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Perinatal exposure to diethylstilbestrol (DES) induces reproductive tract cancers later in life in both humans and
animals. Because there is no clear evidence that perinatal DES exposure induces gene mutation, we proposed that
perinatal DES exposure causes epigenetic methylation changes that result in persistent alterations in gene expression,
leading to tumorigenesis. The proto-oncogene c-fos is one of the immediately induced genes in uterine epithelium
after estrogen simulation and a key player in uterine carcinogenesis. Here, we investigated c-fos expression in mice
neonatally exposed to DES (2 mg/pup/day on postnatal days 1–5). The mRNA levels of c-fos in uteri of neonatal DEStreated mice were persistently 1.4–1.9-fold higher than that in the control mice from day 5 to day 60. Overall, the
uterine c-fos expression level in the neonatal DES-exposed group was significantly higher than that in the control
group. After examination of the methylation status of the c-fos gene, we found that the CpGs in promoter and intron1 regions were completely unmethylated. In exon-4, from day 17 to day 60, the percentage of unmethylated CpGs
was higher in neonatal DES-exposed mice uteri than that in control (42%, 51%, 47%, and 42% in DES-exposed mice
vs 33%, 34%, 33%, and 21% in control mice at day 17, 21, 30, and 60, respectively). These results suggest that
perinatal DES exposure may permanently alter gene expression and methylation, and the methylation modification
may occur in either the promoter regions or other regulatory sites in the gene. Published 2003 Wiley-Liss, Inc.{
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INTRODUCTION
Between the 1940s and 1960s, millions of women
were exposed to diethylstilbestrol (DES) when their
mothers took the drug during pregnancy to prevent
miscarriage. Daughters of mothers exposed to DES
during the first 3 mo of pregnancy often exhibited
changes in the tissue, or structure, or both, of the
uterus, cervix, or vagina. These changes resulted in
later infertility problems and also placed them at
risk of developing clear cell adenocarcinoma of the
vagina or cervix at a young age [1–3]. Perinatal
exposure to DES also induces reproductive tract
abnormalities in laboratory rodents, such as mouse
[4–6], rat [7,8], and hamsters [9,10]. When mice
are treated neonatally with 2 mg/DES/pup/day for
the first 5 d of life, 90% of animals develop uterine
adenocarcinoma at age 18 mo [5]. The underlying
mechanism by which developmental DES exposure
results in permanent reproductive tract anomalies
and cancers remains unclear.
Studies from our laboratory and others show that
neonatal DES exposure leads to persistent induction
Published 2003 WILEY-LISS, INC. yThis article is a US Government work
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of certain estrogen-regulated genes, which include
lactoferrin, epidermal growth factor (EGF), and
proto-oncogenes such as c-fos, c-jun, and c-myc
[11–15]. Perinatal DES exposure can also lead to
persistent repression of Hoxa-10 and Hoxa-11, which
are responsible for structural abnormalities in the
reproductive tracts [16–18]. However, there is no
clear evidence that perinatal DES exposure induces
genetic changes that can be linked to later deformity
or tumor development, or both [19,20]. Thus, we
have proposed that developmental exposure to DES
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may alter gene structure by epigenetic changes, such
as altered methylation. To test this hypothesis, we
focused on methylation analysis of persistently
altered genes after perinatal DES exposure [21,22].
We found that neonatal DES exposure resulted in
abnormal demethylation of at least one CpG site of
the lactoferrin promoter in the mouse uterus [21].
However, the direct relationship between overexpression of lactoferrin and uterine carcinogenesis is
not defined. Moreover, although methylation of
CpG islands within the 50 promoter and first exon/
intron of genes has been studied extensively, methylation alterations of CpGs located in other regions of a
gene have seldom been studied. In some cases, such
as in p53 and p16, gene expression changes are
associated with methylation changes in downstream
exons [23–26]. Hence, to define methylation alterations, methylation assays of the entire genomic
region of a gene are required.
The proto-oncogene c-fos is one of the ‘‘immediate
early induced genes’’ in uterine epithelium after
estrogen simulation, and neonatal DES treatment
upregulates c-fos expression in mouse uterus [27,28].
Overexpression of c-fos plays an important role in
uterine epithelial proliferation and in uterine tumorigenesis [29,30]. To verify DES-induced modification
of methylation also present in this gene, expression
and methylation status of the c-fos entire genomic
region were studied.
MATERIALS AND METHODS
Animals and DES Treatments
CD-1 mice [Crl:CD-1(ICR)BR] obtained from the
breeding colony at the National Institute of Environmental Health Sciences (Research Triangle Park, NC)
were injected with DES (Sigma Chemical Co., St.
Louis, MO; 2 mg/pup/day) dissolved in corn oil, or
corn oil alone (control) for 5 consecutive days from
postnatal day 1–5. Mice were sacrificed at days 5, 8,
17, 21, 30, and 60, to obtain uterine tissues. At least
16 uteri were collected for each group.
Real-Time Amplification of c-fos mRNA
RNA was isolated from eight pooled uteri from
each group with the RNeasy Mini Kit (Qiagen,
Valencia, CA), according to the manufacturer’s protocol. Tissues were homogenized by passing through
both needles and QIAshredders (Qiagen). RNA was
eluted off the RNeasy column with RNase-free water.
Reverse transcription was carried out with random
hexamers, 10! TaqMan RT Buffer, 25 mM MgCl2,
deoxy NTP mix, RNase inhibitor, Multiscribe Reverse
Transcriptase (all Applied Biosystems, Branchburg,
NJ), RNase-free water, and 0.25 mg RNA in a total
volume of 10 mL. The reverse transcription reactions
were incubated at 258C for 10 min, 488C for 30 min,
and 958C for 5 min. To perform real-time polymerase
chain reaction (PCR) amplification of c-fos cDNA,
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probe/primers were designed with Primer ExpressTM
1.0 (Applied Biosystems, Branchburg, NJ) and
optimized. Probe, 6FAM-CCTTCTCAACGACCCTGAGCCCAA-TAMRA, and primers, 50 -TGGCCTCCCTGGATTTGA and 50 -CCACGTTGCTGATGCTCTTG, were used. TaqMan Universal PCR Master Mix
(Applied Biosystems), and RNase-free water were
added to 10 mL cDNA for a total volume of 50 mL. Realtime PCR reactions using TaqMan detection (ABI
PRISM 770 Sequence Detector and Sequence
Detector v1.7 software) were then run. The results
were expressed normalized to both the GAPDH
endogenous control and an untreated control
sample (2"DDCt), where DDCt ¼ (Ctc-fos " CtGAP) "
(Ctc-fos " CtGAP)control.
Genomic Sequencing of the Sodium
Bisulfite–Treated c-fos Gene
DNA was isolated from the pooled uteri (>16 for
each group) using the QIAmp DNA Mini Kit (Qiagen)
as per the manufacturer’s protocol. Genomic DNA
was digested with EcoRI restriction enzyme and
denatured by sodium hydroxide. For deamination,
alkaline-denatured DNA (5 mg) was incubated with
3.1 M freshly prepared sodium bisulfite, pH 5.0, for
16 h at 508C and purified with DNA Clean-Up kit
(Promega, Madison, WI). The purified DNA was
again denatured with 0.3 N sodium hydroxide,
neutralized with ammonium acetate, and cleaned
by the QIAquickTM Nucleotide Removal Kit purchased from Qiagen. PCR reactions were then
performed to amplify the different regions of the cfos gene. Primers of 50 -GGATGTTTATATTAGGATATTTG and 50 -ATAAATAAACTTCCTACATCACTA
were used to amplify a fragment of 284 bp in the
promoter region, containing 14 CpGs. Primers of 50 TGGGTTTTTTTGTTAATATATAG and 50 -ACCTCCCAAACTCTAATT AACAAC were used to amplify a
fragment of 348 bp in the intron-1, containing 18
CpGs. To amplify the exon-4 region, primers of 50 TTGGAGTTAGTTAAGAGTATTAG and 50 -CACCTAAAACATATAAATAAT were used, yielding a 276bp product, containing 6 CpGs. The amplified
products were purified using PCR Prep kit (Promega)
and cloned into PCR 3.1 vectors (TA cloning Kit,
Invitrogen, Carlsbad, CA) for sequencing.
Statistical Analysis
Differences between the expression of c-fos in
neonatal DES and control groups were analyzed by
the t-test. Percentage of unmethylated CpGs was
calculated by the number of unmethylated CpGs
divided by the total number of CpGs analyzed. At
least 10 clones from each experimental group were
sequenced and more than six sequences with
complete conversion of C to T, except the CpG sites,
were calculated. The chi-square test was used to
calculate the statistical differences of unmethylation
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among different experimental groups. The level of
significance was set at P < 0.05.
RESULTS
Persistent Elevation of c-fos mRNA Level
in Neonatal DES Mouse Uterus
Quantitative analyses of c-fos mRNA levels were
conducted using real-time PCR. The results were
expressed normalized to both the GAPDH endogenous control and an untreated control sample as
2"DDCt, where DDCt ¼ (Ctc-fos " CtGAP) " (Ctc-fos "
CtGAP)control. Figure 1 summarizes the expression
level of c-fos in control and neonatal DES exposed
groups from neonatal day 5 to neonatal day 60. The
mRNA levels of c-fos in the uteri of neonatal DEStreated mice were persistently 1.4–1.9-fold higher
than that in the control mice from day 5 to day 60.
Overall, the uterine c-fos expression level in neonatal
DES-exposed group was significantly higher than
that in the control group.
Murine c-fos Gene Structure
The murine c-fos gene consists of four exons with
an identified functional estrogen response element
(ERE) sequence, GGTCAnnnCAGCC, at the 30 flanking region, 3 kb downstream of the exon-4 [31–33].
By sequence analysis, we found another ERE with the
same sequence at intron-1 (Figure 2). The 50 promoter region we examined contains 14 CpGs, the
intron-1 region contains 18 CpGs, and the exon-4
region contains 6 CpGs. The sequences and CpG sites
analyzed are shown in Figure 2. Two basic-helixloop-helix (bHLH) sites and two T-cell factor (TCF)
sites were found in the exon-4 region by sequence
analysis.

Hypomethylation on Exon 4 of c-fos Gene in Neonatal
DES-Exposed Mouse Uterus
Methylation analysis was performed on three
regions of the c-fos gene containing multiple CpG
sites, the 50 promoter, first intron, and fourth exon.
The promoter and first intron are the regions where
CpG islands overlap, and the fourth exon is the
region where a dynamic methylation change occurs
during development in mouse organs [34,35]. To
determine the methylation status of the CpG sites in
the three regions of the c-fos gene, DNA from each
experimental group was extracted and treated with
sodium bisulfite, followed by PCR amplification,
cloning, and sequencing. The 14 CpGs sites in the 50
promoter and 18 CpGs sites in intron-1 were found
to be completely unmethylated (&100%) in both
control and DES-treated mice at all ages (day 5 to day
60) examined.
There are six CpG sites in exon-4 of the c-fos gene.
The percentage of unmethylated CpGs per total
CpGs analyzed in c-fos exon-4 is shown in Figure 3. In
the control mice uteri, the percentage of unmethylated CpGs varied from 43% at day 5 to 34% at day 60.
At day 5, the percentage of unmethylated CpGs in
the DES-exposed animals was lower than the control
animals (29% vs 43%). At day 8, the percentages in
control and DES-exposed mice were similar (21% vs
28%). However, from day 17 to day 60, the percentage of unmethylated CpGs in exon-4 of the c-fos gene
in neonatal DES-exposed mice uteri was higher than
that in control (42%, 51%, 47%, and 42% in DESexposed mice vs 33%, 34%, 33%, and 21% in control
mice at day 17, 21, 30, and 60, respectively). These
data suggest that hypomethylation occurs in exon-4
of the c-fos gene in uteri of neonatal DES-treated mice

Figure 1. TaqMan real-time PCR results of c-fos mRNA in neonatal DES-exposed and control mice. The c-fos
mRNA level was expressed normalized to both the GAPDH endogenous control and an untreated control sample
"DDCt
(2
), where DDCt ¼ (Ctc-fos " CtGAP) " (Ctc-fos " CtGAP)control. P-values represent differences between neonatal
DES and control group.
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Figure 2. Schematic c-fos gene structure based on the published sequences (NCBI access no. V00727 and
U62536). Black boxes represent the four exons. Sequences of three regions are given: promoter (A); intron-1 (B);
and exon-4 (C). The methylation-specific primer regions are underlined. The CpGs analyzed for methylation status
are in bold. The CpGs in exon-4 are numbered 1–6. Precipitated transcription motifs (ERE, bHLH, and TCF) are
underlined.

from postnatal day 17. The methylation status of
each 6 CpG in exon-4 was also analyzed; the results
are shown in Figure 4. No hot spot, nor any specific
pattern, was found to be unmethylated on all six
CpG sites after neonatal DES exposure (Figure 4).
DISCUSSION
In the current study, we found a persistent
elevation of c-fos mRNA in neonatal DES-exposed
mouse uterus by real-time PCR. Through examination of the methylation status of the c-fos gene, we
found that the CpGs at the c-fos promoter and
intron-1 regions are completely unmethylated, and
neonatal DES exposure does not alter the methylation status in the two regions. However, neonatal
DES exposure led to hypomethylation in the exon-4
region.
Although several studies reported the overexpression of c-fos after perinatal DES exposure, these
reports focused mainly on the hypersensitivity of

c-fos to the stimulation by estrogen after neonatal
DES treatment [12–14]. Although Yamashita et al.
[14] reported that the c-fos mRNA level was about
2.2-fold higher in neonatal DES-exposed, overectomized mice uteri compared with control at 12 wk of
age, Kamiya et al. [12] showed that c-fos mRNA level
was 6-fold higher in the neonatal DES-exposed,
overectomized mice uteri compared with control
mice at day 50. Our study showed a persistent
elevation of c-fos mRNA in day 5, 8, 17, 21, 30, and
60 neonatal DES-exposed mice. By real-time PCR
analysis, the elevation of c-fos mRNA was slightly
lower than that in the previous reports, but statistical
analysis showed that the elevation was significant.
The dose of DES we used in this study was 2 mg/kg/
day, which induces uterine epithelial cancer in more
than 90% of the mice at age of 18 mo [5]. Yamashita
et al. [14] and Kamiya et al. [12] used 4 or 3 mg DES/
pup/day from postnatal days 1–5. The relatively
higher dose used in their experiments may explain
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Figure 3. Percentage of unmethylated CpGs in total CpGs analyzed in c-fos exon-4. The numbers on the bars
represent the unmethylated CpGs/total analyzed CpGs. P-values represent differences between neonatal DES and
control group.

Figure 4. Percentage of unmethylated CpGs in each of CpG analyzed in c-fos exon-4. The six CpGs are
numbered 1–6, as shown in Figure 2.
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the higher expression of the c-fos mRNA level
compared with our findings. Thus, our results not
only confirmed the elevation of c-fos mRNA level in
the neonatal DES-exposed mouse uterus but further
demonstrate that the elevation is an immediate and
persistent phenomenon.
Through examination of the methylation status of
the c-fos gene, we found that the c-fos 50 promoter
and intron-1 region were completely unmethylated
in the mouse uterus, and that neonatal DES exposure
did not alter the methylation status in these regions.
By enzyme digestion analysis, Kanduri and Raman
reported a stepwise and directional de novo methylation of the c-fos gene during murine development
[34,35]. Their results showed that the MspI restriction site located before the intron-2 was completely
unmethylated in fetal and adult somatic tissues, such
as liver, brain, kidney, and spleen. Another study, by
Uehara et al. [36], also reported that the CpG sites
were completely unmethylated in exon-1 of c-fos in
mouse liver. Our results show that not only the MspI
sites, but also the 14 CpGs in the 50 promoter and the
18 CpGs in intron-1, are completely unmethylated
in mouse uterus from postnatal day 5 to day 60, a
similar methylation pattern to that reported for the
liver. As for the CpGs located in exon-4, our results
show that in uteri of 5-d-old control mice, 42% of
CpG sites are unmethylated, and about 30% are
unmethylated in 8–30-d-old mice. In the uteri of
60-d-old mice, only 21% of CpG sites are unmethylated. This result is also consistent with the study of
Dr. Raman’s group [34,35], who observed that the
MspI restriction sites located downstream of exon-3
are either not methylated, or only partially so, in fetal
tissues, but highly or completely methylated in adult
mice tissues (liver, brain, kidney, and spleen). To our
knowledge, ours is the first report of the methylation
status of the c-fos gene in the mouse uterus.
Hyder et al. [33] identified an estrogen response
element (ERE) at the 30 flanking region of the murine
c-fos gene that can interact with estrogen receptors in
mouse and rat uterus. These investigators suggested
that estrogen regulation of c-fos gene expression
might be through the 30 ERE. Thus, we examined the
methylation status of the downstream sequences in
the c-fos gene and found hypomethylation of exon-4
and elevated expression of c-fos in neonatal DESexposed mice. Hypomethylation of c-fos exon-4 may
change the binding activity of this region with specific proteins or may change the chromatin structure,
affecting the transcription of this gene. In fact, there
are two bHLH and two TCF sites in the exon-4 region.
However, the direct linkage of c-fos exon-4 hypomethylation and the elevation of its mRNA level
remain to be elucidated. The neonatal DES-induced
c-fos exon-4 hypomethylation is observed from
postnatal day 17; in contrast, elevation of its mRNA
level is observed from postnatal day 5. The later onset
of hypomethylation was also found in lactoferrin

promoter [21]. The mechanism for this later onset of
demethylation is unknown, but ovarian hormones
play a role in neonatal DES-induced methylation
changes in the lactoferrin promoter [21], and ovarian
hormones may have a similar role in c-fos demethylation as well.
The methylation status of each 6 CpG in exon-4
was also analyzed. Hypomethylation of five CpGs in
neonatal DES mice appears random. This is different
with the demethylation pattern of the lactoferrin
promoter, where a CpG site-specific demethylation
was found after neonatal DES exposure from day 21.
The reason for this difference is unknown but may
reflect the diversity of methylation patterns affected
by DES among the different genes. Through sequence
analysis, we found another ERE that is similar to
the reported ERE by Hyder et al. [31–33] located
at the intron-1. The physiological role of this ERE
remains to be elucidated.
In conclusion, our current results add further
support to the hypothesis that developmental DES
exposure alters the methylation status of genes in
early life as a possible mechanism for tumor development in later life. How and where methylation
alterations occur upon developmental exposure to
DES may differ with different genes. Methylation
changes may occur in CpGs located in 50 promoter
and/or other intronic and exonic regions of the gene.
Direct linkage between elevated expression of c-fos
and hypomethylation of its exon-4 in mouse uterus
upon neonatal DES exposure remains to be studied
further.
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