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Abstract To ascertain whether p53 deficiency in vivo leads to the deregulation of DNA methylation machinery
prior to tumor development, we investigated the expression profile of DNA methyltransferases in the thymus and the
liver of p53þ/þ, p53þ/�, and p53�/� mice at 7 weeks of age before tumor development. The expression of DNA
methyltransferases was examined in the thymus at 7 weeks of age, since the malignant T-cell lymphoma develops most
frequently in p53�/�mice around 20weeks of age. BothmRNA and protein levels ofDnmt1 andDnmt3bwere increased
in the thymus and the liver of p53-deficient mice. The expression ofDnmt3awas also increased in the liver but not in the
thymus of p53-deficient mice. Dnmt3L expression was reduced in the thymus of p53þ/� and p53�/� mice. The total
5-methylcytosine (5-MeC) in the genomic DNA of p53þ/þ, p53þ/�, and p53�/� mice was quantitated by dot-blot using
antibody against 5-MeC.Globalmethylationwas increased in the thymus and the liver of p53-deficientmice. To correlate
the deregulated expression of DNAmethyltransferases with the disturbance of the epigenetic integrity, we examined the
DNAmethylation of the imprinting control region (ICR) at the insulin-like growth factor II (Igf2)/H19 loci in the thymus and
the liver of p53þ/þ, p53þ/�, and p53�/�mice. The region containing twoCCCTC binding factor (CTCF) binding sites in the
50-ICR tended to be hypomethylated in the thymus of p53�/� mice, but not in the liver. The expression profile of Igf2 and
H19 indicated that the thymus-specific changes of Igf2 andH19 expression were coherent to the hypomethylation of the
ICR in the thymus.Our results suggest that p53 is required for themaintenanceofDNAmethylation patterns in vivo. J. Cell.
Biochem. 94: 585–596, 2005. � 2004 Wiley-Liss, Inc.
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Regional hypermethylation of several tumor
suppressor genes despite genome-wide hypo-

methylation is one of the representative epi-
genetic modifications in cancers [Jones and
Baylin, 2002]. Contrary to the genomic hypo-
methylation, DNA methyltransferases are
usually overexpressed in cancers [Robertson
et al., 1999]. The deregulated DNA methyl-
transferases found in tumors are DNA methyl-
transferase 1 (Dnmt1), a maintenance enzyme,
Dnmt3a and Dnmt3b, de novo DNA methyl-
transferases [Robertson et al., 1999]. However,
the expression of Dnmt3L, known to be es-
sential for the establishment of maternal DNA
methylation imprints [Bourc’his et al., 2001;
Hata et al., 2002], has not been reported in
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tumors. Although the genomic DNA methyla-
tion changes in various tumors have been
extensively investigated, the epigenetic studies
on Li–Fraumeni syndrome have been rarely
reported. Li–Fraumeni syndrome is caused by
germline transmission of TP53 mutant allele
[Srivastava et al., 1990]. The p53�/� mice, a
mouse model of Li–Fraumeni syndrome, devel-
oped the malignant T-cell lymphoma at 3–
6 months of age [Donehower et al., 1992; Jacks
et al., 1994]. Using p53�/� mice before tumor
development, the in vivo role of p53 in DNA
methylation homeostasis could be elucidated.
The deregulation of DNA methyltransferases
would be expected in the thymus of p53 knock-
out mice before tumor development if the de-
pletion of p53 resulted in the abnormal DNA
methylation

Insulin-like growth factor 2 (Igf2) is a mater-
nally imprinted gene linked to the paternally
imprinted H19 on the mouse chromosome 7,
being expressed exclusively from the hyper-
methylated paternal allele of Igf2 [Ferguson-
Smith et al., 1991]. The control sites for the
imprinted expression are located at differ-
entially methylated region (DMR) 1 on Igf2
promoter, DMR2 on exon 4–6 of Igf2, and im-
printing control region (ICR) at 2 kb upstream
of H19 [Vu and Hoffman, 1994; Hark et al.,
2000]. The differential DNA methylation pat-
tern of the ICR is allelically most distinctive
among the DMRs of the imprinted regions
known to date [Weber et al., 2001]. The mater-
nally unmethylated ICR acts as a boundary/
insulator element mediated by a zinc finger
protein CCCTC binding factor (CTCF) [Bell
and Felsenfeld, 2000]. Hypermethylation on
the maternal allele of the ICR is coincident
with an increased expression of IGF2 in Wilm’s
tumor [Cui et al., 2001]. The aberrant DNA
methylation of the maternal ICR abolishes the
CTCF binding. Loss of imprinting (LOI) is also
found in colorectal, liver, lung cancers, and in
leukemia [Hashimoto et al., 1995; Hibi et al.,
1996; Takeda et al., 1996]. Hypomethylation on
the paternal allele of the ICR has been also
observed in colorectal cancer [Cui et al., 2002,
2003]. Both gain-of-methylation and loss-of-
methylation on the ICR of the IGF2/H19 loci
occur in a mutually exclusive manner in
osteosarcoma [Ulaner et al., 2003]. The methy-
lation of the maternal allele accompanies IGF2
LOI, while the demethylation of the paternal
allele accompanies H19 LOI in osteosarcoma

[Ulaner et al., 2003]. Thus, the ICR of the Igf2/
H19 loci seems to contain the preferential target
sequences for the aberrant DNAmethylation in
most tumors.

To demonstrate the disruption of epigenetic
regulation by p53 deficiency, the expression
profiles of the DNA methylation machinery
under varying degree of p53 dosage were in-
vestigated using 7-week-old p53-deficient mice
before tumor development. DNA methylation
status of the ICR on the Igf2/H19 loci was also
investigated in the thymus of p53-deficient
mice.

MATERIALS AND METHODS

Isolation of Total RNA and Genomic DNA
From Thymus and Liver Specimens

Mice deficient in p53 were obtained from The
JacksonLaboratory, BarHarbor,MEandmain-
tained as heterozygotes under C57BL/6J back-
ground.Approximately 40%of the coding region
of p53 is removed in the p53mutantmice [Jacks
et al., 1994]. Homozygotes were produced by
mating male and female heterozygotes. Geno-
typing was performed as described [Jacks et al.,
1994]. All themice at 7weeks of agewithout any
apparent tumors were sacrificed. Liver and
thymus were collected from p53þ/þ, p53þ/�,
and p53�/� mice. Butterfly-form thymus was
incised between upper rib and heart. Genomic
DNAs were isolated by standard procedures
[Maniatis et al., 1982]. Total RNAs were
extracted with TRIzol solution (Invitrogen,
Carlsbad, CA) according to the manufacturer’s
specifications.

Quantitative RT-PCR Analysis

The expression levels of DNA methyltrans-
ferases, Igf2, and H19 were quantitated by a
real-time RT-PCR with LightCycler (Roche
Applied Science, Mannheim, Germany). Total
RNAs (15 mg) were reverse-transcribed in a
volume of 100 ml by using First-Strand cDNA
Synthesis Kit (Amersham Pharmacia Biotech,
Seoul, South Korea). One microliter of synthe-
sized cDNA was used for the analysis. Each
reaction was performed in a 20 ml volume using
the LightCycler DNA Master SYBR Green I
(Roche Applied Science) in a thin-walled capil-
lary tube. The conditions were programmed
as follows: initial denaturation at 958C for 10 s
followed by 35 cycles of 5 s at 958C, 10 s at
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608C, and 15 s at 728C. Primers used in the
quantitative RT-PCR are listed in Table I.
The relative amounts of the mRNAs were de-
termined using the Quantification program
(Roche Applied Science). The amount of the
PCR products was normalized to the percent-
age of the expression level of b-Actin. The RT-
PCR products were also evaluated on 1.5%
agarose gels after staining with ethidium
bromide to ascertain the specificity of the
experiments. The cycle numbers of the PCR
were reduced in order to optimize the changes
of band intensities. The numbers of cycles for
the amplification of b-Actin, p53, Dnmt1, and
Dnmt3a were 22, 25, 30, and 32, respectively.
The rests of the PCR were performed for
35 cycles.

Immunoblot of DNA Methyltranferases

The tissue samples were homogenized in 1ml
of boiling lysis buffer (1% SDS, 1 mM sodium
ortho-vanadate, 10 mM Tris, pH 7.4) using
tissue-tearor (Biospec Products, Inc., Bartles-
ville, OK) and boiled briefly at 1008C for 10 s.
The tissue lysates were centrifuged 13,000g, for
5 min and the protein concentrations were
measured by Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Inc., Hercules, CA). The
tissue lysates (15 mg) were eletrophoresed on
SDS–PAGE gel (6% for Dnmt1 and 7.5% for
Dnmt3a, 3b, 3L, a-Tubulin). The electrotrans-
ferred membranes were probed with a 1: 2,000
dilution of anti-Dnmt1 antibody (Imgenex, San
Diego, CA), anti-Dnmt3a antibody (Imgenex),
anti-Dnmt3b antibody (Abgent, SanDiego, CA),
anti-Dnmt3L antibody (Abgent), anti-p53 anti-
body (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), or anti-a-Tubulin antibody (Onco-

gene Research Products, San Diego, CA). HRP-
conjugated anti-mouse IgG antibody (Santa
Cruz Biotechnology, Inc.) was used as a second-
ary antibody for Dnmt1, Dnmt3a, and a-Tubu-
lin, while anti-rabbit IgG antibody (Santa Cruz
Biotechnology, Inc.) for Dnmt3b, Dnmt3L, and
p53.

5-Methylcytosine (5-Mec) Dot-Blot
Analysis With the Genomic DNA

Dot-blot analysis using antibody against 5-
MeC was performed as described [Tao et al.,
2004]. Genomic DNA (2 mg) was denatured by
adding NaOH and EDTA solution to final
concentration of 0.4 N NaOH, 10 mM EDTA
and heated to 1008C for 10 min. The DNA
samples were neutralized by adding an equal
volume of cold 2 M ammonium acetate, pH 7.0
and then dotted onto aHybondTM-ECLTM nitro-
cellulose membrane (Amersham Pharmacia
Biotech) using a Bio-Dot Microfiltration Appa-
ratus (Bio-Rad Laboratories, Inc.). The mem-
branewas crosslinked inUltraviolet crosslinker
(Amersham Pharmacia Biotech) for 2 min and
incubated in a 5% skim milk/Tris-buffered
salineþTween 20 (TBST) blocking solution
(pH 7.5) for 2 h. The membrane was probed
with a 1: 2,000 dilution of sheep polyclonal
primary antibody (Abcam, Cambridgeshire,
UK) specific against 5-MeC for 2 h, washed
three times for 15 min with TBST (pH 7.5), and
incubated with 1:2,000 dilution of (HRP)-con-
jugated secondary anti-sheep IgG antibody for
1 h. The membrane was washed again with
TBST, treated with ECL plus Western blotting
detection reagent (Amersham Parmacia Bio-
tech) and autoradiographed. The equal quantiy
of the genomic DNA was indicated by the

TABLE I. Primers Used in Quantitative RT-PCR

Gene Orientation Sequence

b-Actin Sense 50-GGTTCCGATGCCCTGAGGCTCTTT-30

Antisense 50-CGCAGCTCAGTAACAGTCCGCCTA-30

lgf2 Sense 50-TGTTCGGACCGCGGCTTCTACTTC-30

Antisense 50-ACACGATCAGGGGACGATGACGTTTG-30

H19 Sense 50-TGATCGGTGTCTCGAAGAGCTCGG-30

Antisense 50-TGACACCATCTGTTCTTTCAGCTTCAC-30

Dnmt1 Sense 50-CCAAGCTCCGGACCCTGGATGTGT-30

Antisense 50-CGAGGCCGGTAGTAGTCACAGTAG-30

Dnmt3a Sense 50-GCACCTATGGGCTGCTGCGAAGACG-30

Antisense 50-CTGCCTCCAATCACCAGGTCGAATG-30

Dnmt3b Sense 50-CAAGGAGGGCGACAACCGTCCATT-30

Antisense 50-TGTTGGACACGTCCGTGTAGTGAG-30

Dnmt3L Sense 50-CCCTAGGCAGCTCTTGTGATCGCTG-30

Antisense 50-CGTCCAGCTTGCTCCTGCTTCTGAC-30
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intensity of 0.02% methylene blue staining.
The relative dot intensity was measured using
GS-800TM calibrated densitometer (Bio-Rad
Laboratories, Inc.).

Combined Bisulfite Restriction Analysis
(COBRA) and Bisulfite Sequencing

Bisulfite treatment and COBRA were per-
formed as described [Xiong and Laird, 1997].
One microgram of the genomic DNA of each
sample was denatured in 0.2 M NaOH. Sodium
bisulfite (Sigma, St. Louis, MO) was added to a
final concentration of 3.1 M, and hydroquinone
to a final concentration of 0.5 mM. The reaction
was performed at 558C for 16 h. The DNA
samples were purified with the DNA Clean-Up
System (Promega, Madison, WI) and then
desulfonated by 0.3 M NaOH and precipitated
with ethanol. Ten nanograms of the modified
DNA was amplified in 5% DMSO, 20 mM Tris-
HCl pH 8.8, 2 mMMgCl2, 10 mMKCl, 1.25 mM
dNTPs, 400 nM of primer pairs, and 5 U Taq
DNApolymerase (RocheApplied Science). Cycl-
ing conditionswere at 948C for 5min followed by
40 cycles of 948C for 30 s, 558C for 30 s, and 728C
for 2minwith a final extension of 5min at 728C.
The PCR products were purified using QIA-
quick PCR Purification Kit (Qiagen, Valencia,
CA). The full bisulfite conversionwas confirmed
by digestion with KpnI (New England Biolabs,
Beverly, MA) for the ICR of Igf2/H19, or HhaI
(New England Biolabs) for Peg1 and Peg3, since
KpnI or HhaI cleaves the unconverted DNA
sequence. The PCR products uncleavable by
KpnI or HhaI were used for COBRA. The fully
converted PCR products was digested with ClaI
(New England Biolabs) for the ICR of Igf2/H19,
RsaI (Roche Applied Science) for Peg1, or TaqI
(Roche Applied Science) for Peg3, and electro-
phoresed on a 2% agarose gel. The fully con-
vertedPCRproducts of the ICRwere also cloned
using pGEM-T-easy vector system (Promega)
forDNAsequencing analysis. Primer sequences
for the PCR amplification of the ICR at the Igf2/
H19 loci were: 50-GAGTATTTAGGAGGTA-

TAAGA-30 (sense, upper strand) and 50-CAAA-
AACTAACATAAACCCCT-30 (antisense, upper
strand).

RESULTS

Altered Expression of DNA Methyltransferases
in p53-Deficient Mice

To determine whether the regulation of DNA
methylation machinery is affected by p53 de-
ficiency before tumor development, we tested
the expression of DNA methyltransferases in
the thymus and the liver of p53þ/þ, p53þ/�, and
p53�/� mice at 7 weeks of age. The thymus was
chosen to detect the abnormal expression of
DNA methyltransferases since most tumors
developed in p53�/� mice at 20 weeks of age
were mostly thymic lymphomas [Donehower
et al., 1992; Harvey et al., 1993]. Liver was also
investigated as a control. No tumors were
detected in all the tissues of the mice sacrificed.
The mRNA levels of Dnmt1 and Dnmt3b were
increased in the thymus and in the liver of p53-
deficient mice (Fig. 1A,B). The increments of
Dnmt1 transcripts relative to wild type mice
were 9.3 and 34.1% in the thymus of p53þ/� and
p53�/� mice, respectively (Fig. 1A,B). The in-
creased expression of Dnmt1 was prominent in
the liver. Its increased quantities relative to
wild typemicewere 27.8 and 101.5% in the liver
of p53þ/� and p53�/� mice, respectively. The in-
creasedmRNA levels ofDnmt3b relative to wild
type mice were 77.8 and 55.4% in the thymus of
p53þ/� and p53�/� mice, and 56.6 and 50.7%
in the liver of p53þ/� and p53�/� mice, respec-
tively. No specific isoform prevailed among
the alternative splicing forms of Dnmt3b. The
Dnmt3a expression did not vary significantly in
the thymus, while 37.8 and 84.9% increases
relative to wild type mice were observed in the
liver of p53þ/� and p53�/� mice, respectively.
The expression of Dnmt3L was severely dimin-
ished in the thymus of p53þ/� and p53�/� mice
while noDnmt3L transcript was detected in the
liver irrespective of the p53 genotypes. Protein

Fig. 1. The expression profiles of the DNA methyltransferases.
A: Ethidium bromide staining of RT-PCR products of Dnmt1,
Dnmt3a, Dnmt3b, and Dnmt3L transcripts. The RT-PCR cycle
numbers ofDnmt1,Dnmt3a,Dnmt3b,p53, andb-Actinwere30,
32, 35, 25 and 22, respectively. The alternative splicing forms of
Dnmt3bwere designatedwith arrow. The RT-PCR products from
the thymusand the liver ofwild typemiceandp53-deficientmice
were shown. RT (þ) and RT (�) PCR with b-Actin primers was

used as a control. B: Quantitative real-time RT-PCR. The
expression levels of DNA methyltransferases were also quanti-
tated by real-time RT-PCR with LightCycler using SYBR Green I
dye. The relative amounts of the mRNAs were analyzed using
Quantification program and normalized as percentage against
the expression level of the control b-Actin. C: Immunoblot of
DNA methyltransferases. The equalized protein quantities were
displayed by a-Tubulin as a control.
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Fig. 1.
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levels of all the DNA methyltransferases were
approximately proportional to their mRNA
levels (Fig. 1C). Thus, both transcriptional and
translational levels of DNA methyltransfer-
ases were changed in p53-deficient mice before
tumor develpment.

Global Hypermethylation in p53-Deficient Mice

The total genomic 5-MeC contents were
measured by 5-MeC dot-blot to emphasize the
consequence of the deregulated expression of
the DNA methyltransferases. The genomic

Fig. 2. Genomic 5-methylcytosine (5-MeC) contents and DNA
methylation of tumor suppressor genes. A: The dot-blot analysis
of 5-MeC in the thymus and the liver DNA.GenomicDNA (2 mg)
was dot-blotted, bound by anti-5-MeC antibody, and detected
chemiluminescence Western blot detection reagents. Equal
loading was confirmed by 0.02% methylene blue staining.
B: Comparative 5-MeC quantities in the thymus and the liver

depending on p53-gene dosage. Statistical significance was
determined by t-test with Bonferroni correction (P-value<0.05).
C: MSP of p16INK4a, p15INK4b, E-cadherin, and Rassf1A. No
methyl-specific bands were detected. The PCR conditions were
the same for COBRA except annealing temperatures, 588C. The
primers used in COBRA and MSP were designated in Table II.
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5-MeC increased in the thymus and the liver
as the p53 gene dosage decrease. The in-
creased quantities were 40.3% (p53þ/�), 60.3%
(p53�/�) in the thymus, and 62.7% (p53þ/�),
88.9% (p53�/�) in the liver of p53þ/� and p53�/�

mice, respectively (Fig. 2A,B). The increase of
the global genomic CpG methylation was pro-
minent in the liver of p53-deficient mice. The
high 5-MeC quantities in p53-deficient mice
correlated with the increased expression of
Dnmt1 andDnmt3b, while the reducedDnmt3L
expression barely influenced to the global
genomic methylation pattern.
To ascertain whether the frequent tumor

development in p53-deficient mice is due to the
hypermethylation of tumor suppressor genes,
DNA methylation of the representative tumor
suppressor genes, p16INK4a, p15INK4b, E-
cadherin, and Rassf1A was investigated by
methylation-specific PCR (MSP). MSP primers
were designed to amplify the region including
the CpG islands at the promoter of the tumor
suppressor genes (Table II). No methylation
was detected in these tumor suppressor genes
(Fig. 2C).

DNA Methylation Pattern of
the ICR at the Igf2/H19 Loci

COBRA was performed to detect the abnor-
mal DNAmethylation pattern of the ICR at the
Igf2/H19 loci in the thymus and the liver from
p53þ/þ, p53þ/�, and p53�/� mice at 7 weeks of
age. Since the differential methylation at the
region of the CTCF binding site 1 (nt. 1345–

1392, GenBank accession no.U19619) and 2 (nt.
1592–1637) are more distinctive according to
the parental alleles than the CTCF binding site
3 and 4, we analyzed the DNA methylation
levels in the region containing the CTCF bind-
ing site 1 and 2 (Fig. 3A) [Reed et al., 2001]. The
ClaI recognition site (ATCGAT) on the nucleo-
tide 1389–1394 of the ICR at the end of the
CTCF binding site 1 is abrogated after bisulfite
conversion when the CpG sites are demethy-
lated (Fig. 3A). Thus, the DNA methylation
level of the CpG sites at the nucleotide 1391
could be evaluated by ClaI restriction enzyme
(Fig. 3B). The thymus of p53�/�mice exhibited a
considerable reduction of DNA methylation at
the 1391 site, while the DNAmethylation levels
of the same site in the thymus ofp53þ/þ and
p53þ/� mice were comparable with those in the
liver (Fig. 3B). Lack ofKpnI digest indicated the
full bisulfite conversion. The p53 deficiency did
not affect the DNA methylation levels of the
CpG sites in the liver.

To ascertain the influence of loss of p53 on the
comprehensive quality of the DNAmethylation
at the ICR, bisulfite sequencing of 1278–1749
under differential gene dosage of p53 was
performed in the thymus and the liver. Total
of 16 CpG sites were analyzed (Fig. 3A). The
overall percentages of the methylated CpGs in
the thymus were 48.6% (451/928) in p53þ/þ,
37.6% in p53þ/� (349/928), and 9.6% (86/896) in
p53�/� (Fig. 4A). The extents of the demethyla-
tion were increased by reduction of the p53
dosage. The CpG dinucleotides in the thymus

TABLE II. Primers Used in COBRA or MSP

Gene GenBank no. Orientation Sequences

Peg1 AF017994 Sense 50-GGTGTTGGTATTTTTAGTGTTA-30

Antisense 50-AAAAATCATCTTTCACACCTTC-30

Peg3 AF105262 Sense 50-GTAGAGGATTTTGATAAGGAG-30

Antisense 50-CAATCTACAACCTTATCAATTA-30

p161NK4a (methylated) NT_039271 Sense 50-GCGGTAGGGTTCGCGC-30

Antisense 50-CGAAACCCACGCGCCG-30

p161NK4a (unmethylated) Sense 50-GATGTGGTAGGGTTTGTGT-30

Antisense 50-CCTCAAAACCCACACACCA-30

p151NK4b (methylated) NT_039271 Sense 50-GGCGTTAGCGTTCGAGC-30

Antisense 50-GCGCCGCGACGATAAC-30

p151NK4b (unmethylated) Sense 50-TAGGTGTTAGTGTTTGAGTG-30

Antisense 50-CACACCACAACAATAACCA-30

E-cadherin (methylated) NT_078586 Sense 50-GTTAGGATTCGAACGATC-30

Antisense 50-ACTCAATAATACGCCGCG-30

E-cadherin (unmethylated) Sense 50-GGTTAGGATTTGAATGATTG-30

Antisense 50-ACTCAATAATACACCACAAC-30

Rassf1A (methylated) NT_039477 Sense 50-GCGTATACGTTTCGGTTC-30

Antisense 50-CGCCGCGCGACAACCG-30

Rassf1A (unmethylated) Sense 50-ATGTGTATATGTTTTGGTTTG-30

Antisense 50-CAACACCACACAACAACCA-30

CpG sites of MSP were indicated as underlined with bold letter.
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were either methylated or unmethylated in
p53þ/þ mice, presumably depending on the
parental origin (Fig. 4A, p53þ/þ line 1). The
DNA methylation pattern of the ICR was dis-
turbed with a tendency of hypomethylation in
the thymus of p53þ/� and p53�/� (Fig. 4A, line 2
and line 3, respectively). No significant reduc-
tion of the CpG demethylation at the region was
observed in the liver of p53�/�mice. The overall
estimation of the methylated CpG sites in the
liver was 47.5% (433/912) in p53þ/þ, 37.7% (344/
912) in p53þ/�, and 44.8% (409/912) in p53�/�

(Fig. 4B). The quantity of the DNAmethylation
in the liver was slightly reduced in p53þ/� mice
as in the thymus. The CpG sites at nucleotide
1621 and 1624 within the CTCF binding site

2 seemed to be vulnerable to demethylation
irrespective to p53 dosage in the liver. The p53-
dependent disruption of DNA methylation on
the ICR of the Igf2/H19 loci in the thymus
suggests that the expression patterns of Igf2
andH19 could be affected in the thymus of p53-
deficient mice.

Additional imprinted genes withwell-defined
DMR were investigated by COBRA [Lucifero
et al., 2002]. The methylation of the DMRs of
Peg1 and Peg3 could be evaluated by RsaI and
Taq I, respectively. Bisulfite conversions of
the DMRs were checked by HhaI digestion.
The parental DNA methylation patterns of the
DMRs at Peg1 and Peg3 were intact in the
thymus and the liver of p53-deficient mice

Fig. 3. The DNA methylation patterns of the ICR on the Igf2/
H19 loci in p53-deficient mice. A: Schematic map of the ICR
containing the CTCF binding sites 1 and 2 (gray boxes) and the
CpG sites (circles). Nucleotide-numbers according to GenBank
U19619 sequence were indicated. Horizontal arrows indicate
primers used for COBRA. The location of CpG sites are 1330,
1360, 1362, 1372, 1374, 1391, 1397, 1538, 1546, 1568, 1617,
1621, 1624, 1638, 1645, and 1658. The nucleotides at 1372 and
1374 were polymorphic sequences in C57BL/6J mice. Vertical
arrows are the restriction enzyme sites used in COBRA. KpnI site

(GGTACC) is located at 1531–1535. KpnI can cut only
unconverted DNA but not fully converted DNA. Only fully
convertedPCRproductswere used.B: COBRAof the ICRon Igf2/
H19 loci. Digestion of the PCR products (472 bp) with ClaI yields
114 and 358 bp fragments when methylated. PCR products
digested with KpnI were added as a bisulfite conversion control.
To eliminate PCR bias, each of three samples from different
individuals was repeatedly tested three times. U, unmethylated
band; M, methylated bands; C, fully converted band.

Fig. 4. Bisulfite sequencing analysis of the ICR on the Igf2/H19. The region containing CTCF binding sites 1
and 2 has 16 CpG sites as illustrated in Figure 1A. Bisulfite sequencing data were performed with the PCR
products obtained independently from three mice samples and plural independent clones. A: Thymus.
B: Liver. Filled circles: Methylated CpG sites; open circles: Unmethylated CpG sites. Vertical arrows are the
vulnerable CpG sites, 1621 and 1624, in the liver.
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(Fig. 5A,B). The DNA methylation patterns in
thematernally imprinted genes,Peg1 andPeg3,
did not seem to be influenced by the global
methylation and/or the deregulated expression
of DNA methyltransferases in p53-deficient
mice.

Expression Profile of Igf2 and H19

To correlate the disrupted DNA methylation
pattern with the expressions of Igf2 and H19,
the expression levels of both genes were inves-
tigatedunderp53þ/�andp53�/� conditions. Igf2
expression was reduced in the thymus of p53þ/�

and p53�/� mice in a p53 dose-dependent
manner (Fig. 6A,B). The mRNA levels of Igf2
in the thymus of p53þ/� and p53�/� mice were
78.1 and 47.1%, respectively, relative to thewild
typemice. The expression ofH19, a reciprocally
imprinted gene, showed an opposite pattern.
H19mRNAs in the thymus of p53þ/� and p53�/�

mice were increased by 39.9 and 85.8%, respec-
tively. Insignificant changes were observed in
the liver, where a relatively consistent DNA
methylation pattern of the ICRwasmaintained
(Fig. 4B).

DISCUSSION

The expression of DNA methyltransferases
was deregulated in p53-deficient mice before

tumor development. The p53 heterozygosity
was sufficient to disrupt the regulation of DNA
methyltransferases. Although the overexpres-
sion of DNA methyltransferases has been
observed in many tumors, those epigenetic
changes have been thought as outcome of tumo-
rigenesis but not the direct effects of p53
deficiency. Another evidence of the direct rela-
tionship between p53 and DNA methylation
derived from a recent study demonstrates that
Dnmt1 is repressed by p53 binding on the exon 1
of Dnmt1 in the absence of p53 activating
stimuli [Peterson et al., 2003]. Our results
provide a clue for understanding regulation of
DNA methyltransferases by p53.

We have observed the hypomethylation of the
CTCF binding sites 1 and 2 in the thymus under
p53 deficiency. The extent of the hypomethyla-
tion depends on p53 gene dosage in the thymus,
while the CTCF binding sites 1 and 2 were
metastably methylated in the liver. It was
previously shown that theCTCF insulator could
bind to the unmethylated DNA and block the
activation of Igf2 by theH19 enhancer [Bell and
Felsenfeld, 2000; Hark et al., 2000]. The
observed decrease of Igf2 and the reciprocal
increase of H19 transcription in the thymus
could be explained by the CTCF binding to
the hypomethylated site 1 and 2 under p53-

Fig. 5. The methylation patterns of Peg1 and Peg3. A: COBRA
of Peg1. RsaI digestion of themethylatedDNA (334 bp) yield 204
and130bp fragments. Full bisulfite conversionwas confirmedby
HhaI digestion. U, unmethylated band; M, methylated bands; C,
fully converted band. No changes of the methylation pattern

were detected. B: COBRA of Peg3. TaqI digestion of the
methylated DNA (355 bp) yield 194 and 161 bp fragments. Full
bisulfite conversion was also confirmed by HhaI digestion. No
changes of the methylation pattern were observed.
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deficiency. The metastable DNA methylation
pattern in the liver reflects the consistent
expression of Igf2 and H19 among p53þ/þ,
p53þ/�, and p53�/� mice. It is noted that the
two CpGs of CTCF binding site 2 at 1621 and
1624 (arrows in Fig. 4B) were vulnerable to
demethylation in the liver irrespective of p53-
deficiency. It seems that individual cells in the
liver are epigenetically heterogeneous.
The level of total 5-MeCwas increased in p53-

deficient mice. The increments of Dnmt1 and
Dnmt3b expression seemed to contribute to the
global hypermethylation in p53-deficient mice.
The increased expression ofDnmt3a in the liver
of p53-deficient mice appears to represent the
higher level of 5-MeC in the liver than the
thymus. The observed global hypermethylation
underp53deficiency contrastswith thegenomic
hypomethylation observed in most tumors
[Jones and Baylin, 2002]. The maternally im-
printed genes and the tumor suppressor genes
examined in our studies evaded the shower of

global methylation. The aberrant DNA methy-
lation pattern of the ICR at the Igf2/H19 loci
suggests that the ICRmay be governed by other
epigenetic regulators in the thymus of p53�/�

mice.
It canbe concluded that p53 is required for the

maintenance of DNA methylation patterns in
vivo. The conclusion is supported by two main
observations in this study; (1) p53 deficiency
results in the global hypermethylation through
the overexpression of Dnmt1 and Dnmt3b
in vivo. (2) The ICR of the Igf2/H19 loci in the
thymus of p53�/� mice was hypomethylated
before tumor development.
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