UC Office of the President
Recent Work

Title

Unveiling the methylation status of CpG dinucleotides in the substituted segment of the
human p53 knock-in (Hupki) mouse genome

Permalink

https://escholarship.org/uc/item/151860g\

Journal
Molecular Carcinogenesis, 49(12)

ISSN
0899-1987

Authors

Kim, Sang-In
Hollstein, Monica
Pfeifer, Gerd P

Publication Date
2010-12-01

DOI
10.1002/mc.20683

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/151860qv
https://escholarship.org/uc/item/151860qv#author
https://escholarship.org
http://www.cdlib.org/

MOLECULAR CARCINOGENESIS 49:999-1006 (2010)

Unveiling the Methylation Status of CpG
Dinucleotides in the Substituted Segment of the
Human p53 Knock-In (Hupki) Mouse Genome

Sang-In Kim," Monica Hollstein,? Gerd P. Pfeifer," and Ahmad Besaratinia’*

IDepartment of Cancer Biology, Beckman Research Institute of the City of Hope National Medical Center, Duarte, California
2LIGHT Laboratories, University of Leeds, Leeds, UK

Methylated cytosines within CpG dinucleotides (mCpGs) along the DNA-binding domain of the TP53 tumor
suppressor gene (exons ~5-8) are the single most significant mutational target in human cancers. The human p53
knock-in (Hupki) mouse model was constructed using gene-targeting technology to create a mouse strain that harbors
human wild-type TP53 DNA sequences spanning exons 4-9 in both copies of the mouse p53 gene. To date, however,
the methylation status of cytosines within CpGs in the substituted segment of the Hupki mouse genome has not been
determined. This lack of information deserves special attention because DNA methylation in mammals, which occurs
almost exclusively within CpG dinucleotides, is a dynamic process throughout developmental stages and may vary
among different species. Here, we have investigated the status of CpG methylation in the substituted segment of the
Hupki mouse genome, and compared it to the methylation profile of the corresponding segment in the human
genome using the combined bisulfite-restriction analysis and sodium bisulfite genomic sequencing. We found that all
cytosines within CpGs of the TP53 DNA-binding domain, on both the coding and noncoding strands, were heavily
methylated in Hupki fibroblasts, as they were in human fibroblasts. This is in keeping with the fully methylated status
of TP53 CpGs that is known to prevail in adult human tissues. The remarkably similar patterns of cytosine methylation
within CpG dinucleotides in Hupki cells and human cells further validates the suitability of mutagenesis assays in Hupki
cells for experimental induction of TP53 mutations that have been observed in human tumors. ® 2010 Wiley-Liss, Inc.
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INTRODUCTION

Tumor-driving mutations in the TP53 gene are
frequent events in human cancers [1-4], and TP53
generally stands at the top of the list of the most
frequently mutated genes even when all coding
sequences of the human genome are analyzed [5].
The vast majority of human TP53 mutations arise
from a single point mutation in the segment
encoding the DNA-binding domain of the TP53
protein (roughly exons 5-8) [1,2]. The methylated
CpGs (mCpGs) in this genomic segment constitute
the most prominent mutational target in the TP53
gene in a variety of human cancers [1-4]. The
significance of mCpGs in human TP53 mutagenesis
isborne out by the observation that TP53 mutational
hotspots in certain types of human cancer localize
almost exclusively to mCpG-containing codons [6].
For example, both lung and colon cancer mutational
hotspots contain predominantly mCpGs in their
sequence contexts, and nonmelanoma skin cancer
mutational hotspots cluster at pyrimidine-mCpG
sequence contexts [5].

Molecular mechanisms contributing to inherent
hypermutability of mCpGs in the human genome
have not been fully elucidated [6]. Depending on
cancer type and etiology, however, a number of factors
leading to the high frequency of tumor-driving

© 2010 WILEY-LISS, INC.

mutations at CpG sites of TP53 have been proposed
[5]. For example, the propensity of methylated
cytosines within CpG dinucleotides to undergo
spontaneous hydrolytic deamination to thymine,
or inflammation-derived nitrosative/oxidative stress
that gives rise to promutagenic metabolites, for
example, nitric oxide, may partially explain the
prevalence of C to T transition mutations at mCpG
sites in the TP53 gene in colon and other internal
cancers [7]. Or, enhanced reactivity of mCpGs with
electrophilic compounds present in tobacco smoke,
for example, polycyclic aromatic hydrocarbons, may
account for the preponderance of G to T trans-
versions within CpG sequences in the TP53 gene in

Additional supporting information may be found in the online
version of this article.

Abbreviations: mCpGs, methylated CpGs; Hupki, human p53
knock-in; CpGs, 5'-CpG-3" dinucleotides; COBRA, combined bisul-
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chain reaction.
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smoking-related lung cancer [8]. Further, elevated
energy absorption of methylated cytosines, espe-
cially in the long wavelength range of ultraviolet
radiation, increases photodimer formation and
targeted mutagenesis, which could explain the
predominance of single- and tandem C to T tran-
sitions within pyrimidine-mCpG sequences in the
TP53 gene in sunlight-associated nonmelanoma
skin cancer [9]. Importantly, mutations in CpG
dinucleotides have a particularly deleterious impact
on TP53 tumor suppressor functions, and are
strongly selected for in human tumors [6].

The human p53 knock-in (Hupki) mouse model was
constructed using gene-targeting technology to
create a mouse strain that harbors human wild-type
TP53 DNA sequences in both copies of the mouse p53
gene [10]. Replacement of exons 4-9 of the endog-
enous mouse p53 alleles in the Hupki mouse with the
homologous normal human TP53 gene sequences
has offered a humanized version of the TP53 gene in
a murine cell context [10]. The Hupki mouse model
system is a unique research tool for experimental
recapitulation of human TP53 mutagenesis [10].
The utility of the Hupki mouse model system for
studying the underlying mechanism of human TP53
mutagenesis has been demonstrated in a number of
in vivo animal experiments [11,12] and in vitro cell
culture experiments [13-17]. Given the prominence
of mCpGs in the human TP53 mutagenesis [S], and
the significant dynamics of DNA methylation during
embryonic development and across species [18-20],
the status of CpG methylation in the substituted
segment of Hupki mouse genome deserves special
attention. Investigating the methylation status of 5'-
CpG-3' dinucleotides (CpGs) in the human segment
of the Hupki mouse genome is particularly impor-
tant as primary fibroblasts from explanted embryos
of Hupki mice are being increasingly used for
generating carcinogen-induced TP53 mutations
[21,22]. Thus, establishing the methylation status
of cytosines within CpG dinucleotides in the Hupki
TP53 gene can further validate the accuracy of this
experimental system for modeling human TP53
mutagenesis and carcinogenesis. In the present
study, we have determined the TP53 CpG methyl-
ation profile in the substituted segment of Hupki
embryonic fibroblasts and compared it to the
methylation profile of the same segment when
present in normal human neonatal fibroblasts, using
two independent assays, including the combined
bisulfite-restriction analysis (COBRA) [23], and
sodium bisulfite genomic sequencing [24].

MATERIALS AND METHODS

Cell Culture

Primary mouse embryonic fibroblasts, prepared
from 13.5-d-old embryos of Hupki mice [10], were
grown in Dulbecco’s modified Eagle’s medium
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(DMEM) (Irvine Scientific, Santa Ana, CA) supple-
mented with 10% fetal bovine serum (FBS). For
comparison purposes, early passage normal human
fibroblasts, prepared from neonatal foreskin, were
cultivated under the same conditions. When reach-
ing nearly confluency, all cultures were harvested by
trypsinization, and subjected to genomic DNA
isolation using a standard phenol and chloroform
extraction and ethanol precipitation protocol [25].
The DNA was dissolved in TE buffer (10 mM Tris—
HCl, 1mM EDTA, pH 7.5), and kept at —80°C until
further analysis.

COBRA and Bisulfite Genomic Sequencing

To establish the status of cytosine methylation
within CpGs in the human segment of the Hupki
mouse genome, we used both the COBRA [23], and
bisulfite genomic sequencing techniques [24] to find
methylated CpGs in both coding and noncoding
strands of exons 5-8 of the TP53 gene. For compar-
ison, we performed parallel analysis on the genomic
DNA of normal human fibroblasts. Briefly, 2pg
of total genomic DNA were subjected to sodium
bisulfite treatment using the Qiagen EpiTect kit
according to the manufacturer’s instructions
(Qiagen, Valencia, CA). The purified bisulfite-treated
DNA was subsequently analyzed by standard COBRA
and genomic sequencing assays, as described previ-
ously [26]. Methodologically, both assays rely on the
principle that sodium bisulfite treatment of DNA can
selectively deaminate cytosine, but not 5-methylcy-
tosine, to uracil, thus, resulting in a primary sequence
changein the DNA [23,24]. This sequence conversion
is exploited to differentiate between unmethylated
and methylated cytosine upon subsequent restric-
tion enzyme digestion [23] and direct sequencing
[24] in the COBRA and genomic sequencing assays,
respectively. In COBRA, bisulfite-treated genomic
DNA serves as template in a polymerase chain
reaction (PCR) to amplify the region of interest for
an ensuing DNA methylation analysis. The successive
bisulfite treatment and PCR amplification convert
unmethylated cytosine to thymine (C— U —T) and
methylated cytosine to cytosine (mC— mC— C).
These sequence conversions lead to methylation-
dependent retention of preexisting restriction
enzyme sites if the CpG dinucleotides were methy-
lated prior to bisulfite treatment, or of creation of new
restriction sites if the dinucleotides were unmethy-
lated. Thus, restriction enzyme digestion can reveal
methylation-dependent sequence differences at
specific restriction sites in the PCR product of a locus
of interest in bisulfite-treated DNA [23]. Direct
genomic sequencing of bisulfite-treated and PCR-
amplified DNA, on the other hand, can provide
information on the status of cytosine methylation
throughout the locus of interest [24].

For both COBRA and genomic sequencing analy-
sis, we designed specific primers to PCR amplify
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exons 5-8 of the TP53 gene on both coding and
noncoding strands, individually. The primer sequen-
ces used for PCR amplification of all analyzed target
sequences are listed in Supplementary Table 1. The
PCR primers were designed to be complementary to
the bisulfite-converted DNA sequences with no CpG
dinucleotide in the corresponding region of original
unconverted DNA. The avoidance of CpG dinucleo-
tides within the primer sequences ensures that the
amplification step of PCR does not discriminate
between DNA templates according to their original
methylation status. In other words, the lack of CpGs
in the sequence of PCR primers results in amplifica-
tion of the sequence of interest in between the two
primers, regardless of the DNA methylation status of
that sequence in the original genomic DNA. The
restriction enzymes used for digestion of PCR
products in all COBRA analysis are also identified
in Supplementary Table 1 and Figures 1 and 2. For
genomic sequencing, the PCR products obtained
after bisulfite conversion of genomic DNA were
cloned into the TOPO-TA cloning vector (Invitrogen,
Inc., Carlsbad, CA) according to the manufacturer’s
instructions. Randomly selected clones from the

Exon5

genomic DNA of Hupki fibroblasts versus counterpart
human cells were sequenced using an ABI-3730 DNA
Sequencer (ABI Prism, PE Applied BioSystems, Foster
City, CA).

Although both the COBRA and genomic sequenc-
ing assays are routine and highly validated molecular
biology techniques [27,28], we have made standard
controls by preparing unmethylated DNA controls
(negative controls), which were the human TP53-
specific PCR products of each of exons 5-8. We have
subsequently methylated these unmethylated DNA
controls by in vitro treatment with M. SssI CpG
methyltransferase (New England Biolabs, Ipswich,
MA) to prepare methylated DNA controls (positive
controls). The above-mentioned standard controls
served as negative and positive controls, respec-
tively, in all runs of the assay. We have processed
both the negative and positive controls in parallel to
all experimental samples, and included them
throughout all assay runs.

RESULTS AND DISCUSSION

In the present study, we have scanned the genomic
DNA of Hupki mouse fibroblasts and of human

U-5(a

TACAGTACTCCCCTGCCCTCARCARGATGTTTTGCCAACTGGCCARGACCTGCCETGTGCAGCTGTGGGTTGATTCCACA ccccgccmum@@m

Intron

TﬁﬂcCHTCTlCHAGCBGTCﬁCﬁGC&C&IGﬂEEGﬂGGTTGTGHGGEEETGCCCCCﬁCCLTGﬂﬂGﬂCTGCTCHﬂﬂThGEEBTG!;GHGC&HCTﬂﬂGGCTGGHGHGHEERC

Exoné

! U-6(a)
AGGGCTGETTGCCCAGGGETCCC CTCTGATTCCTCACTGATTGCTC THGGTCTGGCCCCTCCTCAGCATCTTl!gif%}TGGﬁﬂﬂﬂﬂAﬂTTTﬂgETGTGGHGT

U-5(b)

ﬁTTTﬂﬂATﬂlChGlnhChCTT!%EE?#RT%GTGTGGTﬂﬂTGCCCTHTﬂhGCEECCTGBGG&CIGGTTTGCHACTGGGGTCTC

Intron

TTAAGGGTGGTTGT
U-6(b)

U-7(a)

CAGTGECCCTCCAGGTGAGCAGTAG. ... AAAAAAAAEGCCTCCCETGCTTGCCACAGGTCTCCCCaAEGgECnﬂTGGECTCATCTIGGGCCTGIGTTATCTCCTAG

EignT
TTGGCTCTGﬁETGTACCBCCBTCCBCTﬁCﬁﬂCTﬂClTGTGTAHCAHTTCCTGchGGGCGGCﬁi@EE:;QhAﬂGCCCBTCCTcBCCBTCﬂICﬁChﬂTGGﬁAGECTCC
= S

Intron

Exon8

U-B{a)
AGGTCAGGAGCCACTTGCCACCCTGCACACTG o cr'rc'rc'rr'rrccraﬁcmmacﬁrurcrurmc_amcaecnmmmc_amﬂmmccr
U-7 (b)
Intron
ARGCARGCAGGACAAG

mcmm@mucasammmuu*cTc;qmsmmccwmcuﬁmmcccmmmmu

AAGLGETOGAGGAGACCARGGOTGCAGTTATGCCTCAGA
U-8(b) )

Figure 1. Schematic representation of the analyzed target sequences in the 7P53 gene (coding strand). The
location and designation of all primers are indicated along the target sequences (see also Supplementary Table 1).
The start positions of exons and introns are indicated by arrows. CpG dinucleotides are underlined. Restriction-

enzyme recognition sites are shown within diamond boxes.
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Intron
L-B(a)
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L-8(b)
L-7(a) Intron

} by
MTEﬁGTM’Gﬁﬂﬂ'ﬂ]{iﬂcCC.RGGGGTCRGRGGCMGCB.G.BDGCTGGGGClI:iFlGCLGGCCMTGTGCRGGGTGGCMGTGGCTCCTGECCTGGHGTCTTCCAGTGTGHT

Exon7

GATGETGAGEGATGEGCCTCCGGTTCATGCCGCCCATGCAGGAACTGTTACACATGTAGTTGTAGTGGATGOTCGETACAGT CAGRGCCAACCTAGGAGRTARCACAGGC

CCARGATGAGGCCAGTGLGCCTTEGGEAGACCTETEGECARGCAGGGGAGECCTTTTITITTITITTTTGAGATGGAATCTLGCTCTGTQQCCCAGGCTGEGAGTGCAGT

Intron
L-6(a)

} by |
GG{_:ETG&TCTCHCTCBCTGCMGCTCC.ACCGCCCAGGTI‘CHC..........u...(]CﬁﬂﬂmGCCCdDCT.R.C'.[‘(]CTCRCCWCCHCTGHCAACCACCCTTMCCCCT

L-7(b)

CC'I!CCCAGAGA'CCCCRG‘I!TGCmCCAEHU:C'l'CRGG%BC!DCﬂThGGGCACCB.CCﬂCﬂCIRT@AAGTG‘[‘]!'I!CTGTC&TCC&M‘[MTCCAC&E{&MTITCC

Exoné

L-5(a)

TTCCACTCGGATAAGATGC TCAGGAGCEGCCAGACA TARGAGCART CAGTGAGGAAT CAGAGGCC TEGEEACCCTGEGCARCCAGCCCTGTLGTCTCTCCAGCCCCAG
1

L-6(h)

Intron

CTGCTCA‘!ER'I‘C_GCTHTCTGhGCI\GWCICRTGGTGGGGGCRGQECC'I'CnmCCNWTGTGCTGNMNCWGTRGRTGGCCRTG@@GTGCE

GGCGGGEETETGCARTCARCCCACAGC TGCACAGGECAGETCTTGGCCAGT

Exon5

ATCTTGTTGA ACTGTAGGARGRGGAR

L-5(b)

Figure 2. Schematic representation of the analyzed target sequences in the TP53 gene (noncoding strand) (see

legend of Figure 1 and Supplementary Table 1).

fibroblasts for methylated CpGs at specific restriction
sites in exons 5-8 of the TP53 gene on both coding
and noncoding strands using standard COBRA
analysis [23]. For confirmation, we have used
genomic sequencing to establish, at the level of
nucleotide resolution, the methylation status of each
cytosine within every individual CpG throughout
the human TP53 DNA-binding domain in both the
Hupki and human cells. As shown in Figures 3-5 (a)
(upper panels), there were remarkably similar pat-
terns of DNA methylation in the substituted segment
of the Hupki mouse genome versus human genome,
as demonstrated by our COBRA analysis of all the
examined target sequences. Specifically, all cytosines
within CpG dinucleotides at all restriction sites
examined by the COBRA analysis showed extensive
methylation in both the Hupki and human genomes.
The striking similarities between methylation status
of cytosines within CpG dinucleotides at specific
restriction sites in exons 5, 6, 7, and 8 of the TP53
gene on both coding and noncoding strands in the
Hupki mouse genome versus human genome are
illustrated in the upper panels of Figures 3-5. It is
worth mentioning that the background signals of the
undigested original products in some positive con-
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trols (i.e., in vitro methylated DNA prepared from the
human TP53-specific PCR products of each of exons
5-8 that were subjected to restriction enzyme
digestion: see Figures 3-5 (a); [+] lanes in ‘Pos’) are
most likely due to less than 100% efficiency of
methylating DNA in vitro with M. SssI CpG methyl-
transferase. Likewise, the background signals of
undigested products in some of the human and
Hupki samples imply that the analyzed targets in the
respective samples are less than 100% methylated
(see Figures 3-S5 (a); [+] lanes in ‘Human’ and
‘Hupki’).

In agreement with our COBRA analysis, genomic
sequencing of the substituted segment of the Hupki
mouse DNA and the corresponding sequences in
human DNA showed fully methylated cytosines
within virtually every individual CpG throughout
exons 5-8 of the TP53 gene on both coding and
noncoding strands. Representative DNA methyla-
tion profiles in exons 5, 7, and 8 of the TP53 gene on
both DNA strands in the Hupki mouse genome versus
human genome are illustrated in the lower panels of
Figures 3-5. These three exons comprise the most
frequently mutated region in the DNA-binding
domain of the TP53 gene in all cancer types



CpG METHYLATION IN Hupki DNA

1003

Coding Strand

Non-coding Strand

Human Hupki Pos  Neg

M + + + + BstUl

(a)

Pos
+

Human Hupki
M- + +

Meg
+ BstUl

100
3
600 S
-—
300 -
200 .-
-

41

—

Human

1000 !
—
) —
—
N —
0 —
—

- e E-- e 5D
— — - %159

CpG #

34567 89101

(b)

Clone #
2080880000000 08800

MGG 188198
(95.0)

TG 204/208
(97 &)

Clone #
Clone #

MoG: 1911128
(96.5)

MGG 2180220
(49.1)

Figure 3. Comparison of DNA methylation profiles in exon 5 of
the TP53 gene between the Hupki mouse and human genomes.
(@) Genomic DNA samples of the Hupki mouse fibroblasts and
human fibroblasts were scanned for methylated CpGs at specific
restriction sites in exon 5 of the TP53 gene on both coding and
noncoding strands using standard COBRA analysis [23]. “/BstU I" is
the restriction enzyme used for digestion of bisulfite-treated and
PCR-amplified DNA on both coding and noncoding strands. ** +*
and "= refer to the presence and absence, respectively, of the
restriction enzyme in the reaction mix. All restriction enzyme
digested and undigested products are indicated by arrows. We have
made standard controls by preparing unmethylated DNA controls
(negative controls), which were the human 7P53-specific PCR
products of exon 5 for coding and noncoding strands, individually.
We have subsequently methylated these unmethylated DNA

combined [6]. The importance of exons 5, 7, and 8 of
the TP53 genein carcinogenesis is highlighted by the
finding that the most prominent mutational hot-
spots in this tumor suppressor gene in human
cancers localize to several codons that are part of
these three exons [6]. The overall percentage of
methylated cytosines within all CpGs on the coding
DNA strand of the Hupki mouse genome versus
human genome, as estimated from the CpG meth-
ylation status at each site in each of 11-20 clones per
exon examined, were 95.0 and 97.6 in exon 5, 100.0
and 100.0 in exon 7 plus part of its corresponding
intron, and 93.4 and 94.3 in exon §, respectively. The
overall percentage of methylated cytosines within all
CpGs on the noncoding DNA strand of the Hupki
mouse genome versus human genome were 96.5 and

Molecular Carcinogenesis

controls by in vitro treatment with M. Sssl CpG methyltransferase
(New England Biolabs) to prepare methylated DNA controls
(positive controls). The above-mentioned standard controls served
as negative and positive controls, respectively, in all runs of the
assay. Pos=npositive control; Neg=negative control; M=size
marker. (b) Genomic sequencing was performed to establish
the methylation status of each cytosine within every individual
CpG dinucleotide throughout the target sequence in the genomic
DNA of Hupki cells and human cells. There are 11 CpGs in the PCR
product of exon 5 on both coding and noncoding DNA strands.
(@) =Methylated CpG; (O)=unmethylated CpG; ™CG: absolute
number of methylated CpGs/total CpGs (% methylated CpGs);
Minor differences in ™CG% found between the Hupki mouse
genome and human genome were not statistically significant
(Fisher’s exact test).

99.1inexon 5, 95.6 and 97.9 in exon 7 plus part of its
corresponding intron, and 98.6 and 97.5 in exon 8§,
respectively. None of the differences in the percent-
age of methylated cytosines within CpGs found
between the Hupki mouse genome and human
genome was statistically significant (Fisher’s exact
test). We have further analyzed these data to
compare the methylation status of CpGs in every
individual target locus within exons 5-8 of the Hupki
mouse genome and the counterpart human genome.
In all cases, there was no statistically significant
difference between the methylation status of CpGs
in specific target loci, individually, within exons 5-8
of the Hupki mouse genome and the corresponding
methylation status in human genome (;* test or
Fisher’s exact test, as appropriate). Moreover, we
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Figure 4. Comparison of DNA methylation profiles in exon 6 and
exon 7 of the TP53 gene between the Hupki mouse and human
genomes. (@) Genomic DNA samples of the Hupki mouse fibroblasts
and human fibroblasts were scanned for methylated CpGs at specific
restriction sites in exon 6 and exon 7 of the TP53 gene on both
coding and noncoding strands using standard COBRA analysis [23].
“Taq I is the restriction enzyme used for digestion of bisulfite-
treated and PCR-amplified DNA on both coding and noncoding
strands of exon 6. “Hinf I" is the restriction enzyme used for
digestion of bisulfite-treated and PCR-amplified DNA on the coding
strand of exon 7; no known restriction site was found in the PCR
product of the noncoding strand of exon 7, however (as such, we
have shown the PCR products of the noncoding strand, while
emphasizing that the absence of restriction sites in these PCR
products precluded restriction enzyme digestion of the COBRA
analysis). “+" and “—" refer to the presence and absence,
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respectively, of the restriction enzyme in the reaction mix. All
restriction enzyme digested and undigested products are indicated
by arrows. Pos = positive control; Neg = negative control (see legend
of Figure 3); M=size marker. (b) Genomic sequencing was
performed to establish the methylation status of each cytosine
within every individual CpG dinucleotide throughout the target
sequence in the genomic DNA of Hupki cells and human cells.
The methylation status of all cytosines within CpG dinucleotides in
exon 7 plus part of its corresponding intron is shown on both DNA
strands. There are three and six CpGs, respectively, in the PCR
product of exon 7 plus part of its corresponding intron on
coding and noncoding DNA strands. (@)=Methylated CpG;
(O)=unmethylated CpG; ™CG: absolute number of methylated
CpGsftotal CpGs (% methylated CpGs); minor differences in
MCG% found between the Hupki mouse genome and human
genome were not statistically significant (Fisher’s exact test).
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Figure 5. Comparison of DNA methylation profiles in exon 8 of
the TP53 gene between the Hupki mouse and human genomes.
(a) Genomic DNA samples of the Hupki mouse fibroblasts and
human fibroblasts were scanned for methylated CpGs at specific
restriction sites in exon 8 of the TP53 gene on both coding and
noncoding strands using standard COBRA analysis [23]. “Dpn II"
and ""HpyCHA4IV are the restriction enzymes used for digestion
of bisulfite-treated and PCR-amplified DNA on the coding and
noncoding strands, respectively. ““+‘ and “—" refer to the
presence and absence, respectively, of the restriction enzyme in
the reaction mix. All restriction enzyme digested and undigested
products are indicated by arrows. Pos=positive control; Neg=

examined the data to determine whether the minor
methylation differences observed at certain CpG
sites within individual exons in the Hupki mouse
genome and human genome could result in statisti-
cally significant differences in DNA methylation
patterns in the exon of interest between the
respective genomes. In all cases, the overall CpG
methylation patterns were similar between the Hupki
mouse genome and the human genome for every
individual exon examined (Hypergeometric test
[29]). Altogether, these findings are consistent with
our previous report in which we demonstrated that
the TP53 sequences along exons 5-8 are highly
methylated at every CpG site on both DNA strandsin
all human tissues and cell lines tested [30]. Of note,
we had previously established an extensive methyl-
ation of CpG dinucleotides in the mouse p53 gene, as
well ([31], and unpublished data).
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negative control (see legend of Figure 3); M=size marker.
(b) Genomic sequencing was performed to establish the methylation
status of each cytosine within every individual CpG dinucleotide
throughout the target sequence in the genomic DNA of Hupki cells
and human cells. There are eight and six CpGs, respectively, in the
PCR product of exon 8 on coding and noncoding DNA strands.
(@) =Methylated CpG; (QO)=unmethylated CpG; ™CG: absolute
number of methylated CpGs/total CpGs (% methylated CpGs);
minor differences in "CG% found between the Hupki mouse
genome and human genome were not statistically significant
(Fisher’s exact test).

Lastly, we have recently studied the effect of a
known carcinogen, benzola]pyrene diol epoxide
(B[a]PDE), on DNA methylation in human cells,
and demonstrated that the TP53 gene is not targeted
by this chemical treatment [32]. We have also
performed similar investigations on other known
or suspect chemical/physical carcinogens to deter-
mine whether TP53 DNA methylation profile can be
modulated by carcinogen treatment (manuscript in
preparation). In all cases, however, we did not detect
any significant changes in the TP53 gene methyl-
ation profile consequent to treatment with various
carcinogens. Obviously, it would be interesting to
see the response of the Hupki and human cells to
substances that target TP53; however, to the best of
our knowledge, no agent has ever been identified
as a substance that targets TP53, and modifies its
methylation pattern.
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In conclusion, we have observed extensive cyto-
sine methylation within CpG dinucleotides of
human TP53 sequences in embryonic fibroblasts
from Hupki mice. The profile of cytosine methylation
at CpG sites in the human segment of the Hupki
mouse genome is indistinguishable from that found
in the same DNA segment in human fibroblasts. In
both cases, all cytosines within these dinucleotides
are highly methylated throughout exons 5-8 of the
TP53 gene on both coding and noncoding DNA
strands. The concordance with human cell data of
the CpG methylation status in the substituted seg-
ment of the Hupki mouse genome, which is the most
frequently hit target in human cancers [5,6], lends
further support to the suitability of the Hupki model
for investigating human TP53 mutagenesis and
carcinogenesis [21,22]. Our findings are particularly
significant for scientific disciplines with a general
interest in the field of cancer research, specifically
cancer biology. The verified utility of the Hupki
model system makes it appealing to investigators
who share a common interest in the field of
experimental and molecular cancer research.
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TABLE 1: Detailed information on genomic sequences, primer designs, and restriction enzymes used for bisulfite-based CpG
methylation analysis of the human 7P53 gene.

Nucleotide positions +13104 - +13296

“Exon 5 plus intron” Coding strand

Original DNA sequence

S’CTGTGCAGCTGTGGGTTGATTCCACACCCCCGCCLCGGCACCLCGCGTCCGCGCCATGGCCATCTACAA
GCAGTCACAGCACATGACGGAGGTTGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATG
GTGAGCAGCTGGGGCTGGAGAGACGACAGGGCTGGTTGCCCAGGGTCCCCAGGCCTCT

DNA sequence after bisulfite

treatment

5’TTGTGTAGTTGTGGGTTGATTTTATA;TTT&TT&GTATTCGCGTTCGCGTTATGGTTATTTATAAGT

AGTTATAGTATATGACGGAGGTTGTGAGGCGTTGTTTTTATTATGAGCGTTGTTTAGATAGCGATGGTG
AGTAGTTGGGGTTGGAGAGA&ATAGGGTT‘}GTTGTTTAGGGTTTTTAGGTTTTT

Forward primer Designation: | ¢, (°C): # Bases: Sequence:
U-5 (a) 53.2 27 5’-TTGTGTAGTTGTGGGTTGATTTTATAT-3
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
U-5 (b) 52.6 25 5’-AAAAACCTAAAAACCCTAAACAACC-®
PCR product size 193 bp
# CpGs in PCR product 1
Restriction enzyme CG~ CG
recognition site
# Restriction sites in PCR 2
product
Restriction enzyme BstU I
Product size after restriction Digested: Non-digested:

enzyme digestion

6 bp, 43 bp, 144 bp

193 bp




Nucleotide positions +13290 - +13490
“Exon 6 plus intron” Coding strand

Original DNA sequence S’GGCCTCTGATTCCTCACTGATTGCTCTTAGGTCTGGCCCCTCCTCAGCATCTTATCCGAGTGGAAGGA
AATTTGCGTGTGGAGTATTTGGATGACAGAAACACTTTTCGACATAGTGTGGTGGTGCCCTATGAGCCG
CCTGAGGTCTGGTTTGCAACTGGGGTCTCTGGGAGGAGGGGTTAAGGGTGGTTGTCAGTGGCCC

DNA sequence after bisulfite 5’GGTTTTTGATTTTTTATTGATTGTTT;TAGGTTTGGTTTTTTTTTAGTATTTTATTCGAGTGGAAGGAA
treatment ATTTGCGTGTGGAGTATTTGGATGATAGAAATATTTTICGATATAGTGTGGTGGTGTTTTATGAGTCGT
TTGAGGTTTGGTTTGTAATTGGGGTTTTTGGGAGGAGGGQTTAAGGGTGGTTGTTAGTGGTTT

Forward primer Designation: t, (°C): # Bases: Sequence:

U-6 (a) 59.16 27 5S-GGTTTTTGATTTTTTATTGATTGTTTT-3’
Reverse primer Designation: t, (°C): # Bases: Sequence:

U-6 (b) 59.64 24 5-AAACCACTAACAACCACCCTTAAC-3
PCR product size 201 bp
# CpGs in PCR product 4
Restriction enzyme T~ CGA

recognition site

# Restriction sites in PCR 2

product

Restriction enzyme TaqI

Product size after restriction Digested: Non-digested:

enzyme digestion 51bp, 56 bp, 94 bp 201 bp




Nucleotide positions +13938 - +14124
“Exon 7 plus intron” Coding strand

Original DNA sequence

S’CTGCTTGCCACAGGTCTCCCCAAGGCGCACTGGCCTCATCTTGGGCCTGTGTTATCTCCTAGGTTGG
CTCTGACTGTACCACCATCCACTACAACTACATGTGTAACAGTTCCTGCATGGGCGGCATGAACCGGAG
GCCCATCCTCACCATCATCACACTGGAAGACTCCAGGTCAGGAGCCACTTG

DNA sequence after bisulfite

treatment

5’TTGTTTGTTATAGGTTTTTTTAAG‘ECGTATTGGTTTTATTTTGGGTTTGTGTTATTTTTTAGGTTGGTT
TTGATTGTATTATTATTTATTATAATTATATGTGTAATAGTTTTTGTATGGGCGGTATGAATCGGAGGTT
TATTTTTATTATTATTATATTQGAAGATTTTAGGTTAGGAGTTATTTG

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:
U-7 (a) 48.6 25 5S’-TTGTTTGTTATAGGTTTTTTTAAGG-3’
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
U-7 (b) 521 27 5’-CAAATAACTCCTAACCTAAAATCTTCC-3
PCR product size 187 bp
# CpGs in PCR product 3
Restriction enzyme G~ AATCG
recognition site
# Restriction sites in PCR 1
product
Restriction enzyme Hinf I
Product size after restriction Digested: Non-digested:
enzyme digestion 59 bp, 128 bp 187 bp




Nucleotide positions +14443 - +14640

“Exon 8 plus intron” Coding strand

Original DNA sequence

S’CCTGAGTAGTGGTAATCTACTGGGACGGAACAGCTTTGAGGTGCGTGTTTGTGCCTGTCCTGGGAGA
GACCGGCGCACAGAGGAAGAGAATCTCCGCAAGAAAGGGGAGCCTCACCACGAGCTGCCCCCAGGGA
GCACTAAGCGAGGTAAGCAAGCAGGACAAGAAGCGGTGGAGGAGACCAAGGGTGCAGTTATGCC

DNA sequence after bisulfite

treatment

5’TTTGAGTAGTGGTAATTTATTGGGé&GAATAGTTTTGAGGTG&TGTTTGTGTTTGTTTTGGGAGAQ

ATCGGCGTATAGAGGAAGAGAATTTTCGTAAGAAAGGGGAGTTTTATTACGAGTTGTTTTTAGGGAGTA
TTAAG&AGGTAAGTAAGTAGGATAAGAAG&GTGQAGGAGATTAAGGGTGTAGTTATGTT

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:
U-8 (a) 52.2 25 5-TTTGAGTAGTGGTAATTTATTGGGA-3’
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
U-8 (b) 541 26 5’-AACATAACTACACCCTTAATCTCCTC-3
PCR product size 198 bp
# CpGs in PCR product 8
Restriction enzyme Y GATC
recognition site
# Restriction sites in PCR 1
product
Restriction enzyme Dpn II
Product size after restriction Digested: Non-digested:
enzyme digestion 67 bp, 131bp 198 bp




Nucleotide positions +13060 - +13311
“Exon 5 plus intron” Non-coding strand

Original DNA sequence S’AATCAGTGAGGAATCAGAGGCCTGGGGACCCTGGGCAACCAGCCCTGTCGTCTCTCCAGCCCCAGCT
GCTCACCATCGCTATCTGAGCAGCGCTCATGGTGGGGGCAGCGCCTCACAACCTCCGTCATGTGCTGT
GACTGCTTGTAGATGGCCATGGCGCGGACGCGGGTGCCGGGLCGGGGGTGTGGAATCAACCCACAGCT
GCACAGGGCAGGTCTTGGCCAGTTGGCAAAACATCTTGTTGAGGGCAGGG

DNA sequence after bisulfite 5’AATTAGTGAGGAATTAGAGGTTTGﬁGGATTTTGGGTAATTAGTTTTGT&TTTTTTTAGTTTTAGTTG

treatment TTTATTATCGTTATTTGAGTAGCGTTTATGGTGGGGGTAGCGTTTTATAATTTTCGTTATGTGTTGTGAT
TGTTTGTAGATGGTTATGGCGCGGACGCGGGTGTCGGGCGGGGGTGTGGAATTAATTTATAGTTGTAT
AGGGTAGGTTTTGGTTAGTTGQTAAAATATTTTGTTGAGGGTAGGG

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:

L-5 (a) 52.8 25 5’-AATTAGTGAGGAATTAGAGGTTTGG-3’
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:

L-5 (b) 52.0 25 5’-CCCTACCCTCAACAAAATATTTTAC-3’
PCR product size 252 bp
# CpGs in PCR product 1
Restriction enzyme CG~ CG

recognition site

# Restriction sites in PCR 2

product

Restriction enzyme BstU I

Product size after restriction Digested: Non-digested:

enzyme digestion 6 bp, 87 bp, 159 bp 252 bp




Nucleotide positions +13320 - +13507

“Exon 6 plus intron” Non-coding strand

Original DNA sequence

5S’CCTACTGCTCACCTGGAGGGCCACTGACAACCACCCTTAACCCCTCCTCCCAGAGACCCCAGTTGCA
AACCAGACCTCAGGCGGCTCATAGGGCACCACCACACTATGTCGAAAAGTGTTTCTGTCATCCAAATAC
TCCACACGCAAATTTCCTTCCACTCGGATAAGATGCTGAGGAGGGGCCAGAC

DNA sequence after bisulfite

treatment

5’TTTATTGTTTATTTGGAGGGTTATT(“ATAATTATTTTTAATTTTTTTTTTTAGAGATTTTAGTTGTAAAT

TAGATTTTAGGCGGTTTATAGGGTATTATTATATTATGICGAAAAGTGTTTTTGTTATTTAAATATTTTA
TA&TAAATTTTTTTTTATT&%TAAGATGTTGAGGAGGGGTTAGAT

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:
L-6 (a) 58.81 26 S-TTTATTGTTTATTTGGAGGGTTATTG-3’
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
L-6 (b) 59.68 25 5’-ATCTAACCCCTCCTCAACATCTTAT-¥®
PCR product size 188 bp
# CpGs in PCR product 4
Restriction enzyme T~ CGA
recognition site
# Restriction sites in PCR 1
product
Restriction enzyme TaqI
Product size after restriction Digested: Non-digested:
enzyme digestion 79 bp, 109 bp 188 bp




Nucleotide positions +13846 - +14186
“Exon 7 plus intron” Non-coding strand

Original DNA sequence

5’GGTGGGCCCAGGGGTCAGAGGCAAGCAGAGGCTGGGGCACAGCAGGCCAGTGTGCAGGGTGGCAAGTGGCTCCTGACCTGGA
GTCTTCCAGTGTGATGATGGTGAGGATGGGCCTCCGGTTCATGCCGCCCATGCAGGAACTGTTACACATGTAGTTGTAGTGGATG
GTGGTACAGTCAGAGCCAACCTAGGAGATAACACAGGCCCAAGATGAGGCCAGTGCGCCTTGGGGAGACCTGTGGCAAGCAGGG
GAGGCCTTTTTTTTTTTTTTTTGAGATGGAATCTCGCTCTGTCGCCCAGGCTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCAAG
CTCC

DNA sequence after bisulfite

treatment

?GGTGGGTTTAGGGGTTAGAEpTAAGTAGAGGTTGGGGTATAGTAGGTTAGTGTGTAGGGTGGTAAGTGGTTTTTGATTTGGAGT
TTTTTAGTGTGATGATGGTGAGGATGGGTTTTCGGTTTATGTCGTTTATGTAGGAATTGTTATATATGTAGTTGTAGTGGATGGTG

GTATAGTTAGAGTTAATTTAGGAGATAATATAGGTTTAAGATGAGGTTAGTGCGTTTTGGGGAGATTTGTGGTAAGTAGGGGAGGT
lllllll111lllll1lGAGATGGAATTTQQTTTTGTQQTTTAGGTTGGAGTGTAGTGGQ%FGATTTTAGTTTATTGTAAGTTTT

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:
L-7 (a) 54.6 20 5’>-GGTGGGTTTAGGGGTTAGAG-3
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
L-7 (b) 46.7 25 5’-AAAACTTACAATAAACTAAAATCAC-3
PCR product size 341 bp
# CpGs in PCR product 6
Restriction enzyme None
recognition site
# Restriction sites in PCR None
product
Restriction enzyme None
Product size after restriction Digested: Non-digested:
enzyme digestion None 341 bp




Nucleotide positions +14403 - +14585
“Exon 8 plus intron” Non-coding strand

Original DNA sequence

5S’GCTTAGTGCTCCCTGGGGGCAGCTCGTGGTGAGGCTCCCCTTTCTTGCGGAGATTCTCTTCCTCTGT
GCGCCGGTCTCTCCCAGGACAGGCACAAACACGCACCTCAAAGCTGTTCCGTCCCAGTAGATTACCAC
TACTCAGGATAGGAAAAGAGAAGCAAGAGGCAGTAAGGAAATCAGGTC

DNA sequence after bisulfite

treatment

5’GTTTAGTGTTTTTTGGGGGTAGTE&TGGTGAGGTTTTTTTTTTTTG%GAGATTTTTTTTTTTTGTGQ
GTCGGTTTTTTTTAGGATAGGTATAAATACGTATTTTAAAGTTGTTTCGTTTTAGTAGATTATTATTATT

TAGGATAGGAAAAG<AGAAGTAAGAGGTAGTAAGGAAATTAGGTT

Forward primer Designation: | ¢, (°C): | # Bases: Sequence:
L-8 (a) 53.8 24 5’-GTTTAGTGTTTTTTGGGGGTAGTT-3’
Reverse primer Designation: | ¢, (°C): | # Bases: Sequence:
L-8 (b) 553 30 5’-AACCTAATTTCCTTACTACCTCTTACTTCT-3
PCR product size 183 bp
# CpGs in PCR product 6
Restriction enzyme A~ CGT
recognition site
# Restriction sites in PCR 1
product
Restriction enzyme HpyCH4IV
Product size after restriction Digested: Non-digested:
enzyme digestion 85 bp, 98 bp 183 bp




- CpG sites are underlined.
- Restriction-enzyme recognition sites are double-underlined.

- Primer directions are indicated by arrow in the DNA sequence.





