of control mice,
c 12 in accordance with results of RLGS analysis. At spot
% 1 U7, the methylation ratio of control mice was 48.5%,
£ 08 while that of DES-treated mice was 36.0%; and at spot
x . . . .
w 0.6 U10, it was 56.8% in control mice, and 36.8% in DES-
g 04 treated mice.
S 02
® 0
5 14 30
Day Discussion
Fig. 2. Effects of diethylstilbestrol (DES) on mRNA .
expression levels of Spl and Sp3. The same sample as . Neonatal exp qure t(? DES is reported to cause
in Fig. 1 was used in this analysis. Expression levels of ~ increase of uterine weight [30], decrease of body
Spl (A) and Sp3 (B) in the uterus were examined by  weight [31], and later in life, obesity [31] and uterine
real-time RT-PCR. Expression of each gene in control 5o 397 One of the objectives of our work was to
mice at day 5 was normalized to 1. Data are expressed . . - . .
as means + S.E.M. of 5 uteri. *p<0.05. detect epigenetic changes in young mice to predict a
Spot Spot
No C D C D nNo
Fig. 3. Restriction landmark genomic scanning (RLGS) profiles of mouse uterus with and without DES treatment. Uterine genomic

DNA samples from control and DES-treated mice were subjected to RLGS analysis. Each genomic DNA sample used was a
pooled mixture of samples from 3 mice, and each experiment was repeated twice. Left and right panels show spots detected
only in control (C) or DES-treated (D) mice. Arrows indicate different detected spots.
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Table 2. Characterization of cloned spots in uteri

Spot no. Length (bp) Locus Gene

u7 295 SF paxillin
Ul10 323 12A1.1 —

60
50
40
30
20
10

Methylation Ratio (%)

Control DES

70
60 T
50 *
40
30
20

Methylation Ratio (%)

Control DES

Fig. 4. Quantification of DNA methylation at landmark Not 1

sites of cloned spots. Genomic DNAs extracted from
DES-treated and control mice were digested with Pst 1.
Subsequently, samples were subjected to real-time PCR
with or without Not I digestion, using, pairs of primers
across the Not 1 sites of spot U7 or Ul0. The
methylation ratio was defined as the proportion of
undigested DNA in the Not I-treated genome to that in
the Not I-untreated genome. The upper panel (A) shows
results of spot U7, and the lower (B) those of spot U10.
*p<0.05.

future disease. In the present study, the alteration of
body and uterine weights (Table 1) were similar to the
previous study, and we analyzed the expression of
Dnmts and DNA methylation. Our results indicated
that DES exposure caused altered expressions of
Dnmts at days 5 and 14, and aberrant DNA methyla-
tion of several genomic loci at day 30 in the uterus. As
a result of DES-treatment, the expression of Dnmtl
decreased at days 5 and 14, whereas those of Dnmt3a
and Dnmt3b decreased significantly only at days 14 or
5, respectively, even though a decrease was also
observed at both days.

It is important to elucidate why the expression levels
of Dnmts were altered by DES. In some cases, envi-

ronmental stresses can alter the expressions of Dnmts
and Dnmt activity. For example, Raiche et al. reported
that low-dose X-irradiation altered the expression of
Dnmts and DNA methylation in a sex- and tissue-spe-
cific manner, and the authors showed the association
of estrogen [20]. Wu et al. indicated that exposure of
mouse  preimplantation embryos to  2,3,7.8-
tetrachlorodibenzo-p-dioxin (TCDD), which binds to
the aryl hydrocarbon receptor (AhR), increased methy-
lation levels of the imprinted genes H/9 and /gf2, and
DNA methyltransferase activity [19]. AhR and estro-
gen receptor (ER) are members of the nuclear receptor
superfamily, and crosstalk between AhR and ER has
been reported [33]. The transcription factors Spl and
Sp3 are reported to regulate expressions of Dnmtl,
Dnmt3a, and Dnmt3b [21, 22]. It is further reported
that expressions or activities of Spl and Sp3 are
altered by environmental stimuli such as oxidative
stress [34] or shear stress [35]. Effects of estradiol or
DES are not clear, but the induction of Spl by the
estrogen related receptor (ERR) o has been reported
[36], while DES is an agonist of ERRa [37]. Further-
more, it is well known that Sp1 and ER cooperatively
regulate the expressions of various genes. Exogenous
estrogenic compounds might affect expression of Spl
or Sp3.

In the present study, expressions of Spl and Sp3
were decreased at days 14 and 5, respectively, and this
was consistent with decreased expressions of Dnmts.
The reason why the effect on Sp3 appeared at day 5
and the effect on Spl did so later was not clear. Li et
al. reported that neonatal exposure to DES altered the
methylation of lactoferrin promoter in the mouse
uterus at day 21 although it was not affected at day 17
[14]. There might be some mechanisms that induce
delayed effects on DNA methylation. However, Spl
and Sp3 are transcription factors regulating expres-
sions of various genes with a GC box [23]. Further
studies will be needed to elucidate whether a reduction
in the levels of Dnmts in this study depended on reduc-
tions of the amounts of Spl or Sp3. In our previous
study, the expressions of Spl, Sp3 and DNA methyl-
transferases were increased in the epididymis by DES
treatment [10], but in the current study, they were
decreased in the uterus. Furthermore, in our previous
studies and other reports, body and epididymis weights
were decreased by DES treatment in male mice [7, 8,
25, 38], but in the current study using female mice,
uterine weights were increased at day 14 although
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body weights were decreased. We think that it might
come from the difference of the organs involved. It is
well known that tamoxifen acts as antagonist of estro-
gen receptor in breast cancer, but as agonist in the
uterus, and increases the risk of uterine cancer. It is
thought that this tissue specificity is determined by the
differences in the expressions of coregulators [39].
DES binds the estrogen receptor and the estrogen
related receptor (ERR). In our previous study, the
expression of ERRP in the epididymis was increased
remarkably by neonatal DES treatment (unpublished
data), but in the uterus, it was not altered (data not
shown). It is possible that ERR affected the expres-
sion of Sp1, Sp3 or Dnmts in the epididymis.

RLGS analysis revealed that 10 spots were different
between control and DES-treated groups at day 30.
Unexpectedly, although expressions of Dnmts were
decreased at days 5 and 14, the numbers of methylated
and demethylated spots were the same (5 spots). This
could be explained by the fact that CpG islands were
mainly analyzed by RLGS using Not I as a landmark
[40]. It is suggested that the genomic regions impor-
tant for gene regulation, such as the CpG island, were
protected from changes of DNA methylation [41].
Further analysis, including regions other than the CpG
islands, might show decreased DNA methylation in
the DES-treated group. In this study, a total of 10
spots out of 1200 (about 0.8%) showed differences in
appearance in the RLGS profiles. In previous studies
using RLGS, the differences of spots among the differ-
ent organs were only 1-3% [13, 27-29], and therefore,
the alterations of DNA methylation observed in the
present study were not small.

Spot U7 is located in intron 1 of the paxillin gene,
and the distances from exon 1 and exon 2 are about
17 kb and 20 kb, respectively. Although intron 1
includes a few CpG islands, there are 2 CpG islands
around spot U7 (about 200 bp upstream and 100 bp
downstream). The relation between estrogen and
paxillin is not clear, but there is a report that in the
hypothalamus of neonatal female rat, esradiol adminis-
tration reduced the expression of paxillin and affected
the brain sexual differentiation [42]. On the other
hand, there are no genes around spot 10. The GC con-
tent and the CpG frequency of spot 10 are low (49%
and 0.31, respectively), and there are no CpG islands
around it. In this study we could clone 2 spots, but
failed to clone others because of technical difficulties.
The amounts of DNA fragments obtained from the

spots were extremely small, and there were a large
quantity of hidden unlabeled DNA fragments around
the spots. We either could not get any sequences, or
could only obtain DNA fragments that were not Not -
Pst 1 sequences because of failure of ligation to the
cloning vector. Combination with another cloning
method such as virtual RLGS [43] or using a genomic
DNA restriction fragment boundary library [44] ought
to improve the efficiency of spot cloning, and should
make more information about the spots available.

In the current study, we indicated that neonatal DES
exposure induced altered expressions of Dnmts and
related transcription factors as well as aberrant DNA
methylation. DES is reported to be non-genotoxic [11]
but may be epigenotoxic. Neonatal DES treatment-
induced uterine cancer is suspected to be associated
with epigenetic alterations [14] and other various
human diseases such as many forms of cancers, while
immune and neuropsychiatric disorders are also
thought to involve epigenetic alterations [45].
Recently, it has been proposed that when evaluating
toxicities of endocrine disruptors and other chemicals,
the epigenetic effects, such as DNA methylation,
should be taken into account [46—48]. However, there
is a lack of knowledge between exposure to chemicals
and epigenetic alterations such as DNA methylation or
chromatin modification. To elucidate this aspect it is
important to determine the effects on the expressions
of Dnmts, histone acetyltransferases, and histone
deacetylases or methyltransferases. It may be that
increased expression levels of Dnmts do not directly
increase DNA methylation, and that DNA methylation
might be altered without expression changes in Dnmts;
however, altered expressions in Dnmts or histone
modifying enzymes are doubtlessly essential factors
inducing epigenetic alterations. Further studies on
various chemicals inducing expression changes of
such genes are important to elucidate the mechanisms
of epigenetic changes; these might then be used in the
development of drugs for diseases involving epige-
netic disorders.
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