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Human Breast and Colon Cancers Exhibit Alterations of
DNA Methylation Patterns at Several DNA Segments on
Chromosomes 11p and 17p
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Abstract In breast and colon adenocarcinomas methylation patterns at CCGG sites of several loci located on the
short arm of chromosome 11 were determined by Southern blot analysis. Results obtained indicate that all tumor
samples (20/20) exhibit DNA methylation changes when compared to their normal counterparts. In colon tumors,
y-globin gene is usually hypomethylated (9/10), whereas Ha-ras gene, which is located in the same region, retains an
unmodified DNA methylation pattern. Hypomethylation of parathyroid hormone (5/10) and catalase genes (4/10) are
also frequently detected in colon tumor specimens. For the catalase gene the region around exon 2 is the only one which
is affected by these changes. In breast adenocarcinoma, modifications of the methylation patterns are less frequently
observed. However, hypomethylation of the y-globin gene is a very common event in these tumors (8/10), and it is also
detected (2/2) in lobular carcinoma in situ which is an early step in breast tumorigenesis. In addition, hypermethylation
of a CpG island is also observed at the locus 17p13.3 in both colon (5/5) and breast (4/9) adenocarcinomas. In the
tumoral tissues analyzed these hypermethylations are not associated with the hypermethylation of the 5’ flanking
sequences which contain a limited amount of CpG. Some of these alterations seem, therefore, to be tumor and
sequence specific. ¢ 1994 Wiley-Liss, Inc.
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In mammalian, the methylation of DNA is
accomplished by enzymes which catalyze the
transfer of methyl groups from S-adenosylme-
thionine to the carbon-5 of deoxycytidine at CpG
sites [for review, see Adams, 1990]. The amount
and the distribution of 5-methyldeoxycytidine
are dependent on the type of organism as well as
on the tissue of origin [Razin and Szyf, 1984].
The determination of the base composition of
DNA and the analysis by Southern blotting of
specific DNA segments have most frequently
shown a reduced level of DNA methylation in
human tumors [for review, see Jones and Buck-
ley, 1990]. Analysis of DNAs extracted from
identically paired samples of human colon carci-
noma or benign adenoma and adjacent normal
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mucosa have shown that hypomethylation is
also detected in the early steps of carcinogenesis
[Goelz et al., 1985; Feinberg et al., 1988].

Although genomic hypomethylation seems to
be very common in human tumors, total ge-
nomic hypermethylation has been reported in
pediatric tumors [Flatau et al., 1983] and hyper-
methylation of CpG island at tissue specific genes
in transformed or immortalized cell lines has
been also observed [Jones et al., 1990; Ante-
quera et al., 1990]. Hypermethylation of several
GCGGCCGC sites on the short arm of chromo-
some 17 (at pl13.3) is very frequent in human
neural tumors, colon carcinomas, and lung carci-
nomas {Makos et al., 1992, 1993a]. It had been
suggested that methylation changes at the
17p13.3 locus may mark and precede the loss of
heterozygoty (LOH) frequently detected in these
tumors at this locus [Makos et al., 1993b].

The analysis of different genes located within
the same chromosomal region have shown in
some human tumors a regional modification of
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the methylation of DNA. In leukemia and small
cell lung carcinomas despite a widespread ge-
nomic hypomethylation an hypermethylation of
the short arm of the chromosome 11 was ob-
served [de Bustros et al., 1988]. In addition
regional hypomethylation was also found on the
chromosome 3p [Makos et al., 1992]. However
in five randomly selected colon tumors, a selec-
tive hypomethylation was observed between ten
genes located on six different chromosomes
{Feinberg and Vogelstein, 1983; Goelz et al.,
1985]. Taken together these results suggest that
the modification of the DNA methylation pat-
tern is a very specific event dependent on the
tumor type.

In order to gain further insight into this ques-
tion the methylation pattern of several loci lo-
cated on chromosome 11p and 17p13 were inves-
tigated in breast and colon cancers, two human
epithelial adenocarcinomas. These two chromo-
somal regions were chosen because, in breast
carcinoma, these two regions seem to be in-
volved in tumorigenesis. In 50 to 70% of spo-
radic breast carcinomas [Mackay et al., 1988;
Sato et al., 1990] and at least in 80% of colon
carcinomas LOH at the 17p13.3 locus were de-
tected [Fearon and Volgelstein, 1990]; LOH at
11p15.5 and 11p15.4 were also detected in about
30% of breast tumors [Winquist et al., 1993].
Furthermore, for colon tumors, normal adja-
cent mucosa was available with each tumor and,
therefore, a direct comparison between identi-
cally paired samples was possible.

MATERIALS AND METHODS
Preparation of Tissues and Cells

A total number of ten cases of primary breast
adenocarcinomas, two lobular carcinomas in situ,
one normal breast sample, and ten paired co-
lonic samples (adenocarcinoma and normal adja-
cent mucosa from the same patient) were ana-
lyzed. Both normal and tumor samples were
diagnosed using routine histopathological tech-
niques. Immediately after surgery, breast and
colonic specimens were frozen in liquid nitrogen
and stored at —80°C. High molecular weight
DNA was extracted from frozen tissue by stan-
dard procedures [Sambrook et al.; 1989].

Southern Blot Analysis

In a typical experiment, 30 pg of DNA was
cleaved with an 8-fold excess of Taql for 10-12h
at 65°C. Two thirds of the sample was then

digested overnight at 37°C with Mspl and Hpall
(10 units/pg). To ascertain cleavage patterns
obtained, some DNAs samples were first di-
gested with 10 units/pg of DNA, extracted again
with proteinase K and phenol and then digested
again with 10 units of enzyme per pg of DNA.
Simple digestions with NotI were carried out in
the same conditions. Restriction endonuclease
digests were fractionated by electrophoresis
through 1.2% (Taql, Taql-Mspl/Hpall digests),
or 0.8% agarose gel (Notl digests), and trans-
ferred to Hybond N+ membranes (Nylon; Amer-
sham, France). Molecular weight markers used
were EcoRI SSPI DNA digests and EcoRI ADNA
digests. Membranes were hybridized overnight
at 42°C to randomly primed 32P-labeled probes
(Random primed DNA labelling kit, Boehringer,
Mannheim, France), in the hybridization solu-
tion (Amersham hybridization buffer, RPN 1518,
in 50% formamide). Membranes were washed at
a final stringency of 0.2 x SSPE (1 x SSPE is
0.18 M NaCl, 10 mM Sodium phosphate, and 1
mM EDTA), SDS 1%, at 68°C and exposed to
Amersham Hyper Film-MP for 2-5 days, using
an intensifying screen. Nylon membranes could
be used for rehybridizations after two successive
treatments with SDS 1% at 80°C for 30 min. The
same filters were successively hybridized to sev-
eral probes.

Genes Probes

The probes used for the short arm of chromo-
some 11 were, from telomeric to centromeric
region: 11p 15.5, a HindlIII 3.3 kb genomic frag-
ment excised from the plasmid pA-B7 contain-
ing the human vy-globin gene; 11p 15.5, a BamHI
6.6 kb cloned genomic human Ha-ras gene [Shih
and Weinberg, 1982]; 11p 15.2/1 a cloned Ps¢I-
EcoRI 2.5 kb genomic fragment containing the
3" end of the human parathyroid hormone se-
quence [Vasicek et al., 1983]; 11p 15.2/1 a Pstl
0.59 kb cloned genomic fragment of the 3" end of
the human calcitonin gene [Craig et al., 1982];
and 11p 13, an EcoRI 2.4 kb cloned ¢cDNA of
human catalase gene coding sequences excised
from the plasmid pCAT10 [Quan et al., 1986.
ATCC] and an EcoRI-HindlIII 0.8 kb genomic
fragment, portion of the intron 1 of catalase
gene, excised from the plasmid pINT-800 [Quan
et al.,, 1985, ATCC]. On chromosome 17: a
BamHI 1.7 kb genomic fragment excised from
the plasmid pYNZ22 at 17p 13.3 [Nakamura et
al., 1988, ATCC].
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TABLE 1. Methylation Patterns of DNA Extracted From Colonic and Breast Adenocarcinomas*

Regional l1ip 17p
assignment 15.5 15.5 15.2/1 15.2/1 13 13.3
Ha-ras CATALASE D17S5
promoter 5'region intron exon exons Taql Notl
Loci HBG1 region gene PTH CALCA +exonl 1 2 3tol3 digests digests
Normal mucosa M+/— M- M+/— M+ M- M- M+ M+ M+ M- M-
Colonic Ade.C.1 m-— = m-— = = = = = /
2 m- = = m— = = = = = =%* /
3 m- = = m-— m+ = = m-— = =* /
4 m- = = = = = = m— = m+ m+
5 m- =* =* = = = =* = = = m+
6 = = m+ = = = m— m- = = m+
7 m-— = = = = = m-— = = /
8§ m-— = = m-— = = = = =* m-+
9 m- = m-— * = = = = =* m+
10 m- = = = = = = /
Normal breast M+/- M- M+/—- M+ M- M- M+ M+ M+ M- M-
Breast Ade.C. 1 m- = = = = = = = = m+
2 = = = = = = = = m+ =
3 m-— = = = = = = = = m+ =
4 = = = = = = m-— m-— = = m+
5 m-— = = = = = = = = =
6 m- = = = = = = = = = m+
7 m- = = = = = = = = /
8 m- = = m— = = = = = = m+
9 m- = = = = = = = = m+ =
10 m-— = = = = = = = = = =

*In normal mucosa, for each locus the methylation status of the CCGG sites is indicated by M+ (methylated sites) and M~
(unmethylated sites). Compared with those of the normal tissue, in adenocarcinoma modified patterns of methylation are
designated by m+ (Hypermethylation) or m— (Hypomethylation), and unmodified patterns of methylation by =. * Loss of
heterozygosity; /, Not done; Ade.C, adenocarcinomas; HBG1, A-y-globin; PTH, parathyroid hormone; CALCA, calcitonin.

RESULTS

Methylation patterns were determined using
the pair of isoschizomeric restriction endonucle-
ases, Hpall and Mspl. Mspl yielded fragments
resulting from cleavage of all CCGG sites,
whereas HpalIl only cleaved CCGG with unmeth-
ylated internal cytosine. In order to map these
sites all DNAs were also cleaved with Taql, a
methylation insensitive endonuclease. To con-
trol the efficiency of Hpall digestion, several
samples were once and twice digested with a
10-fold excess of this enzyme. Southern blot
experiments have shown that the pattern of
Hpall digested DNAs was not modified in the
double digested samples. In addition, the CpG
island of Ha-ras gene and the 5’ region of cata-
lase gene (see Fig. 5B, lanes H) were never found
methylated in colonic and breast samples, which
indicates that partial cleavage observed for other

sequences are not due to an artifactual inhibi-
tion of this enzyme.

The patterns of methylation obtained with
the probes used were identicals in the normal
breast tissue and all normal mucosa. However,
in order to avoid misinterpretations, particu-
larly of the methylation patterns of the breast
tumors (the normal counterpart for each tumor
was not available), only samples exhibiting meth-
ylation changes in a consistent range of the
tumoral cellular population were scored. Re-
sults obtained are summarized in Table 1.

A-y Globin Gene (HBG1), 11p15.5

DNA methylation patterns of the A-y globin
gene were analyzed in normal and tumoral tis-
sues using a cloned genomic DNA probe (Fig.
1B) which spans the vy-globin gene nucleotide
7591 to 9012 [Shen et al., 1981]. Taql digestion
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Fig. 1. DNA methylation patterns in part of the A-y globin
gene. DNAs extracted from normal breast: NB, normal colon
mucosa: N, and from breast and colon carcinomas: C were
cleaved with Tagl, T, Tagl-Mspl, M, or Taql-Hpall, H. Southern
blot experiments were performed as described in Materials and
Methods. DNA methylation patterns shown are representative
of those observed in normal and tumoral tissues studied. A: In
pathological samples (lanes LCIS and C) Hpall digestion yield

of genomic DNA generates, when probed with
this fragment, two bands of 4.0 (A-y) and 2.48
kb (G-v). Addition of Mspl cuts the 4.0 kb frag-
ment and generates two DNA fragments at 1.28
kb and 0.73 kb (Fig. 1A, lanes M) consistent
with the presence of two CCGG sites (Fig. 1B) at
position 8866 and 9593 [Shen et al., 1981].

In most DNA extracted from breast (8/10)
and colon (9/10) adenocarcinoma, Hpall diges-
tion revealed that these two sites were hypo-
methylated in a consistent part of the tumoral
cellular populations (Fig. 1A, lanes: breast C3,
C7 and colon C2, C3), when compared to normal
colon mucosa (Fig. 1A, lanes N2 and N3) and to
the normal breast specimen studied (Fig. 1A,
lane NB). In addition, this hypomethylation was
also found in the two lobular carcinoma in situ
(LCIS) samples analyzed, which is an early stage
of breast carcinogenis (Fig. 1A, lanes LCIS),
suggesting, as was described in colon carcinoma

increased intensity of the Tagl-Mspl 1.28 kb band and the
appearance of a Mspl-Mspl 0.73 kb band when compared to
normal tissues (lanes NB, N2, and N3). The intensity of the
Taql-Taql 2.48 kb genomic fragment of the 3’ region of the G-y
globin gene indicates the loading in each lane since this frag-
ment does not contain CCGG sites (see restriction map). B:
Restriction map of the fetal globin gene. The black boxes
indicate exons. T, Tagl; M, Mspl; H, Hindlil.

[Goelz et al., 1985], that modification of DNA
methylation patterns of v globin gene is an early
event in breast tumorigenesis.

Ha-ras Gene, 11p15.5

DNA methylation patterns at CCGG sites were
visualized using a 6.6 kb probe (probe 1, Fig.
2C), which corresponds to the entire Ha-ras
gene, from the 5’ promoter to the 3' VIR (vari-
able tandem repeats) region [Shih and Weinber,
1982]. As previously described [Krontiris et al.,
1985, Pierotti et al., 1986] a multiallele polymor-
phism was observed after Taql or TaqIl-Mspl/
Hpall digestion in both normal and tumoral
tissue (Fig. 2A). Hpall digestion gave complex
patterns because of the partial cleavage of most
of the Tagl fragments which produced novel
bands with different intensity. However, for each
Taql-Hpall pattern no difference was observed
between normal and tumoral tissue (Fig. 24,
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Fig. 2. DNA methylation patterns of Ha-ras gene. Experimen- changes of Ha-ras gene are observed in tumoral tissues (lanes

tal design was similar to the one described in the legend to
Figure 1, and ® represent some of the marker fragments of sizes
3.5,2.7,1.9,1.4,1.0, 0.68, and 0.49 kb, from top to bottom. A:
Probe 1. When compared to normal breast (lane NB) and to
normal colon tissues (lane N4) no significant methylation

lanes: breast NB/C7 and colon N4/C4). In one
colonic adenocarcinoma an extensive hypermeth-
ylation of the CCGG sites of 3’ region including
the VTR region (identified with the probe 3, Fig.
2C) of this gene was observed (Fig. 2B, lanes
N6/C6). Hybridization with a 260 bp cloned
genomic DNA fragment (probe 2, Fig. 2C), which
allowed us to focus on 5’ region of the gene,
showed that the CpG island located within this
region [Shih and Weinber, 1982] was unmethyl-
ated in all the normal and tumors samples stud-
ied (data not shown).

Parathyroid Hormone Gene (PTH), 11p15.2/1

The methylation status of the CCGG site (lo-
calized by a restriction map of the probe and
Southern blot experiments, Fig. 3A,B) of PTH
gene was analyzed using a cloned genomic DNA
probe [Vasicek et al., 1983]. Taql digestion gen-
erated, as expected [Meyers et al., 1984], a con-

C). B: Probe 3. Colon Cé exhibits extensive methylation of the
3’ region, including the variable tandem repeats region (V. T.
R.), of the gene. C: Restriction map of the Ha-ras gene. The
black boxes indicate exons. Hatched bar, variable tandem re-
peats region. T, Tagl; M, Mspl; B, BamH|; H, Hinfl; S, Sacl.

stant band of 4.1 kb which produced two bands
of 1.95 kb and 2.15 kb when cleaved with Mspl
(Fig. 3A, lanes T/M). In DNA extracted from
adenocarcinomas, Hpall digestion of Tagl DNA
fragments indicated that this site is hypomethyl-
ated in five of ten colon adenocarcinomas (Fig.
3A, lanes H) and one of ten breast adenocarcino-
mas.

Calcitonin Gene (CALCA), 11p 15.2/1

The cloned cDNA fragment (Fig. 4B) used as a
probe revealed Tagl polymorphic fragments of
8.0 and 6.5 kb corresponding to the calcitonin
gene (CALCA) and two constant bands of 3.0
and 2.3 kb corresponding to CALCP and CALCB
genes respectively [Craig et al., 1982; Hoppener
et al., 1988]. In almost all normal and tumoral
tissues, CCGG sites visualized with this probe
were unmethylated (Fig. 4A). However, in one
colonic adenocarcinoma, a selective hypermeth-
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Fig. 3. DNA methylation patterns of the 3’ region of the parallel decrease of the 4.1 kb band when compared to normal

parathyroid hormone gene. Experimental design was similar to
the one described in the legend to Figure 1. A: In breast
carcinoma C8 and colon carcinomas C9 and C3, Hpal! digestion
yield increased intensity of the 2.15 and 1.95 kb band and a

ylation of the CALCA gene was observed, mean-
while the CALB and CALP genes also located in
the same area (11p 15.2/1) retained a normal
DNA methylation pattern (Fig. 4A, lane C3).

Catalase Gene, 11p13

DNA methylation patterns of catalase gene
were analyzed using two cloned cDNA frag-
ments (probe 1 contains exons 1 and 2, probe 2
contains exons 3 to 13, Fig. 5D) and a cloned
genomic DNA fragment of the intron I (probe 4,
Fig. 5D).

The Tagl 2.7 kb DNA fragment, detected by
probe 1, was cleaved to 2.0 kb band by Hpall
(Fig. 5B, lanes: breast C4 and colon C3, C6) in
tumors samples only, %, in colon and Y, in
breast. This region, which contains exon 2 of the
catalase gene, was therefore hypomethylated in
a consistent part of the tumoral cellular popula-
tion.

The Taql 4.5 kb DNA fragment also detected
by probe 1 was cleaved by Mspl and by Hpall to
small DNA fragments (<250 bp), which are
usually no longer detected under our experimen-

breast (lane NB) and normal colon mucosa (lanes N9 and N3).
Colon C4 retains unchanged DNA methylation status. B: Restric-
tion map of the parathyroid hormone gene. The black boxes
indicate exons. T, Tagl; M, Mspl; E, EcoRl; P, Pstl.

tal contitions (Fig. 5B, lanes M and H). Hybrid-
ization with probe 3 (Fig. 5D) indicate (data not
shown) that this fragment contains the exon I
and multiple CCGG sites located at 5’ region of
the exon I [Quan et al., 1986].

In addition, hybridization with probe 2, de-
spite numerous CCGG sites detected in Tagl
DNA fragments (Fig. 5A, lanes M), failed to
detect differences between normal and tumoral
tissues in TaqI-Hpall DNA digestion (Fig. 5A,
lanes H). Furthermore, hybridization with a
cloned fragment of the intron I (probe 4, Fig.
5D) also failed to detect differences between
DNAs extracted from normal and tumoral co-
lonic tissue (only one colonic tumor exhibited
some hypomethylated sites, Fig. 5C, lanes N6/
C6). Thus, the hypomethylation of the CCGG
sites within the catalase gene in tumoral tissues
seems to be restricted to the exon 2 region.

D11S347,17p 13.3

To examine in normal and tumoral tissues the
methylation status of the CpG island located at
the 17p13.3 locus [Makos et al., 1992], DNAs
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Fig. 4. DNA methylation patterns in part of the calcitonin
(CALCA) gene. Experimental design was similar to the one
described in the legend to Figure 1. A: Colon samples 2 exhibit
the 8.0/6.5 kb CALCA polymorphic bands. The CALCP (3.0 kb
band in lanes T), and CALCB (2.3 kb band in lanes T) genes,

were digested with Notl (Notl is blocked by the
methylation of CpG at overlapping sites, [McClel-
land and Nelson, 1992]) and probed with a cloned
genomic DNA (Fig. 6B). Notl sites were always
unmethylated in normal tissues, as indicated by
the constant presence of the normal polymor-
phic bands of 4/4.5 kb and the absence of bands
superior to 4.5 kb in size (Fig. 6A, lanes NB, N7
and N9). However, in colon tumors methylated
Notl sites were always detected, as shown by
bands ranging from 5.5 to 7.5 kb in size (Fig.
6A). Of the nine breast tumors tested, four
samples exhibited hypermethylated Notl sites
(Fig. 6A,). Since in Taql digestion CCGG sites
located in the 5’ flanking region of the cluster of
the NotI sites (Fig. 6B) were also visualized with
this probe, we took this opportunity to compare
these two regions. The polymorphic Tagl-DNA
fragments ranging from 2.0 to 2.8 kb were
cleaved to the same extent by Mspl and Hpall in
normal tissues (Fig. 6C, lanes NB and N4),
whereas methylated CCGG sites were detected

produce when cleaved with Mspl, the 1.0 and 0.6 kb bands
(lanes M). B: Restriction map of the calcitonin gene. The boxes
indicate exons. T, Taql; T*, Tagl polymorphic site absent in the
Tagl-Taql 8 kb allele, M, Mspl.

in one out of ten colon adenocarcinomas and
three out of ten breast adenocarcinomas (Fig.
6C). However hypermethylation of the CpG fre-
quently detected in Not1 sites (Table I) does not
seem to be correlated with that noted on the 5’
flanking sequences of this region (Table I).

Loss of Heterozygoty in Colon Adenocarcinomas

In colon adenocarcinomas, in good agreement
with previous works [Fearon and Volgelstein,
19901, a high frequency (four out of five informa-
tive cases) of LOH at 17p13.3 was observed and
only few LOH were noted in the 11lp region
(Ha-ras: one out seven informative cases, PTH:
0/6, CALCA 1/7 and catalase: 1/3, see Table I)

DISCUSSION

Analysis of the methylation patterns at CCGG
sites in colon and breast carcinomas, at various
loci on the short arm of chromosome 11 and at
the 17p13.3 locus, show some variability be-
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Fig. 6. DNA methylation patterns of the genomic fragment
located at D1755, using Notl or Tagl-Hpall digestion. Southern
blot experiments were performed as described in Materials and
Methods. A: Notl digestion. DNA hypermethylations are ob-
served in some breast carcinomas (lanes C8 and C1) and in
colon carcinomas (lanes C7 and C9). Breast carcinoma samples
C2 and C3 retain unchanged DNA methylation status. B: Sche-
matic of the position of the Notl sites, with estimated sizes of

COLON

Notl digestion fragments, around the recognition site for
pYNZ22.1 [Makos et al., 1993b]. N, Notl. C: Tagl-Hpall diges-
tion. Experimental design was similar to the one described in
the legend to Figure 2. The CCGG sites in normal tissues are not
methylated as shown by identical patterns of Mspl and Hpall
digestion (NB and N4). Hypermethylation is observed in some
breast carcinomas (lanes C3 and C9) and colon carcinoma (lane
C4).
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tween tumor samples. However, colon tissues,
which allow a comparison between identically
paired samples of human solid tumors and adja-
cent normal tissues, indicate that these differ-
ences are not related to interindividual variabil-
ity. In good agreement with these findings, it
had been reported for other genes or DNA seg-
ments that patterns of DNA methylation at the
nucleotide or kilobase pair levels are not subject
to interindividual variations [Kochanek et al.,
1990, Behn-Krappa et al., 1991]. The modifica-
tions of methylation patterns observed in these
tumors samples are therefore not due to interin-
dividual variability but associated with tumor
development.

DNA methylation patterns of the five DNA
segments on the chromosome 11p15 and 11p13
analyzed do not exhibit tissue specificity since
identical Hpall patterns were observed in both
normal breast tissue and normal colon mucosa.
However, in the colon adenocarcinomas ana-
lyzed, several genes (y-globin, PTH and cata-
lase, see Table I) on the short arm of chromo-
some 11 are frequently hypomethylated, whereas
in breast two of these loci retain in practically all
the tumors a normal DNA methylation pattern
(Table I). Although these data were obtained
from a limited number of samples they suggest
that in these two epithelial adenocarcinomas
the modifications of the DNA methylation occur
predominantly at specific loci according to the
tumor type.

Furthermore, in the samples analyzed, the
hypomethylation observed at some loci does not
extend to all the 11p chromosome since some
genes within this area are not affected (Table I)
and for one gene studied (catalase) only one
region of this gene is affected by the DNA meth-
ylation changes. This sequence specificity of the
modification of the DNA methylation patterns
was also observed at the 17p13.3 locus since the
hypermethylation of a CpG island at this locus is
not correlated with the hypermethylation de-
tected in the 5’ flanking sequences (Table I).
This concept is also supported by the observa-
tion that, in colon carcinomas, the 5’ region of
the calcitonin exhibits at a high frequency (9/
13) new methylation patterns (hypomethylation
or hypermethylation) [Silverman et al., 1989],
whereas in the samples analyzed in this study
Hpall digestion failed to detect modification of
the CCGG sites within the calcitonin gene.

Alterations of DNA methylation have been
evaluated by the use of restriction enzymes spe-

cific for CCGG sites and therefore the modifica-
tions of other CpG are not quantitated in this
study. However, previous works, using genomic
sequencing method, have suggested that the
measurement of DNA methylation in the CCGG
sites seems to be a good indicator of the overall
levels of DNA methylation at CG sequences
[Saluz et al., 1986, Kochanek et al., 1990]. With
this restriction, in the samples analyzed alter-
ations of the DNA methylation patterns do not
seem to occur at random throughout the ge-
nome. In addition, it had been shown in cell
lines [Antequera et al., 1990] and during differ-
entiation [Saluz et al., 1986} that DNA methyl-
ation might be regulated by a combination of de
novo methylation and demethylation. It will be
therefore interesting to know if a modification
of this equilibrium might be involved in the
alterations of DNA methylation observed in tu-
mor cells.

ACKNOWLEDGMENTS

We thank Dr. J.F. Doré for support and en-
couragement. S. R. is supported by a fellowship
from the Ligue Nationale contre le Cancer and
X.-G.S.-W. by a doctoral fellowship from the
Région Rhénes-Alpes. This work was supported
by grants from the Association pour la Recher-
che contre le Cancer.

REFERENCES

Adams RLP (1990): DNA methylation: The effect of minor
bases on DNA-protein interactions. Biochem J 265:309-
320.

Antequera F, Boyes J, Bird A (1990): High levels of de novo
methylation and altered chromatin structure at CpG is-
lands in cells lines. Cell 62:503-514.

Behn-Krappa A, Holker I, Sandaradura de Silva U, Doerfler
W (1991): Patterns of DNA methylation are indistinguish-
able in different individuals over a wide range of human
sequences. Genomics 11:1-7.

Craig RK, Hall L, Edbrooke MR, Allison J, MacIntyre I
(1982): Partial nucleotide sequence of human calcitonin
precursor mRNA identifies flanking cryptic peptides. Na-
ture 295:345-347.

De Bustros A, Nelkin BD, Silverman A, Ehrlich G, Poiesz B,
Baylin SB (1988): The short arm of chromosome 11 is a
“hot spot” for hypermethylation in human neoplasia.
Proc Natl Acad Sci USA 85:5693-5697.

Fearon ER, Vogelstein B (1990): A genetic model for colorec-
tal tumorigenesis. Cell 61:759-767.

Feinberg AP, Vogelstein B (1983): Hypomethylation distin-
guishes genes of some human cancers from their normal
counterparts. Nature 301:89-92.

Feinberg AP, Gehrke CW, Kuo KC, Ehrlich M (1988): Re-
duced genomic 5-methylcytosine content in human co-
lonic neoplasia. Cancer Res 48:1159-1161.



96 Ribieras et al.

Flatau E, Bogenmann E, Jones PA (1983): Variable levels in
human tumor cell lines and fresh pediatric tumor ex-
plants. Cancer Res 43:4901-4905.

Goelz SE, Volgstein B, Hamilton SR, Feinberg AP (1985):
Hypomethylation of DNA from benign and malignant
human colon neoplasms. Science 228:187-190.

Hoppener JWM, Steenbergh PH, Zandberg J, Adema GdJ,
Geurts van Kessel AHM, Lips CJM, Jansz HS (1988): A
third human CALC (pseudo) gene on chromosome 11.
FEBS Lett 233:57-63.

Jones PA, Buckley JD (1990): The role of DNA methylation
in cancer. Adv Cancer Res 54:1-23.

Jones PA, Wolkowick MJ, Rideout III WM, Gonzales FA,
Mariasz CM, Coetzee Sd, Tapscott SJ (1990): De novo
methylation of the MyoD1 CpG island during the establish-
ment of immortal cell lines. Proc Natl Acad Sci USA
87:6117-6121.

Kochanek S, Toth M, Dehmel A, Renz D, Doerfler W (1990):
Interindividual concordance of methylation profiles in
human genes for tumor necrosis factor a and b. Proc Natl
Acad Sci USA 87:8830-8834.

Krontiris TG, DiMartino NA, Colb M, Parkinson D (1985):
Unique allelic restriction fragments of the human Ha-ras
locus in leukocyte and tumour DNAs of cancer patients.
Nature 313:369-374.

Mackay J, Steel CM, Elder PA, Forrest APM, Evans HJ
(1988): Allele loss on short arm of chromosome 17 in
breast cancers. Lancet I1:1384-1385.

Makos M, Nelkin BD, Lerman MI, Latif F, Zbar B, Baylin SB
(1992): Distinct hypermethylation patterns occur at al-
tered chromosome loci in human lung and colon cancer.
Proc Natl Acad Sci USA 89:1929-1933.

Makos M, Nelkin BD, Reiter RE, Gnarra JR, Brooks J,
Isaacs W, Linehan M, Baylin SB (1993a): Regional DNA
hypermethylation at D17S5 precedes 17p structural
changes in the progression of renal tumors. Cancer Res
53:2719-2722.

Makos M, Nelkin BD, Chazin VR, Cavenee WK, Brodeur
GM, Baylin SB (1993b): DNA hypermethylation is associ-
ated with 17p allelic loss in neural tumors. Cancer Res
53:2715-2718.

McClelland M, Nelson M (1992): Effect of site-specific meth-
ylation on DNA modification methyltransferase and re-
striction endonucleases. Nucleic Acids Res 20:2145-2157.

Meyers DA, Antonarakis SE, Fearon ER, Mallonee RL,
Waber PG, Phillips JA, Kazazian HH, Levine R, Kronen-
berg HM, Wigler M, Ulrich A (1984): Use of DNA polymor-
phisms to establish the linkage map of the PTH, beta-

globin, c-Ha-ras-1, and insulin loci on 11p. Cytogenet Cell
Genet 37:540-541.

Nakamura Y, Ballard L, Leppert M, O’Connell P, Lathrop
GM, Lalouel, JM, White R (1988): Isolation and mapping
of a polymorphic DNA sequence (pYNZ22) on chromo-
some 17p. Nucleic Acid Res 16:5707.

Pierotti MA, Radice P, Biunno I, Borello MG, Cattadori MR,
DellaPorta P (1986): Two RFLPs generated by Tagl at the
human HRAS1 Locus. Nucl Acid Res 14:4379.

Quan F, Korneluk RG, MacLeod HL, Tsui L.C, Gravel RA
(1985): An RFLP associated with the human catalase
gene. Nucl Acid Res 13:8288.

Quan F, Korneluk RG, Tropak MB, Gravel RA (1986):
Isolation and characterization of the human catalase gene.
Nucl Acid Res 14:5321-5335.

Razin A, Szyf M (1984): DNA methylation patterns. Forma-
tion and function. Biochim Biophys Acta 782:331-342.

Saluz HP, Jiricny J, Jost JP (1986): Genomic sequencing
reveals a positive correlation between the kinetics of
strand-specific DNA demethylation of the overlapping es-
tradiol/glucocorticoid-receptor binding site and the rate of
avian vitellogenin mRNA synthesis. Proc Natl Acad Sci
USA 83:7167-7171.

Sambrook J, Fritsch EF, Maniatis T (1989): “Molecular
Cloning: A Laboratory Manual.” Cold Spring Harbor, NY,
Cold Spring Harbor Laboratory Press.

Sato T, Tanigami A, Yamakawa K, Akiyama F, Kasumi F,
Sakamato G, Nakumara Y (1990): Allelotype of breast
cancer: cumulative allele losses promote tumor progres-
sion in primary breast cancer. Cancer Res 50:7184-7189.

Shen SH, Slightom JL, Smithies O (1981): A history of the
human globin gene duplication. Cell 26:191-203.

Shih C, Weinberg RA (1982): Isolation of a transforming
sequence from a human bladder carcinoma cell line. Cell
29:161-169.

Silverman AL, Park JG, Hamilton SR, Gazdar AF, Luk GD,
Baylin SB (1989): Abnormal methylation of the calcitonin
gene in human colonic neoplasms. Cancer Res 49:3468—
3473.

Vasicek TdJ, McDevitt BE, Freeman MW, Fennick BJ, Hendy
KN, Potts JT, Rich A, Kronenberg HM (1983): Nucleotide
sequence of the human parathyroid hormone gene. Proc
Natl Acad Sci USA 80:2127-2131.

Winquist R, Mannermaa A, Alavaikko M, Blanco G, Taski-
nen PJ, Kiviniemi H, Newsham I, Cavenee W (1993):
Refinement of regional loss of heterozygosity for chromo-
some 11p15.5 in human breast tumors. Cancer Res 53:
4486-4488.





