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Abstract

Multiple low-grade, low-stage superficial tumours were analysed for loss of heterozygosity (LOH) on chromosome 9 with 29
markers. Three consensus regions were found, one at 9p (9p21-22) and two at 9q (9q21-31 and 9q32-34). Phylogenetic trees were
calculated for each patient using both designated chromosome 9 regions and, separately, using individual microsatellite data.
Regional analysis suggested that multiple, equally important regions for bladder tumour initiation exist on chromosome 9. During
the development of tumours all regions were eventually affected. The phylogenetic analyses with individual markers were used as
molecular clocks to trace the ordering of tumours. The results were compared with the physical locations of the tumours and a
hypothetical development model was built. These are novel approaches which, to our knowledge, have not been used before.

© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Molecular pathology of bladder cancers shows large
heterogeneity including loss of heterozygosity (LOH)
and deletions in many, if not most, chromosomes. LOH
has been found on chromosomes 1p, 1q, 2q, 3p, 4p, 5q,
5p, 7, 8p, 9p, 9q, 10q, 11p, 11q, 13q, 14q, 17p, 18q, 21q
and Y (for review see [1]). It has also been shown that
genetic instability increases in the pTa—pT1 transition
[2]. Evidence from several studies points to the involve-
ment of chromosome 9 in bladder cancer, for reviews
see [3.,4]. The pl6 tumour suppressor gene at 9p21 is a
candidate gene for involvement in the development of
bladder cancer. Homozygous deletions of p/6 have been
demonstrated both in primary tumours and in cell lines
[5-9]. Preneoplastic changes of the bladder epithelium
or superficial tumours sometimes precede malignancy
but the patients do not always develop bladder cancer
[10-13]. The aim of our study was to characterise the
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sequential allelic losses at chromosome 9 by means of a
microsatellite analysis. To eliminate the genetic hetero-
geneity and phenotype problems typical of bladder
cancer we chose patients with multifocal tumours.
Analysis of changes seen in an identical genetic back-
ground should reveal the key genetic events during
development. These tumours are clonally related, which
makes it possible to arrange them in chronological
order [14]. We investigated multifocal tumours with
surrounding tissues from 5 patients using 29 micro-
satellite markers covering chromosome 9. Blood sam-
ples were used as references since normal bladder
mucosa is known to have genetic alterations. Phyloge-
netic-type analyses were performed to pinpoint the early
changes on chromosome 9. We also modelled the
spreading of tumours by superimposing genetic and
pathology data.

2. Materials and methods

Tumours, visually normal mucosal tissue and blood
was collected from 5 patients with superficial, multifocal
bladder cancer (Table 1). All the tumours were recur-
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rent and of the 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
in the same manner.

Polymerase chain reaction (PCR) was performed
using Perkin-Elmer DNA Cycler 480 or MJ Research
PTC-200 in a 5 ul reaction volume and the reaction
products were analysed with an Applied Biosystems 377
or with Pharmacia Alfexpress automatic sequencer. The
LOH analysis was performed primarily as previously
described [15]. LOH was defined as a reduction of at
least 30% of the signal compared with the normal tissue
DNA allele. For calculations the following formula was
used: L=TIL:T2/NI:N2 when L<1, or 1/ (TL:T2/
N1:N2) if L is>1, where T1, T2 =intensity of tumour
alleles; N1, N2=intensity of normal tissue alleles;
L=LOH ratio. Allelic imbalances were rare. The mar-
ker 1AJL is an intragenic marker for the patched PTCH
(human homologue of Drosophila patched) tumour
suppressor gene [16].

We have made two assumptions in the tumour devel-
opment analysis: (1) loss of heterozygosity correlates
with tumour development. During tumorigenesis, the
rate of LOH increases which could depend on mutations
in other cancer-related genes [17]. (2) The ‘spreading’ of
loss of heterozygosity of specific loci from tumour tissue
to surrounding tissue correlates with the tumour devel-
opment. Earliest genetic changes may be found from
preneoplastic lesions hidden in surrounding tissue which
are still clinically judged as normal tissue. Studies using the
first assumption have been published previously [18-20].

The Camin—Sokal parsimony method used in con-
structing phylogenetic trees explains the data by assum-
ing that changes 0 —1 are allowed but not changes
1—0. In this context the change is the non-reversible
loss of heterozygosity. The phylogenetic analysis resem-
bles the method, which Kerangueven and colleagues
used for single primary tumours [21]. In our study, each
tree consists of only samples from 1 patient. This
enables us to utilise the individual microsatellite marker
data when calculating the phylogeny, since the hetero/
homozygosity (excluding LOH) data are constant for
each patient. We have demonstrated earlier that these
tumours are of monoclonal origin [14]. Thus, the
microsatellite allele pattern is identical between different
samples of a given patient and LOH at individual mar-
kers can be used instead of chromosomal regions. The
detected allelic losses should correlate with the tumour
development.

The phylogenetic analysis was carried out by using
the PAUP* 4.02b and MacClade 3.08a-software packa-

ges [22,23]. These programs were run on a PowerPC
platform (Maclntosh G3/450 MHz). To improve the
statistical significance and accuracy, bootstrapping with
1000 replicates and resampling with a random seed were
used. Heuristic search was chosen to find the consensus
groups fulfilling the 50% majority rule. The best trees
were plotted as phylogenetic trees, i.e. phylo- or clado-
grams. In these trees the time flow is unidirectional,
moving from top to bottom. The samples are grouped
in terms of LOH patterns that indicate common ances-
tors. All of the descendants above a branch point share
that new LOH at the specific loci; none of the samples
past this point does.

First, individual marker data were used to calculate
the phylogenetic trees. These trees were plotted as cla-
dograms, where all branches have the same height. They
were constructed so that they showed only microsatellite
markers with unambiguous changes. The model for
ordering of the tumours is based on these cladograms —
primarily the order of tumours and secondarily the
order of the surrounding tissue samples. In the second
part, four chromosomal regions were selected for chro-
mosome region analysis. The aim was to select regions,
which seem to have importance during initiation
(judged from the cladograms) and coincide with mini-
mal deletions and LOH maximums. To illustrate the
stepwise changes the results with these four regions were
plotted as phylograms, where the branch length is pro-
portional to the number of changes in that branch.

3. Results

Twenty-nine markers were analysed on chromosome
9. The microsatellite map of chromosome 9 is shown in
Fig. 1. In total 72 samples of tumour tissues, surrounding
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Fig. 1. Microsatellite markers used to detect loss of heterozygosity
(LOH).
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tissues and blood were collected from 5 patients, each
having 2—11 tumours (Table 1). All tumours were non-
invasive and of low grade (G1-G2). The LOH patterns
are illustrated in Fig. 2, and the LOH results for chro-
mosome 9 are shown in Fig. 3. Most of the tumours (T)
have large regions with LOH. The surrounding tissue
(N) display only a few changes, thus giving higher reso-
lution for the LOH analysis. The minimal deletions
were compared, and at least three consensus deletions
could be resolved (Fig. 4). These regions are indicated
by both tumour and surrounding tissues. The first
region consisted of markers from D9S741 to D9S942
(9p21-22). D9S942 (closest to the pl6 gene) and three
adjacent markers telomeric to it formed this consensus
region, and all of these four markers were included in
60% (3/5) of the minimal deletions. This consensus
region had three tumour LOH maximums (threshold
75%) and two surrounding tissue LOH maximums
(threshold 25%). Both the tumours and surrounding
tissues have a LOH maximum at D9S741, which is
telomeric to pl6. One of the tumour LOH maximums is
near pl6 at D9S942. The second consensus region spans
from D9S257 to D9S774 (9q21-31). The PTCH marker
(1AJL) and three adjacent markers to it were included
in 80% (4/5) of the minimal deletions of the tumour
samples. The D9S257 marker centromeric to PTCH
belong to 60% (3/5) of the minimal deletions of the
surrounding samples. The third region was from
D9S195 to D9S915 (9q32-34). One of the markers
(D9S1199 at 9q34) was included in the minimal dele-

Table 1
Clinical details of the patients studied®

Patient  Total no. Sex  Sample Tissue Stage  Grade
of samples code
1 4 M
TI Tumour Ta -
N1 Mucosa  — -
T2 Tumour Ta Gl
N2 Mucosa  — -
2 13 M
T1-T6 Tumour Ta Gl
NI1-N6 Mucosa — -
T7 Tumour Ta G2
3 21 M
NI-N11 Mucosa - —
T1-T11 Tumour Ta G2
4 21 M
NI1.1-N9 Mucosa — -
T1-T9 Tumour Ta G2
5 8 M

NI1-N4 Mucosa  — -
T1-T4 Tumour Ta G2

4 In addition at least one blood sample per patient were analysed as
a reference.

tions of all the samples analysed, and four other mar-
kers surrounding it were included in 80% (4/5) of the
minimal deletions. Three tumour LOH maximums were
evenly distributed over this region whereas the sur-
rounding LOH maximum (n=1) was biased towards the
telomere.

Using chromosomal regions in phylogenetic-type
analysis equalises the individual hetero/homozygosity
patterns so that the phylogenetic trees are comparable
with each other. For modelling purposes we divided
chromosome 9 into four regions, each consisting of 4-6
microsatellite markers. Selection of regions was based
on the individual marker-based phylogenetic trees,
minimal deletions and LOH maximums. Our aim was to
select markers, which were chronologically early, inclu-
ded in the minimal deletions and had a high overall
LOH rate. These regions (9p21-22, 9q21-q22, 9q22-q32
and 9q33-34) are shown in Fig. 4 (panel 3). The con-
sensus deletion at 9q21-22 was split in two regions
because the LOH maximums of surrounding and
tumour samples did not align (Fig. 4, panel 2). Only the
branches leading to tumours were taken into account
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Fig. 2. LOH patterns of microsatellite markers. N, surrounding tissue;
T, tumour tissue. Panel A electropherograms are from Pharmacia
Alfexpress and panel B results from Applied Biosystems 377. All the
tumour samples shown here were judged as LOH, except the D9S1199
lower tumour® in panel B.
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(Fig. 5). The initiation-development models based on
the phylogenetic-type analysis (with the chromosomal
regions) are illustrated in Fig. 6. These results suggest
that regions 1 (9p21-22), 2 (9921-q22) and 4 (9q33-34)
are equally important for initiation, and region 3 (9q22-
32) is involved in later events. According to our model,
patients 1 and 2 have an initiation point at region 4,
patients 4 and 5 at region 2 and patient 3 at region 1.
We performed modelling of bladder cancer develop-
ment using emerging LOH as a marker of genetic
events. Only changes from heterozygosity to allelic loss
were allowed (irreversible changes, also known as
‘Camin—Sokal’ parsimony). The samples near the roots
of the tree represent the samples with least changes
(LOH) and the tops of the trees have the highest num-
ber of changes. Thus, the top of the tree represent the
first tumours in a given urinary bladder, whereas the
tumours near the root of the tree are considered the
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Patient 3

latest. Surrounding tissue samples accumulate near the
roots of the trees since they tend to have fewer changes
than the tumours. Both individual marker data and
clustered analysis of the four regions were used. The
individual marker approach can be used as a molecular
clock for the tumorigenesis of a given patient, whereas
the chromosomal region analysis allows the comparison
of patients. The results of the regional analysis were
drawn as phylograms (Fig. 5). Phylogenetic trees based
on individual microsatellite markers can be used as a
molecular clock to arrange the samples in a chron-
ological order. This approach takes account of all the
allelic losses and arranges the samples using the irrever-
sible LOH assumption. Phylogenetic trees based on
individual marker data are shown in Figs. 7 and 8. In
general, tumours are clustered together having the
shared allelic loss at specific microsatellite marker(s)
near the root of the tree. These trees are not comparable
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Fig. 3. Loss of heterozygosity of the 5 patients analysed. T, tumour; N, surround; B, blood.



J. Louhelainen et al. | European Journal of Cancer 36 (2000) 1441-1451 1445

with each other, since the hetero/homozygosity pattern
is unique for each patient, i.e. a marker which is het-
erozygote for 1 patient, can be homozygote for
another and vice versa. We scored the samples accord-
ing to these results and used the pathological informa-
tion to build a histological development model for each
patient (Fig. 9). The arrows indicate the direction of
development from the physiologically oldest tumours to
the youngest. The chromosomal changes of a given
patient should be roughly time dependent since the
grade and stage is identical between the patient’s
tumours.

4. Discussion

The role of chromosome 9 has been the focus of
bladder cancer research for several years [3,4]. Monos-
omy 9 was one of the first anomalies found in several
cytogenetic studies [24—27]. Monosomy has usually been
interpreted to mean that at least one tumour suppressor
gene is present in both chromosome arms. However,
van Tilborg and associates recently reported that true
monosomy is rare in bladder cancer [28]. The early
LOH studies suggested the presence of at least one
tumour suppressor gene on chromosome 9 [29-31]. The
first attempts to map chromosome 9 pinpointed the
regions between 9pl2 and 9q34.1 [32] and between
9pl12-13 and 9q22 as being important [33]. In more
recent studies, multiple candidate regions have been
discovered [34-38]. All in all, chromosome 9 seems to

1 2 3

Comginlef! minimal Consensus | |Modelling
eletions deletions + regions

NMur LOH max

D9S2169

D9S158

Fig. 4. Panel 1 shows the combined minimal deletions. Panel 2 con-
sensus (N, T) deletions with total LOH maximums, N, hollow markers
(threshold 25%); T, solid dots (threshold =75%). Panel 3 contains the
regions used in phylogenetic analysis.

harbour at least four tumour suppressor genes [39]. One
of the suggested candidate genes is DBCCRI at 9q32-
q33, which was found and characterised quite recently
[40,41].

Evidence for divided LOH distributions on chromo-
some 9 have been seen in some studies. Orlow and
associates [35] found associations between 9q abnorm-
alities with Ta lesions and both 9q and 9p abnormalities
with T1 lesions whereas Simoneau and colleagues [42]
could divide their patients into two groups using the
LOH pattern on 9q but could not distinguish if tumour
formation is initiated by 9q or 9p alterations.

In urinary bladder cancer, two novel tumour sup-
pressor genes proximal and distal to the pl6 gene were
recently identified [43]. In our hands, one frequently
deleted area at 9p spans the p/6 location but the peak of
the affected region in 9p (9p21-22) seems to be shifted
slightly to the telomeric side of the p/6 gene. The mar-
ker D9S741 had a local LOH maximum both in tumour
and surrounding samples. Interestingly, Baud and col-
leagues found that 50% of the normal mucosa samples
had LOH at D9S156, which is located at 9p23-22 [11].
They suggested that the marker D9S156 could be a fra-
gile site or an indicator of bladder epithelium impair-
ment, rather than a tumour initiation marker. Actually,
inside our first consensus deletion (Fig. 4, panel 2) our
LOH maximums are split in two halves: the first one at
D9741 and the second one at D9S736 and D95S942. The
D9S736/D9S942 markers are near to the p/6 tumour
suppressor gene, whereas D9S741 is closer to the mar-
ker D9S156 used by Baud and colleagues. This division
could be due to the D9S156 region although there is no
concrete evidence to support this. However, patient 3
has a subset of ‘normal’ samples with allelic loss at
D9S471 in Fig. 7. The long arm of chromosome 9 is
known to encompass several tumour suppressor genes.
These regions are known to harbor tumour suppressor
genes, but none of the known genes have been clearly
implicated in bladder cancer. The first 9q region we
resolved involves an intragenic microsatellite marker for
the PTCH (9q22.3) tumour suppressor gene. When we
also analysed the surrounding tissues, the region near
PTCH was split so that the two adjacent tumour LOH
maximums (at D9S938, D9S774) were telomeric to
PTCH but the surrounding LOH peak was centromeric
to the PTCH gene (at D9S910). The third region in 9q
we could resolve maps to 9q33-34. It remains to be seen
if 9q32-34 region contains only one or several tumour
suppressor genes important in bladder cancer. However,
it is worth considering that the order of the micro-
satellite markers in the 9q region has been controversial
since the YAC clones near or at this region are
apparently prone to rearrangements and/or deletions
[44].

Modelling of bladder cancer development has proved
to be difficult. To date, the most common approach has
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been the analysis of single tumours from each patient
and the pooling of the LOH results of all the patients.
For a heterogeneic malignancy like bladder cancer this
approach might ‘dilute’ the results so that individual
pathways or even initiation cannot be resolved.
Recently, Takahashi and associates [20] published a
report where they analysed multifocal tumour samples
for accumulating allelic loss. They constructed a hypo-
thetical allelic loss model for two patients. For the first
patient, the pathway was branched after initiation at 9p/
9q and for the second patient, the initiation took place
at 9q. In the present study, we tried to push this analysis
further by utilising multifocal tumour samples and their
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surrounding tissues to reduce heterogeneity and to
detect premalignant changes. Multiple markers on
chromosome 9 and heuristical phylogenetic-type analy-
sis were used to enhance the resolution. Both individual
marker data and clustered analysis of four regions were
applied. The first approach can be used as a molecular
clock for the tumorigenesis of a given patient, whereas
the latter analysis enables the comparison of patients.
We can follow the development of individual patients
with the method described here and build individual
models for each patient. All in all, the tumours analysed
arranged into trees, which had only few side branches.
Our model suggests that after initiation at a specific

T1
T6
T2
T4

Reg 3
e E B Z
Reg 1
© AN 0 =
zZ z_z z
Reg 2 Reg 1
[se}
2
Reg 4 Reg 1
Patient 2
NM T O N~NODO
FFEFEFEFFF
Reg 4 -
- < w
- Z z
Reg 1 ‘Reg4 I\ Reg 3
= ©
z b4
Reg3 ~ o - RegAN‘_ Reg 1
- NN MO (A 0]
z2zz2z222Z z2
Reg 2 Reg 4.
Patient 4 2

Fig. 5. Cladogram showing the results of the regional analysis. Region 1, 9p21-22; Region 2, 9q21-22; Region 3, 9922-32; and Region 4, 9q33-34.
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locus (9p21-22, 9q21-22 or 9q33-34), the LOH ‘spreads’
to other loci on chromosome 9 leading to a situation
where all these regions have lost genetic material (Fig.
6). The results suggest that any of these regions can be
involved in the initiation process. Large regions of LOH
are usually interpreted as inactivation of multiple
tumour suppressor genes. The model presented in Fig. 6

illustrates also the development of chromosomal loss.
Our data suggest that most likely at least two hits are
needed but are not always sufficient for tumour forma-
tion (Fig. 5, patients 2 and 4). It appears that the blad-
der mucosa often display allelic loss but they are not
always tumour-related. This can be seen from the phylo/
cladograms where surrounding tissue clusters form side
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Fig. 6. Initiation-progression model of 5 bladder cancer patients with multifocal tumours based on the regional phylogenetic analysis. Regions 1-4

are marked as black bars next to the ideograms.
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Fig. 7. The results of the phylogenetic analysis of patients 1, 2 and 3 using individual microsatellite markers. These data were used for the ordering
of tumours.
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branches without tumours. Some surrounding tissues
were assigned to the tumour-containing branches, sug-
gesting some relationship with the tumours.

The ordering of the tumours for each patient was
combined with the pathology data (Fig. 9). The physio-
logically first tumours (on top of the phylogenetic trees)
are more difficult to rank than the latest tumours (near
the roots of the trees) since the physiologically youngest
tumours have the smallest number of genetic changes.
These models are highly speculative but might provide
clues as to how these tumours have evolved. The base of
the wurinary bladder (trigone vesicular) has been
assumed to be a potential initiation point for bladder
tumours because it is the site of urine accumulation.
Patients 2 and 5 are compatible with this idea, but

patient 1 for example does not have any tumours near
the trigone vesicular. The model introduced here is a
simplified model, and does not take into account the
three-dimensional structure of the urinary bladder.

Phylogenetic-type analysis of microsatellite data can
help to solve complex genetic problems, to find both
common changes and chronological events. In conclu-
sion, this study demonstrates that recurrent multifocal
tumour analysis, together with surrounding tissues can
help to map the individual development of apparently
heterogeneous tumours. We could follow the initiation-
development of a given patient. The result suggests that
three regions are important during initiation but the
development pathway at chromosome 9 varies in each
individual.
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Fig. 8. The results of the phylogenetic analysis of patients 4 and 5 using individual microsatellite markers. These data were used for the ordering of

tumours.
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Patient 1

Patient 4

Patient 3

Patient 2

Patient 5

Fig. 9. Location of tumours for patients 1-5 with hypothetical progression models. The numbers are the sample codes listed in Table 1/Fig. 3.
Arrows indicate the progression from the earliest tumours to the latest. Hatched arrows indicate the ambiguity.
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