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Abstract

Normal tumour-adjacent breast tissue samples from 12 breast cancer patients forming six monozygotic twin pairs were analysed
for loss of heterozygosity (LOH) on chromosomes 1, 13 and 17. 7 patients showed LOH at one or more markers. Each of them had
a different LOH pattern. Only one twin pair showed LOH at the same locus, but the twins had lost a different allele. Multiple
(n=1–13), histologically normal samples were collected from 6 bladder cancer patients and analysed for LOH on chromosomes 3

and 9. On chromosome 9, all 6 patients analysed showed LOH in at least one sample and one marker. Four of them also showed
LOH on chromosome 3. Samples surrounding different tumours of a given patient resembled each other. More heterogeneity was
seen between the patients, even though they shared some similarities in LOH clustering. The results demonstrate that tumour-

adjacent normal tissues already harbour genetic changes typical for tumours. These alterations can reveal the earliest changes
leading to tumorigenesis. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cancer is a multistage process where the first genetic
alterations in humans may precede the clinical diagnosis
of cancer by decades. For example, in colon carcino-
genesis, loss of heterozygosity (LOH) at chromosome
5q is found already in the hyperproliferative epithelium
and this is followed by a sequence of successive tumori-
genic stages [1]. In contrast to colon cancer, the chron-
ology of the tumorigenic events in breast and bladder
cancer is not clear. Each breast cancer seems to have its
own, unique pattern of genetic changes caused by a
complicated interaction of accumulating genetic predis-
posing factors with somatic changes [2–4]. Allelic losses
seen in intermediate and high nuclear grade in situ
breast tumours already resemble the losses seen in
invasive breast cancer, where the most frequent LOHs
occur in chromosomal arms 1p, 1q, 3p, 6q, 11p, 11q,
13q, 16q, 17p, 17q and 22q [2]. Ductal carcinoma in situ
(DCIS) is thought to be a precursor for breast cancer,

but only 30–50% of women with DCIS will develop
breast cancer [5]. However, only 50–60% of invasive
ductal carcinomas contain an in situ component [6].
This suggests that some part of the invasive breast can-
cers may have developed directly from morphologically
normal epithelium. Thus, at least some of the genetic
changes found in the invasive cancers may be present in
the tumour-adjacent normal tissue.
Molecular pathology of bladder cancers shows large

heterogeneity. Chromosomal alterations have been
found in many, if not most, chromosomes. Chromo-
some 9 appears to be the main target of alterations,
other common findings are LOHs including 3p, 4p, 8p,
11p, 13q and 17p [7,8]. It has been suggested that mul-
tiple pathways, all including multistep genetic altera-
tion, are involved in the development of bladder
tumours [9,10]. Whether these pathways have a com-
mon point of origin is not known.
In this study, we have analysed microscopically nor-

mal surrounding tissues of breast and bladder tumours.
To reduce the heterogeneity problems, we have chosen
multiple normal tissue samples with identical
genomes — normal breast tissues from breast cancer
samples of monozygotic twins and surrounding tissues
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of multifocal bladder tumours. Multiple surrounding
tissues of a given bladder cancer patient have initially
identical genomes like breast cancer samples from
monozygotic twins. Tumour-adjacent breast tissue
samples of monozygotic twins were analysed with mul-
tiple markers on chromosomes 1, 13 and 17. Similarly,
histologically normal samples surrounding tumours
were collected from multifocal bladder cancer patients
and analysed for LOH on chromosomes 3 and 9 using
several microsatellite markers.

2. Materials and methods

2.1. Patients and tissue specimens

Monozygotic twins concordant for breast cancer were
identified from the Swedish Twin Registry linked to the
Swedish Cancer Registry [11]. The cases of breast cancer
diagnosed from 1959 to 1992 in twins born in the period
from 1886 to 1958 were included to this study. Paraffin-
embedded tissue samples were collected from the hospi-
tals of diagnosis. Paraffin material was cut in 10 mm
sections, mounted on microscopic slides and stained
with haematoxylin and eosin. A pathologist identified
areas containing tumour tissue and those containing
normal breast tissue, which were then microdissected.
Histologically-verified normal breast tissue samples
adjacent to the tumour were available from six mono-
zygotic twin pairs, making in total 12 patients with
breast cancer. No other normal tissue material from the
patients was available. None of the twins was BRCA1
or BRCA2 mutation carriers [12].
Tumours, visually normal mucosal tissue and blood

were collected from 6 Swedish patients with superficial,
multifocal bladder cancer. All the tumours were recur-
rent and of a transitional cell type. No treatment other
than transurethral resections had been attempted
before. All tumours were resected transurethrally and
each tumour sample was separated into two halves. One
half was sent for routine histopathological examination
and the other half immediately frozen in liquid nitrogen.
Biopsies (2 mm in size) from macroscopically normal
bladder mucosa, adjacent to each tumour, were handled
likewise. Altogether, 1–13 normal tissue samples per
patient were collected.

2.2. DNA isolation

DNA was isolated from the paraffin-embedded tissue
samples and from blood as described earlier [13,14].

2.3. LOH analysis

The LOH analysis was performed mainly as described
in Refs. [12,14]. LOH was analysed from the normal

tissue of the breast cancer samples by using 13 micro-
satellite markers distributed over the whole chromo-
some 1, 16 microsatellite markers in the long arm of
chromosome 13 and 14 markers distributed over the
whole chromosome 17. For bladder samples, 20 mar-
kers on chromosome 3 and 29 markers on chromosome
9 were used. Primer sequences and the order of the
markers were obtained from the Genome Data Base
(http://www.gdb.org at Johns Hopkins University). Pri-
mers labelled with a fluorescent Cy5 dye were obtained
from Amersham Pharmacia Biotech. Unlabelled pri-
mers were from Ransom Hill Bioscience, Inc. Poly-
merase chain reaction (PCR) was performed by using
Perkin-Elmer thermal cycler model 480 or MJ Research
PTC-200, followed by fluorescent quantitation using
automated fluorescent ALFexpress (Amersham Phar-
macia Biotech) or the Applied Biosystems 377 sequencer
(PE Biosystems), respectively. Because the allele ratio
between the shorter and longer allele in the hetero-
zygous samples varied between 0.7 and 1.43, LOH was
defined as a decrease of the signal of either allele of at
least 30% in the case of bladder cancer [14]. In the case
of breast cancer, a decrease of at least 50% was
required.

3. Results

3.1. Breast cancer

Microscopically normal tumour-adjacent tissues from
three monozygotic twin pairs with breast cancer were
analysed for LOH on each of the chromosomes 1, 13
and 17. Three additional pairs were analysed for LOH
only on chromosomes 13 and 17. In total, 43 markers
were used. The allelic patterns of the two normal tissues
within a twin pair were compared with each other.
Examples of the electropherograms of the samples
showing LOH in the normal tissue are shown in Fig. 1.
Seventeen LOHs were observed, 14 of which were repe-
ated in the corresponding tumour tissue (Table 1; see
Ref. [12]). On chromosome 1, 33% of the samples with
LOH in the tumour tissue showed LOH in the tumour-
adjacent normal tissue, while only 11 and 13% of the
samples with LOH in the tumour tissue on chromo-
somes 13 and 17, respectively, showed LOH in the
tumour-adjacent normal tissue (Table 1). As seen in
Fig. 2, none of the twin pairs showed an identical LOH
pattern. Only one twin pair (pair 3) showed LOH at the
same locus (D1S2141), but the twins (patients 3599 and
1930) had lost a different allele (data not shown).
LOH at least at one marker was found in seven

patients (Fig. 2). Each of the patients showed a different
LOH pattern. They showed LOH either in each of the
chromosomes (patient 11 031), in one of the chromo-
somes (patient 3599 on chromosome 1, patients 1206
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and 3836 on chromosome 13, patient 767 on chromo-
some 17) or in two of the chromosomes (patient 1930 on
chromosomes 1 and 17, patient 7910 on chromosomes
13 and 17).
On chromosome 1, 13 microsatellite markers were

used for the analysis of LOH in 6 breast cancer patients.
Three of them showed LOH at least at one marker
(Fig. 2). In total, 7 LOHs were seen, which were divided
between five different markers. Three of the allelic losses
were seen on the p arm, two at two separate markers at
1p36 (D1S1597 and D1S552) and one at 1p31 (D1S1665).
LOH at marker D1S1597 (patient 3599) was not repeated
in the corresponding tumour (unpublished data). The
three other losses were seen at two markers on the q
arm, one at 1q31 (D1S518) and the other at 1q32
(D1S2141).
Sixteen microsatellite markers were analysed for LOH

in 12 patients on chromosome 13. Four of the samples
showed LOH at five different markers (Fig. 2). Two of
these allelic losses were seen in markers located between
the BRCA2 and RB-1 loci at 13q12.3-14.1 (D13S267
and D13S218). However, the tumour sample of patient
11031 had retained heterozygosity at marker D13S218
(see Ref. [12]). One LOH was observed distal to the RB-
1 locus (D13S279), and the two other LOHs at the most
centromeric (D13S221) and the most telomeric markers
(D13S173) in our study, respectively.
On chromosome 17, fourteen microsatellite markers

were analysed for LOH in 12 patients. Four of them
showed LOH at four different markers, including one
patient with LOH at two different markers (Fig. 2). Two
of the allelic losses were seen in markers distal to the
TP53 locus (D17S926 and D17S786). Two other LOHs
in our study were seen at marker D17S250, which is
located at 17q11.2-12, centromeric to the BRCA1 locus
(Fig. 2). LOH at marker D17S921 in the normal tissue
of patient 11031 was not repeated in the corresponding
tumour tissue (see Ref. [12]).

3.2. Bladder cancer

Normal mucosal tissue and blood samples from 6
bladder cancer patients, 5 of them having multiple nor-
mal tissues (n=2, 6, 11, 13 and 4), were analysed for
LOH on chromosomes 3 and 9. The total number of
microsatellite markers was 49. The majority of the
informative samples had retained heterozygosity. LOH
in the normal tissue could be found on both chromo-
somes. Of the 112 LOHs observed in the normal tissue
samples, 24 were not repeated in the corresponding
tumour tissue [15,16]. At most markers, however, at
least one normal–tumour tissue pair in a given patient
showed LOH. Only two markers (D3S2465 and
D3S1744) showed LOH only in the normal tissue [16].
Table 2 summarises the data of the LOH frequencies in
the tumour-adjacent normal tissues and the corre-

Fig. 1. Examples of the analysis of loss of heterozygosity (LOH) using

automated fluorescent ALF Express sequencer. Comparison of the

tumour (T) and normal tumour-adjacent (N) tissues within a mono-

zygotic twin pair concordant for breast cancer. The arrows point to

the lost allele. At marker D1S552, the longer allele is lost both in the

tumour and normal tissue of twin 1930. At marker D13S218, twin

11031 has lost the shorter allele only in the normal tissue. At marker

D17S250, twin 106 has lost the shorter allele in the tumour tissue and

twin 7910 the longer allele both in the tumour and normal tissues.
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sponding tumour tissues at the patient level (see Fig. 4,
the column on the right side of the picture). Forty-five
and 40% of the samples with LOH in the tumour tissues
on chromosomes 3 and 9, respectively, showed LOH
also in the tumour-adjacent normal tissue. Samples
from each patient usually resembled each other, forming
LOH clusters around certain markers. In addition, the
LOH patterns of different patients shared some simila-
rities. Fig. 3 shows examples of the electropherograms
of the samples with LOH.
Chromosome 9 had frequent LOH (Fig. 4). All 6

patients analysed showed LOH in at least one sample
and one marker. Patients 1, 3, 4 and 5 had multiple
allelic losses with breakpoints in between, whereas in
patients 2 and 6 only one sample showed LOH at one
marker. The first cluster of LOHs was found at and
telomeric to the p16 tumour suppressor gene at 9p21-22
(D9S741-D9S942) (Fig. 4). Two main regions of LOH
were found in 9q (Fig. 4). The first region was cen-
tromeric to the PTCH tumour suppressor gene at 9q13-
22 (D9S301-1AJL). 1AJL is an intragenic PTCH mar-
ker [17]. The second candidate region on 9q in our study
was located telomeric to the PTCH locus and maps to
9q31-34.2 (D9S302-D9S290).
Chromosome 3 had several loci, which showed LOH

in the normal tissue (Fig. 4). Four patients out of the six
analysed showed LOH in at least one sample and one
marker. We found LOH from multiple samples of 2
patients at marker D3S3050, which is located at 3p25-
26, near the Von Hippel-Lindau (VHL) tumour sup-
pressor gene locus. One of these patients had LOH also
in several samples at marker D3S3038. This LOH pat-
tern resembled the LOH pattern at marker D3S3050.
Interestingly, there was one heterozygous marker
between these two loci. Centromeric to this region, three
markers showed LOH in the normal tissues at region
3p21-14 (D3S2432-D3S1300). Near the telomere of
chromosome 3 at 3q27, 3 out of 4 informative

patients showed LOH at D3S2418. One of the
patients displayed allelic loss in all of the normal
tissue samples.

4. Discussion

According to the multistage models, cancer develops
through age-dependent stages. The examples from colon
cancer show that genetic changes are present in early
adenomas years before the clinical diagnosis of cancer
[1]. For breast and bladder cancer, the chronology of
the tumorigenic events is not clear. Both cancer types
are known to be very heterogenic, presenting various
genetic abnormalities in different chromosomes [2,18].
Even clinically early tumours possess numerous genetic
changes, which can sometimes also be found from the
normal epithelium adjacent to tumours [19–23]. In our
study, we have analysed LOH in normal tumour-adja-
cent tissue samples from monozygotic twins with breast
cancer and from multifocal bladder cancer patients.
These normal tissue samples have initially identical
genomes, which reduce the heterogeneity and phenotype
problems.
In our study, most of the LOHs observed in the

tumour-adjacent normal tissues were repeated in the
corresponding tumour tissue. However, in the breast
cancer study, one marker in each of the studied chro-
mosomes (D1S1597, D13S218, D17S921) showed LOH
only in the normal tissue (see Ref. [12]). Similarly, in the
bladder cancer study, LOH at two markers on chromo-
some 3 (D3S2465, D3S1744) was present only in the
normal tissue [16]. The samples showing these LOHs
may represent a subpopulation of breast and urothelial
tissue cells, where the genetic changes are transient and
not enough to change the phenotype, reflecting the het-
erogeneity in the development of breast and bladder
cancers.

Table 1

LOH frequencies in the tumour-adjacent normal tissues and the corresponding tumour tissues in breast cancer patientsa

Chromosome No. of

samples

analysed

No. of

informative

No. of normal tissues

with LOH (% of

informative samples)

No. of tumour tissues

with LOH (% of

informative samples)

No. of samples with LOH

both in normal and tumour

tissues (% of tumours with LOH)

1p 53 39 4 (10) 10 (26)b 3 (30)

1q 23 17 3 (18) 8 (47)b 3 (38)

1 76 56 7 (13) 18 (32)b 6 (33)

13q 133 78 5 (6) 38 (49)c 4 (11)

17p 61 36 3 (8) 12 (33)c 2 (17)

17q 86 34 2 (6) 18 (53)c 2 (11)

17 147 70 5 (7) 30 (43)c 4 (13)

1+13+17 356 204 17 (8) 86 (42) 14 (16)

LOH, loss of heterozygosity.
a See Fig. 2 for the number of patients and markers analysed on each chromosome.
b Unpublished data.
c See Ref. [12].
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Fig. 2. LOH pattern on chromosomes 1, 13 and 17 in the normal tumour-adjacent tissues from six twin pairs. Twin pair and patient identification

numbers are indicated above each column. The markers analysed are shown on the left side of the picture. Approximate locations of the known

tumour suppressor genes are also indicated. The columns on the right side of the picture show the number of different patients with LOH at each

marker.
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Many of the observed LOHs in the normal tumour-
adjacent tissues were relatively small, often involving
a single microsatellite marker. Even though the
mechanisms of LOH, like mitotic recombination and
chromosomal nondisjunction, often lead to loss of large
regions of chromosomes, our and other studies
[15,20,24] have shown an increase in the size of LOH
during progression from the normal tissue to invasive
cancer.
Normal breast tissue samples from 12 breast cancer

patients forming six monozygotic twin pairs were ana-
lysed for LOH on chromosomes 1, 13 and 17. Because
only tumour-adjacent normal tissues were available,
making the analysis conservative, we may have missed
some partial allelic losses. Seven of the patients showed
LOH in their normal breast tissues at one or more
locus. Each of the patients and pairs showed a different
pattern of LOH. In total, 17 LOHs were observed.
Seven of them were located on chromosome 1 asso-
ciated with three different patients and five different
markers. Two of these allelic losses were seen at two
different markers at 1p36 proximal to the p73 gene
locus. Data from both breast cancer [25] and neuro-
blastoma [26] suggest the presence of a tumour sup-
pressor gene in this region. The three other regions
showing LOH on chromosome 1 in our study are fre-
quently lost both in in situ and in invasive breast cancers
[25,27,28,29].
On chromosome 13, 4 patients showed LOH at five

different markers. Two of these allelic losses were seen
in markers located between the BRCA2 and RB-1 loci at
13q12.3-14.1. This is a common region for LOH in
invasive breast cancer [30,31]. In another study, no
LOHs at 13q13 were found in morphologically normal
lobules adjacent to breast cancer [19]. However, this
discrepancy may be due to the small number of samples
used in each study. It could also reflect the heterogeneity
in breast tumorigenesis.

4 patients had LOH at four markers on chromosome
17. Two of these allelic losses were seen in markers
distal to the TP53 locus, where a recently identified
tumour suppressor gene, hypermethylated in cancer 1
(HIC-1), is located [32]. One of the losses found in our
study was restricted to this telomeric region of 17p. In
the other case, the marker at the TP53 locus was non-
informative and we cannot exclude TP53 as the cause
for this LOH. HIC-1 is inactivated by hypermethylation
followed by LOH. It has been shown that HIC-1 is
densely methylated in approximately one-half of the
alleles in normal breast epithelium, which may predis-
pose this tissue to inactivation of this gene by LOH [33].
Studies on in situ breast cancers have also shown fre-
quent LOH in this region [3,4,34]. The study of normal
lobules adjacent to breast cancer showed one LOH in 19
informative samples at TP53 locus 17p13.1 [19]. Two
other LOHs in our study were seen at marker D17S250,
which is located at 17q11.2-12, centromeric to the
BRCA1 locus. Data from invasive breast cancer suggest
that a tumour suppressor gene may be located in this
region [35] and one study on DCIS locates LOH at this
region to a later phase in DCIS evolution [3]. ERBB2
oncogene is located 2 cM distal to D17S250 [36]. It is
amplified in approximately 20% of invasive breast
tumours and even more often in DCIS [2]. Amplifica-
tion of ERBB2 can be observed as an allelic imbalance
similar to LOH.
Multiple (n=1–13), visually normal samples were

collected from 6 bladder cancer patients and analysed
for LOH on chromosomes 3 and 9 using multiple
microsatellite markers. For each tumour, a matched
normal sample was prepared and used. All 6 patients
showed LOH in at least one sample and one marker on
chromosome 9. 4 of the patients showed LOH also on
chromosome 3. The LOH patterns were similar in the
samples of each patient. Even though heterogeneity
between the LOH pattern of the different patients

Table 2

LOH frequencies in the tumour-adjacent normal tissues and the corresponding tumour tissues in bladder cancer patientsa

Chromosome No. of samples

analysed

No. of informative

samples

No. of normal tissues with

LOH (% of informative

samples)

No. of tumour tissues with

LOH (% of informative

samples)

No of samples with LOH

both in normal and tumour

tissues (% of tumours with LOH)

3p 48 39 7 (18) 16 (41)b 6 (38)

3q 21 14 5 (36) 6 (43)b 4 (67)

3 69 53 12 (23) 22 (42)b 10 (45)

9p 51 37 9 (24) 23 (62)c 9 (39)

9q 96 63 18 (29) 45 (71)c 18 (40)

9 147 100 27 (27) 68 (68)c 27 (40)

3+9 216 153 39 (25) 90 (59) 37 (41)

LOH, loss of heterozygosity.
a See Fig. 4 for the number of patients and markers analysed on each chromosome.
b See Ref. [16].
c See Ref. [15].
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was observed, they shared some similarities in LOH
clustering.
Chromosome 9 had frequent LOH. The first cluster of

LOHs was found at and telomeric to the p16 tumour

suppressor gene at 9p21-22. At 9q, two main regions of
LOH were found. The first region was centromeric to
the PTCH tumour suppressor gene at 9q13-22. This
region shows frequent LOH in bladder cancer [37–40].
Our results support the data that another tumour
suppressor gene is located in this region. The second
candidate region in 9q is located telomeric to the PTCH
locus and maps to 9q31-34.2, a region frequently lost in
bladder cancer [37,38,40]. This region contains recently
identified DBCCR1 and TSC-1 genes, which are candi-
date tumour suppressor genes for bladder cancer
[41,42].
Chromosome 3 also showed frequent LOH with sev-

eral affected regions. We found LOH from multiple
samples of two patients at marker D3S3050, which is
located near the telomere of the short arm at 3p25-26.
One of the patients showed a similar LOH pattern also
at marker D3S3038. Interestingly, the samples were
heterozygous at one marker between these two loci.
This may be due to an error in the physical order of
markers. Otherwise it may indicate two different loci,
which are involved in bladder tumorigenesis. Cen-
tromeric to this region, three markers showed LOH in
the normal tissues at region 3p21-p14. Chromosome 3
harbours a fragile histidine triad (FHIT) gene at
3p14.2. One patient showed LOH in several samples
at the intragenic FHIT marker (D3S1300). Recently,
a minimal deletion of 3p13->14.2 was associated
with immortalisation of human uroepithelial cells
[43]. In addition, allelic losses have been found at
this region in bladder tumours [44]. Near the telo-
mere of chromosome 3 at 3q27, we found a new
region of LOH at marker D3S2418. Comparative
Genomic Hybridisation (CGH) analysis has not
detected any losses or gains at this region in non-
invasive and invasive bladder tumours [45]. In our
study, however, 3 out of 4 informative patients
showed LOH at D3S2418. One of the patients
showed LOH in all of the normal and tumour tissue
samples [16].
In this study, we have analysed LOH in the normal

tissue adjacent to breast cancer and bladder cancer. We
found several LOHs on chromosomes 1, 13 and 17 in
the normal tissues of the breast cancer samples. Normal
tissues adjacent to low grade, low stage bladder tumours
had frequent LOH on chromosomes 9 and 3 with sev-
eral affected regions. Each sample contained also the
invasive component of breast or bladder cancer, and
most of the LOHs were repeated in the corresponding
tumour tissues. The LOHs seen in the morphologically
normal tissue may reflect early, critical events required
for the progression to invasive breast and bladder can-
cers. Comparison of the tumour and the adjacent
normal tissue may offer an alternative for the
identification of early genetic changes in carcino-
genesis.

Fig. 3. Examples of the analysis of LOH using fluorescent quantita-

tion on ABI 377 sequencer. Comparison of the normal tumour-adja-

cent tissue (N) with the blood sample (B) in one bladder cancer patient.

The arrows point to the lost allele.
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