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Abstract Purpose: In many childhood neoplasms, prognostic subgroups have been defined based on
specific chromosome changes. InWilms’ tumor (WT), such subclassification has beenhampered
by the diverse and relatively unspecific pattern of chromosomal imbalances present in these
tumors. Unspecific patterns of cytogenetic imbalances in tumors are often causedbymitotic seg-
regation errors due to short dysfunctional telomeres. As an alternative to cytogenetic classifica-
tion, we therefore have evaluated whether the rate of telomere-dependent chromosomal
instability could influence the clinical course inWT patients.
Experimental Design: Telomere function and mitotic segregation errors were assessed in 12
cultured tumors and in tumor tissue sections from 41WT patients.
Results: Abnormal telomere shortening was found in cultured cells and in tissue sections from
highly aggressive tumors. In vitro, dysfunctional telomeres were associated to specific cell divi-
sion abnormalities, including anaphase bridges andmultipolar mitoses. Assessment of mitotic fig-
ures in tissue sections revealed that anaphase bridges andmultipolarmitoseswere predominantly,
but not exclusively, present inhigh-risk tumors andwere predictors of poor event-free and overall
survival.
Conclusions: Telomere-dependent mitotic instability is present in a subgroup ofWT, predomi-
nately consisting of high-risk tumors.

Wilms’ tumor (WT) is the most common pediatric renal
neoplasm, affecting 1 of 10,000 children (1, 2). The overall
5-year survival rate of patients with WT is now 90% (3). One of
the remaining challenges in WT management is to find ways to
individualize treatment by refining risk stratification. Most WT
in Europe are treated preoperatively according to a standardized
protocol (4). The postoperative treatment is based on tumor
stage and tumor histology found at the time of surgery.
Histologically WT is typically composed of a combination of
cells derived from different embryonic origins and is classically
composed of a combination of epithelial, mesenchymal, and/
or blastemal cells (5). Based on histology, preoperatively

treated WT can be divided into three prognostic subgroups
(4): low-risk tumors, primarily comprising completely necrotic
tumors; the intermediate-risk group, comprising tumors of
epithelial, stromal, mixed, and regressive type; and tumors with
focal anaplasia. The high-risk group includes tumors of
blastemal predominant type and tumors with diffuse anaplasia.
There have been several attempts to improve the prognostica-
tion of WT, e.g., by quantification of telomerase expression (6),
global gene expression analysis (7), and cytogenetics. Gain of
1q and loss of 16q and chromosome 22 have been associated
with poor outcome (8–10). Loss of heterozygosity for 1q and
16q have also been suggested as adverse prognostic factors
(11). Moreover, poor outcome and diffuse anaplasia have been
associated with atypical mitoses and aneuploidy/tetraploidy at
flow cytometry (4, 12, 13). The criteria for anaplasia include
bizarre, often multipolar, mitoses and enlarged hyperchromatic
nuclei. In adult tumors, nuclear atypia, pleomorphism,
aneuploidy, and mitotic multipolarity have all been connected
to an abnormal segregation of chromosomes at cell division
(14, 15). Such mitotic instability can result in an elevated
mutation rate at the chromosome level, often called chromo-
somal instability (CIN).
One common cause of CIN in adult tumors is abnormal

shortening of telomeric repeat sequences (16). This telomere-
dependent CIN leads to loss of protection of chromosome
ends. Unprotected chromosome termini may interact with, and
attach to, other TTAGGG-deficient termini or broken chromo-
somes (17). This causes chromosome fusions and dicentric
chromosomes that can form bridges at anaphase, which
subsequently break and create new reactive chromosome ends.
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This breakage-fusion-bridge cycle leads to continuous redistri-
bution of chromosome material in the proliferating tumor cell
population (18). Anaphase bridges (AB) may also inhibit the
cell division process and result in cells with a duplicated
genome, as well as duplicated centrosomes. In the subsequent
mitosis, the supernumerary centrosomes may trigger the cells to
divide in more than two directions through multipolar mitoses
(MM; refs. 19, 20). In WT cells, telomeres are typically shorter
than in somatic cells from the same patients (21). Furthermore,
telomeric fusions (22) and chromosomal aberrations derived
from breakage-fusion-bridge cycles have been described (23).
However, the prevalence of telomere-dependent CIN in WT is
not known, and it has not been studied whether it has any
implications for clonal evolution and the course of disease.
The aim of the present study was to evaluate if CIN was

present in WT. We first did in vitro studies of 11 primary tumors
and one cell line to explore connections between telomere
status, mitotic chromosome segregation, and cytogenetic
variability in WT. We also attempted to investigate if the rate
of chromatid segregation abnormalities in vivo correlated to
clinical and/or pathologic features by quantifying the rate of
chromosome segregation errors in tumor tissue sections.

Materials andMethods

Cultured primary tumors and cell lines. Primary tumor material was
obtained from 11 WT biopsies received for cytogenetic analysis (cases
1-11). Seven were from patients treated at University Hospital in Lund,
Sweden, and four were from patients treated at Academic Medical
Center at Amsterdam, the Netherlands. The cell line WiT 49 (case 12),

derived from an anaplastic metastasis to the lung from a pediatric WT,
was kindly donated by Dr. Yeger at Laboratory of Medicine and
Pathobiology, University of Toronto, Canada (24, 25).

Cell culture and cytogenetic analysis. Cell culture, harvest, and
chromosome preparation for banding and fluorescence in situ
hybridization (FISH) were according to standard methods (26). For
analysis of chromosome dynamics at mitosis in tissue cultures, cells
were harvested without metaphase arrest and stained with H&E.
Anaphase cells and metaphase cells were scored in each case with AB
and MM as defined by Jin et al. (27).

FISH analyses of cultured cells. Chromosome-specific centromeric
and whole-chromosome painting probes were from Vysis, Inc.
Multicolor karyotyping was done by the combined binary and ratio
labeling protocol (28). Detection of subtelomeric sequences was done
by FISH as described (29). Telomeric TTAGGG repeats were visualized
with fluorescein-conjugated (CCCTAA)3 peptide nucleic acid probes
(30), and the number of negative chromosome termini was scored in
metaphase cells of the lowest ploidy level. At least 10 cells were scored
in each case.

Centrosome detection. Cells cultured on chamber slides were briefly
washed in PBS, fixated in methanol for 5 min at room temperature, air
dried, and incubated for 30 min with rabbit Cy3-labeled monoclonal
anti–g-tubulin and murine FITC-labeled anti–h-tubulin antibodies
(Sigma) diluted 1:40 in blocking buffer. At least 100 interphase cells
and 50 mitotic cells were analyzed in each case.

Estimation of the rate of copy number change. To estimate the
frequency of copy number change in case 12 and in normal fibroblasts,
colonies grown from single cells were created by plating single-cell
suspension aliquots of 10,000 cells on chamber slides. In case 10,
colonies could not be established from single cells. The analysis was
therefore done on 20 colonies in a subconfluent chamber slide. This
approach may result in overestimation of the rate of copy number
change because of cell migration but is not likely to result in an
underestimation of this variable. Interphase FISH analysis with probes

Table 1. Karyotypes of primary tumors and cell lines

Case no. Age (y)/sex Histology Karyotype

1 8/F I 53,X,-X,+der(1)t(1;10)(p11;q11),+6,+7,+8,+12,+13,+17,+20
2 15/F H (B) 46,XX,der(16)t(1;16)(q12;q12),t(21;22)(q22;q11)
3 6/F I 46,XX, der(7)t(7;16)(q31;q23),der(16)t(7;16)(q13;q31)
4 2/F I 46,XX,t(5;6;16)(q12;q16;q12)/47,idem,+2
5 6/M I 48,XY,+6,+12,del(18)(q21)
6 4/M I 48,XY,+12,+13,der(16)t(16;21)(p11;q11),+20,-21/46,XY
7 1/F H (B) 28,X,+7,+8,+der(9)t(1;9)(q21;q12),+12,+21/56,XX,+7,+7,+8,+8,+der(9)t(1;9)(q21;q12),

+der(9)t(1;9)(q21;q12),+12,+12,+21,+21
8 0.8/M I 46,XX,der(9)t(4;9)(p16;q34)/45,idem,-Y
9 1/F I 50,XX,+7,+8,+12,+13
10 4/M I 47,XY,+2/47,XY,+12
11 2/F H (A) 38-43,XX,der(6)ins(6;5)(q27;?)ins(6;15)(q27;q?)t(6;10)(q27;q11),

-8,der(10)t(10;12)(q21;p12), -11,der(12)t(12;13)(q22;q14),
der(13)t(11;13)(?p13;q22),tas(15;22)(p13;p13),-16,tas(16;21)(p13;p13),
-17, -18,der(19)t(17;19)(q21;q13),-21,-22/67-91<4n>,idemx2,-9,-9

12 <18/F H (A) 58-68,X,der(X)t(X;11)(p22;q21)x2,der(1)t(1;18)(q21;p11),
der(1)t(1;7)(p36;q31),+ins(1;6)(q43;?),+der(2)t(2;8)(q31;p21),
der(3)del(10)(q24)ins(3;20)(p11;p10)t(3;10)(p11;q21),-4,+inv(5)(p15q35),
+6,del(7)(q22),der(7)t(3;7)(p13;q32)ins(3;9)(p25;?),+der(7)t(4;7)(q25;q32),
-8,t(8;8)(p23;q22),-9,der(9)t(9;10)(q23;q24),-10,der(10)del(10)(p11)t(10;21)
(q24;q11),del(11)(q23),+der(11)t(11;22)(p15;p11),+12,der(12)t(4;12)(p14;q24),
der(12)t(12;18)(q15;p11),+der(12)t(12;18)(q15;p11),-14,-15,del(16)(q13),
-17,der(17)t(12;17)(p13,q15)x2,-18,-18,+19,der(19)t(19;21)(p11;q22)
t(17;19)(?;q11)t(17;21)(?;q11),der(19)del(19)(p13)t(19)(17;19)
(q11;q13),-20,der(20)t(20;20)(p13;q13)t(10;20)(q22;q13),-21,-22

Abbreviations: M, male; F, female; I, intermediate-risk histology; H, high-risk histology; (B), blastemal predominant histology; (A), anaplastic
histology.
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for the centromeres of chromosomes 1 and 7 was done on 20 of the
resulting colonies. Chromosomes 1 and 7 were chosen for the analysis,
because in case 12 the copy number of chromosome 1 is stable whereas
that of chromosome 7 varies among cells. To exclude scoring of
polyploidization events, only cells with chromosome copy numbers
outside duplicated levels of the stem line copy number were scored as
aneuploidy events. The rate of copy number change was calculated as
the total number of aneuploidy events divided by the total number of
cell divisions.

Analysis of mitotic figures in tissue sections. Material for analysis of
mitotic morphology was obtained from a consecutive series of 43
patients presenting with WTs, operated on at Lund University Hospital
from 1992 to 2005. Mitotic figures were evaluated in tissue sections
stained by H&E. Two cases (one blastemal predominant and one of

mixed type) were excluded because of an insufficient number of cell
divisions in the nephrectomy specimens. Nephrectomy specimens
underwent histopathologic classification by a local pathologist (J.A.)
and were also reviewed by an International Society of Pediatric
Oncology reference pathologist (B.S.). All but three patients had
received preoperative chemotherapy. Risk classification was according
to International Society of Pediatric Oncology guidelines (4). At least
100 metaphase and 30 anaphase cells were evaluated in each of the 41
remaining specimens. AB and MM were scored by one observer (D.G.),
without prior knowledge of risk classification, stage, or outcome, using
the same criteria as for cultured cells. The prognostic effect of mitotic
abnormalities for patients was analyzed using Kaplan-Meier analysis
with time from diagnosis to any event (local recurrence and/or distant
metastases or death of disease) or to last follow up. One patient who

Fig. 1. Telomeric dysfunction and mitotic
instability. A-E, from case12. AB involving
two chromatids (A) and a multipolar
anaphase cell (B) with four spindle poles
stained by H&E. C, fourTTAGGG-negative
chromosome arms in a metaphase cell.
D, immunofluorescence shows a tripolar
metaphase cell organized by three
spindle poles (red, centrosomes; green,
microtubuli). E, chromosome segregation in
a multipolar anaphase cell; chromosome 7
(red centromeric probe) and chromosome1
(green centromeric probe) segregate in an
unbalanced fashion among the daughter
cells. ABs in tissue sections from the
blastemal components of a mixed type
primaryWT (case P4; F) and a blastemal
predominant primaryWT (case P5; G).
H, tripolar metaphase cell in the same
blastemal predominant tumor (case P5).
I, multipolar metaphase cell in a blastemal
predominant tumor (case P15). Quantitative
FISHanalysis with telomeric (J-M ; red) and
centromeric probes (K-M ; green) and
chromatin counterstain (blue). J, normal
intensity telomere signals in the tunica
media of a vessel from the tumor capsule
(case P16); autofluorescence from elastic
fibers in green-yellow. K, telomere and
centromere signals in a glandular formation
(case P11; epithelial tumor component) and
in surrounding spindle cells (stromal tumor
component), L, strong centromere and
weak telomere signals in a blastemal
component (case P7).M, anaplastic
component (case P16) with weak telomere
signals in pleomorphic cells and an MM
(arrow); normal signal pattern in
monomorphic lymphocyte-like cells
(arrowheads).
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died from complications was excluded from event analyses. To test
for significant covariates, Wald’s test was used. Regional ethics com-
mittees at Lund University and Academic Medical Center approved the
study.

FISH on tissue sections. Quantitative FISH was done on tissue
sections from archival material as described (31) using PNA probes for
telomeric TTAGGG sequences and centromeric a satellite sequences
(Applied Biosystems). The telomere fluorescence intensity (TFI) was
calculated as (total Cy3 intensity)/(total 4¶,6-diamidino-2-phenylindole
intensity) for each sampled nucleus or population of nuclei. Endothe-
lial nuclei showed consistent TFIs of 0.02 to 0.04 in different tissue
sections, and these cells were therefore used as an internal reference to
obtain normalized TFIs for individual tumor tissue elements. Typically
50 to 100 nuclei were analyzed for each tissue component.

Results

Cytogenetic abnormalities. Eleven primary WT (cases 1-11)
and one established WT cell line (case 12) were characterized
by G banding, combined binary and ratio labeling, and
subtelomeric FISH (Table 1). Of the primary tumors, eight
exhibited intermediate-risk histology and three had high-risk
histology: cases 2 and 7 were of blastemal predominant
histology and case 11 was diffusely anaplastic. All but case 11
exhibited moderately complex karyotypes. Case 11 exhibited a
very complex karyotype with numerous numerical and struc-
tural aberrations, including frequent telomere associations that
varied among the cells. Case 12 was a cell line derived from
a pulmonary metastasis with anaplastic histology. It showed
a near-triploid, complex karyotype. Both cases 11 and 12 exhi-
bited extensive intercellular cytogenetic heterogeneity, making
it difficult to define individual clones. Thus, in our small sub-
set of cultured tumors, the highly complex karyotypes were
limited to the two anaplastic tumors, whereas the remaining
cases showed moderately complex or simple karyotypes.

Status of telomeric repeat sequences and gross mitotic
abnormalities. To evaluate telomere status and chromosomal
segregation abnormalities, H&E staining was used to visualize
chromosomes in mitotic figures, and hybridization with

telomere-specific probes was done. The mitotic segregation
analysis detected two main types of cell division abnormalities
in the cultured cells, i.e., AB (Fig. 1A) and MM (Fig. 1B). Five
tumors had an elevated rate of AB (Table 2). Three of these
tumors (cases 2, 11, and 12) were histopathologically classified
as high-risk tumors, and these exhibited higher rates than the
others. The remaining high-risk tumor (case 7) did not show an
elevated AB rate. The three high-risk tumors that displayed an
elevated AB rate also displayed MM. In the remaining two
tumors with an elevated AB rate, no MM was detected. The
remaining cases showed neither AB nor MM. In normal
fibroblasts, the rate of AB was <2% and there were no MM.
Several studies have shown that disrupted telomere protec-

tion can contribute to the generation of chromosomal
aberrations by disturbances of normal chromosome segrega-
tion (17, 18). It has been shown that the number of
chromosome arms with TTAGGG-repeat probe signals by FISH
correlates well to the protective capacity of telomeres in a cell
(26). Metaphase cells for evaluation of telomere status by
probes for the telomeric repeat sequences were available from
7 of the 12 cases (Table 2; Fig. 1C). Three of these cases had
elevated numbers of chromosome ends lacking telomeric
signals. In karyotypically normal fibroblasts used as controls,
loss of no more than one telomeric probe signal was observed
per cell. The three tumors without telomeric signals at >1
chromosome arm were the same high-risk tumors that
displayed the highest rates of AB and exhibited MM. In cases
2 and 12, one to five chromosome arms lacked signals. Case 11
displayed very weak telomere signals, making them difficult to
score exactly.

Mitotic multipolarity, supernumerary centrosomes, and cytoge-
netic heterogeneity. Telomere-dependent AB have been shown
to result in unbalanced translocations and whole-chromosome
loss (20). In contrast, the consequences of mitotic multipolarity
have been little explored. Case 12 contained a high frequency
of MM and was therefore selected for further studies of
chromosome segregation in this type of cell division. To
confirm spindle multipolarity in this case, centrosomes and

Table 2. Telomere shortening and mitotic instability

Case No. TTAGGG-negative chromosome ends* MMsc ABsb

1 0-1 0/20 (0%) 0/54 (0%)
2 0-5 2/300 (0.6%)x 5/35 (14%)x
3 —k 0/300 (0%)x 0/30 (0%)x
4 0-1 0/86 (0%) 0/136 (0%)
5 — 0/15 (0%) 0/39 (0%)
6 — 0/19 (0%) 1/25 (3.8%)
7 — 0/300 (0%)x 0/30 (0%)x
8 0-1 0/86 (0%) 3/108 (2.7%)
9 — 0/103 (0%) 2/115 (1.7%)
10 0-1 0/86 (0%) 0/108 (0%)
11 >10{ 1/72 (1.4%) 12/32 (37.5%)
12 0-5 37/1129 (3.3%) 52/697 (7.4%)

NOTE: Values above cutoff in bold type.
*The range of chromosome arms without signals for telomeric TTAGGG sequences.
cMitoses scored, percentage of MM in parenthesis.
bAnaphase cells scored, percentage of AB in parenthesis.
xScored in histopathology sections because the amount of tumor material available for culture was limited.
kNot determined.
{The exact number was not possible to estimate but the chromosome arms without telomeric signal were in no cell fewer than 10.
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spindle microtubules were detected by immunofluorescence
against g-tubulin and h-tubulin, respectively. Case 12 exhibited
multiple (>2) centrosomes inf4% of interphase cells. All MMs
in this case showed supernumerary centrosomes (Fig. 1D). In
case 10, which was used as a control and having no MM,

supernumerary centrosomes were not found in any cell. To
study the segregation of specific chromosomes in MM, centro-
meric probes for chromosomes 1 and 7 were cohybridized to
anaphase cells in case 12 (Fig. 1E). These chromosomes were
chosen because, in case 12, the copy number of chromosome 1

Table 3. Clinical data and cell division abnormalities scored in tissue sections

Case Age
(y)/sex

Tumor
diameter
(cm)

Histology Stage Time to
relapse
(mo)

Sample
topography

Follow-up
time (y)

Status at
last
follow-up

AB
(%)

MM
(%)

P1 3/M 5 I II — Nephrectomy 10 NED 0 0
P2 6/F 12 I III — Nephrectomy 9 NED 0 0
P3 0.4/F 9 I I Nephrectomy 8 NED 0 0

3 Lung —* —*
P4 2/M 15 I II Nephrectomy 1.5 DOD 4 1

3 Regional 6 1
9 Regional 10 1

P5 15/F 10 H (B) II Nephrectomy 1 DOD 14 1
12 Lung 9 2

P6 6/F 12 I I Nephrectomy 1.5 DOD 0 0
12 Regional - -
21 Regional 0 0
30 Regional 3 0

P7 6/M 13 H (B) IV Nephrectomy 1 DOD 11 10
5 Lung, bone — —

P8 6/M 7 I II — Nephrectomy 5.5 NED 0 0
P9 4/F 11 I I — Nephrectomy 4 NED 0 0
P10 4/F 4 I II — Nephrectomy 2 NED 0 0
P11 2/F 10 I I — Nephrectomy 1.5 NED 3 1
P12 6/M 14 I II — Nephrectomy 0.75 NED 0 0
P13 4/M 7 I II — Nephrectomy 1.5 NED 0 0
P14 1/F 12 H (B) I — Nephrectomy 0.5 NED 0 0
P15 4/M 15 H (B) V Nephrectomy 1 DOD 8 1

4 Lung 11 4
P16 0.6/M 15 H (A) III Nephrectomy 0.5 DOD 8 2

4 Regional, lung, brain — —
P17 2/M 9 I I Nephrectomy 1.5 NED 0 0
P18 4/M 7 I II Nephrectomy 2.5 NED 0 0

8 Regional, lung 0 0
P19 4/M 8 I III Nephrectomy 10 NED 0 0
P20 2/F 2 I I Nephrectomy 8 NED 0 0
P21 2/F 7; 3 I V Nephrectomy 9 NED 0 0
P22 3/M 7 I IV Nephrectomy 9 NED 0 0
P23 1/F 8 I I 6 Nephrectomy 9 NED 0 0

Contralateral kidney 0 0
P24 1/F 12; 4 I V Nephrectomy 8.5 NED 0 0
P25 6/M 12 H (A) III Nephrectomy 8 DOC 10 5
P26 7/F 10 I II Nephrectomy 8 NED 0 0
P27 18/F 5 H (B) IV Nephrectomy 0.1 DOD 3 1
P28 2/M 5 I IV Nephrectomy 10 NED 0 0
P29 10/M 14 I II Nephrectomy 10 NED 0 0
P30 1/M 4 I I Nephrectomy 10 NED 0 0

84 Contralateral kidney — —
P31 8/M 7 I I Nephrectomy 10 NED 0 0
P32 9/M 5 I III Nephrectomy 9 NED 0 0
P33 4/F 8 I II Nephrectomy 12 NED 0 0
P34 3/F 13 I I Nephrectomy 13.5 NED 0 0
P35 3/F 4 I I Nephrectomy 5 NED 0 0
P36 2/F 14 I I Nephrectomy 13 NED 0 0
P37 1/M 11 I I Nephrectomy 14 NED 0 0
P38 3/F 11 I II Nephrectomy 12 NED 0 0
P39 2/F 9 I I Nephrectomy 11.5 NED 0 0
P40 1/M 9 I I Nephrectomy 10.5 NED 0 0
P41 0.5/M 7 I I Nephrectomy 10 NED 0 0

Abbreviations: (A), anaplastic subtype; (B), blastemal subtype; NED, no evidence of disease; DOD, dead of disease; DOC, dead of
complications; AB, frequency of anaphase cells with bridges; MM, frequency of multipolar mitotic cells.
*Not determined.
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was stable whereas that of chromosome 7 varied intercellularly.
In bipolar anaphase cells (60; cells with AB not included), these
chromosomes segregated in a balanced fashion between the
daughter cells. In contrast, in none of the 10 multipolar
anaphase cells scored did the daughter cells receive equal
numbers of the analyzed chromosomes. In fact, the number of
chromosomes in the daughter cells varied between 1 and 7.
MM, thus, had the capacity to generate daughter cells with
extensive copy number variability.

Mitotic abnormalities and the rate of copy number change. To
further investigate the putative connection between copy
number heterogeneity and cell division abnormalities, the rate
of copy number change was calculated in two WTs: case 10 with
a normal telomere status and without mitotic abnormalities
and case 12 with extensive telomeric signal loss and a high rate
of AB and MM. Monoclonal colonies were analyzed by
interphase FISH using centromeric probes for chromosomes 1
and 7, and the rate of copy number change was then calculated
from the copy number diversity in these colonies. As a control,
20 monoclonal colonies from fibroblasts were first analyzed.
Here, the rate of copy number change for the evaluated
chromosomes was approximately one to two per 100 cell
divisions (1 of 100 and 2 of 100 for chromosomes 1 and 7,
respectively). In case 10, the rate was 1 of 100 cell divisions for
both chromosomes and, thus, did not differ from the level in
fibroblasts. In case 12, the copy number change was approx-
imately 7 to 10 of 100 cell divisions (10 of 100 and 7 of 100
for chromosomes 1 and 7, respectively). To compare the rates
of copy number change thus calculated to the frequency of
abnormal mitotic segregation of the same chromosomes,
anaphase figures were analyzed with the same centromeric
probe system. In normal fibroblasts and in case 10, none of the
100 evaluated anaphase cells showed an abnormal segregation
of either chromosome 1 or chromosome 7. In contrast, case 12
exhibited an unbalanced segregation of chromosomes 1 and 7
in several cells, either through anaphase bridging (2 of 118 and
4 of 131 anaphase cells for chromosomes 1 and 7, respectively)
or mitotic multipolarity (10 of 118 and 14 of 131 for

chromosomes 1 and 7, respectively). The rate of abnormal
segregation at anaphase in case 12 (8-11%) thus corresponded
very closely to the rate of copy number change calculated from
monoclonal colonies (7-10%). This further supports that
abnormal mitotic segregation could explain the high rate of
copy number change in this case.

Mitotic segregation abnormalities in vivo. To evaluate whether
AB and MM were present also in WT cells not subjected to tissue
culture, the morphology of dividing cells was analyzed in
nephrectomy specimens from 41 patients, as well as biopsies
from recurrent tumors and metastases (Table 3). As controls,
histologically normal colonic mucosa samples from 20 patients
with suspected inflammatory bowel disease were used; here, the
frequency of AB was <2% and no multipolar cell divisions were
found. Among the WT, eight cases exhibited both AB (Fig. 1F
and G) and MM (Fig. 1H), whereas no tumor showed only AB
or only MM. In each primary tumor specimen, all viable tissue
components were screened for cell division abnormalities.
However, AB and MM were only found in anaplastic and
blastemal tissue components (Fig. 1I) and not in the epithelial,
stromal, or myomatous components. The remaining 33 cases
showed no MM and had a frequency of AB below the cutoff
level (<2%). Biopsies from recurrent tumors with a sufficient
number of cells for cell division analysis were available from
only 6 of the 10 patients with recurrent disease. In the three
patients with AB and MM in their nephrectomy samples, AB
and MM were found also in the samples from regional
recurrences and/or distant metastases. Among the cases with
recurrent disease that did not show MM/AB in their primary
tumors, one patient (case P6) exhibited an elevated frequency
of AB at her third recurrence, but no MM; the other cases did
not show AB/MM in any of the samples from recurrent tumors.
There was a trend toward higher AB/MM values in the recurrent
than in the primary tumors (P = 0.03 for MM and P = 0.06 for
AB; primary tumors compared with first recurrence; paired two-
sided t test).

Mitotic segregation abnormalities and clinical course. Of the
eight primary tumors showing AB/MM, six exhibited high-risk

Fig. 2. Kaplan-Meier survival analyses of 41WT patients. Overall survival (A) and event-free survival (B). Cases were subdivided according to the presence (AB/MM+) or
the absence (AB/MM-) of cell division abnormalities in nephrectomy samples.

Human Cancer Biology

www.aacrjournals.orgClin Cancer Res 2007;13(22) November15, 2007 6598

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/13/22/6593/1972337/6593.pdf by guest on 19 M

ay 2023



histology and two had intermediate-risk histology. Metastatic
or local recurrences occurred in five of these cases, whereas six
of these patients ultimately died of disease and one from
disease complications. Conversely, of the 33 cases not showing
mitotic disturbances, one patient died of disease. Kaplan-Meier
survival analyses, including all patients except the one dead
from complications, showed that the presence of MM/AB was
significantly associated with poor overall survival, as well as a
lower chance of event-free survival (Fig. 2A and B). No
subgroups based on stage or histology contained a sufficient
number of patients for statistical evaluation. Thus, the presence
of AB/MM was a significant predictor of poor outcome and has
a close correlation to the current histologic risk classification.

Telomere length analysis of tissue sections. To assess whether
the association between telomere shortening and mitotic
disturbances found in cultured cells was present also in vivo ,
we measured telomere length in tumor tissue sections. Five
tumors were selected for semiquantitative assessment of
TTAGGG-repeat length by measurement of the mean TFI in

interphase nuclei (Fig. 1J-M). Cases P13 and P14 (Table 3) were
classified as mixed type and blastemal predominant WT,
respectively, and were negative for AB and MM. In both these
cases, the stromal tumor components had TFIs close to those of
the endothelial cells used as controls (Fig. 3). In case P14,
normal kidney tissue was also analyzed and showed TFI values
completely overlapping with the stromal component of the
adjacent WT. The epithelial component in case P13 and the
blastemal component in case P14 showed significantly reduced
mean TFIs compared with the endothelial control cells (P <
0.05; t test). However, TFI ranges in these cell populations were
wide and overlapped with other tissue elements. Case 11 was a
mixed type WT with focal anaplasia, showing AB and MM in
the anaplastic component. Here, quantitative FISH showed a
dramatically reduced TFI in anaplastic tumor foci, whereas
telomere signals were generally stronger in the other tissue
elements (P < 0.05; anaplastic compared with all other). Very
low TFIs were also observed in the majority of cells in case P16,
a diffusely anaplastic tumor with AB and MM, and in the

Fig. 3. MeanTFI relative to endothelium.
Whiskers, 95% confidence intervals;
arrowheads, ranges.The tumor tissue
elements analyzed were stromal (WT-S),
epithelial (WT-E), blastemal (WT-B), focal
anaplastic (WT-FA), and diffuse anaplastic
(WT-DA). Nonneoplastic reference cells
were from endothelium (EN), kidney
glomeruli (K-G), kidney tubuli (K-T), kidney
interstitium (K-I), capsule fibroblasts (F),
and arteriolar tunica media (M). A, mixed
typeWT (case P13;Table 4), negative for
AB/MM. B, blastemal predominantWT
(case P14), negative forAB/MM. C, mixed
typeWT (case P11), with AB/MMin
focal anaplastic component. D, diffusely
anaplasticWT (case P16), with AB/MM
in anaplastic component. E, blastemal
predominantWT (case P7) with AB/MM
in blastemal component.
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blastemal component of case P7, a blastemal predominant
tumor with AB and MM. In none of the AB/MM-positive cases
did the TFIs for individual nuclei in the cell population with
shortest telomeres overlap with those of the other observed
tissue elements. Thus, in contrast to the two AB/MM-negative
cases, these tumors seemed to contain distinct cell populations
with extremely short telomeres.

Discussion

Abnormal mitotic segregation of chromosomes triggered by
dysfunctional telomeres is known to cause an elevated rate of
mutations on the chromosome level (CIN) in several adult
epithelial and mesenchymal tumor types (16, 26, 32). The aim
of the present study was to evaluate whether similar processes
are present in WT and whether these phenomena may have any
influence on the clinical course. To evaluate the rate of
telomere-dependent CIN, it is not sufficient to study only
telomere status and chromosomal aberrations. Chromosomal
aberrations per se do not provide information about their
origin, and telomere status alone does not provide any in-
formation about its ability to cause CIN. The link between
telomere dysfunction and chromosomal aberrations is the
formation of functionally dicentric chromosomes that may fail
to segregate normally at mitosis because of anaphase bridging.
By studying the rate of AB and comparing it to telomere status,
it is possible to determine whether telomere-dependent CIN is
present in a cell population (33).
In the present study, we found abnormally short telomeres in

combination with abnormal mitotic segregation in cultured
cells from 3 of 12 WTs. Among the three cases wherein
telomere-dependent CIN was found in cultured cells, the
highest levels of TTAGGG-negative termini and AB were in
the two anaplastic tumors, although it should be taken into
consideration that one of these tumors is an established cell
line that has been in culture for an extended period of time.
Also a blastemal predominant tumor (case 2) displayed
telomere dysfunction and an elevated rate of AB. Cultured cells
were not available for analysis of mitotic segregation in this
case, but elevated AB and MM were observed in archived tumor
tissue sections. The fourth high-risk tumor, case 7 of blastemal
predominant histology, did not display any mitotic abnormal-
ities or telomere deficiency. Two intermediate-risk tumors
displayed a slightly elevated rate of AB; however, neither
telomere deficiency nor MM were detected. Thus, our data from
cultured WT cells indicated that telomere-dependent chromo-
some bridging was present in some cases of WT and could be
confined to high-risk tumors.
The presence of MM is one of the criteria for the histologic

subtype of anaplasia in WT. From studies of MM in other
tumors, it is known that MM can be associated to telomere
deficiency and anaphase bridging (20) and is typically caused
by supernumerary centrosomes (15). Because only relatively
few MMs were found in the cultured tumors, no statistical
analysis could be made on the association between telomere
status and the presence of MM. However, MMs were only found
in tumors that displayed telomere loss. Furthermore, all MMs
that were analyzed by immunofluorescence in the present
study showed two or more centrosomes. The frequencies of AB
and MM are positively correlated in many types of neoplasia
(20, 34, 35). In the present study, MM was never present in the

cultured WT cells or tissue sections without AB being present as
well. A possible cause of centrosome duplication could be that
AB mechanically inhibits cytokinesis and that the two
centrosomes reduplicate before the next mitosis (20, 26, 35).
In colorectal cancer cells, it has been shown that the
distribution of chromosomes among the spindle poles in MM
is close to random (20). The present study shows a similar
scenario in WT. FISH with centromeric probes showed that the
distribution of individual chromosomes among spindle poles
was never equal. Furthermore, detailed analysis of case
12 showed that the rate of copy number change detected in
interphase cells during colony growth was highly similar to that
predicted from the combined effect of AB and MM. It is thus
possible that MM and AB acts in conjunction to generate
genetic diversity in growing WT cells and may be dependent on
the same mitotic check point deficiencies. MM has indeed been
associated with oncogene activation, as well as tumor suppres-
sor gene inactivation. Altered regulation of Aurora kinases (36)
and expression of human papilloma virus oncogenes e6 and e7
(37) may disturb the integrity of the mitotic machinery
independently, as well as through their influence on TP53
expression. TP53 is pivotal to cell cycle control, and loss of
TP53 activity may cause supernumerary centrosomes, both
through its role in monitoring the genome and allowing
polyploid cells to survive and by its direct effect on the
centrosome (38). However, it is possible that mitotic multipo-
larity is merely a symptom of telomere shortening and AB and
that it does not generate clonal chromosomal aberrations. In
colorectal cancer cell lines, it has been shown that daughter
cells from MM have reduced viability, which could imply that
the chromosomal aberrations are not passed on to new
generations of cells (20). In WT, with karyotypes frequently
showing numerical aberrations, MM could be an explanatory
model. On the other hand, MM seems to be a rare and possibly
a late feature of tumor development, as it is most common in
high-risk tumors. It is therefore unlikely that MM is the primary
cause of numerical aberrations seen in WT. That also seems to
be the case with telomere deficiency and anaphase bridging. It
is thus unlikely that telomere-dependent CIN causes the typical
intermediate-risk WT karyotype. By analyzing the parental
origin of chromosomes in hyperdiploid childhood acute
lymphoblastic leukemia (39), it has been shown that the likely
origin of the hyperdiploid karyotype is one aberrant mitosis.
However, what causes this mitosis is not known. A similar
process could underlie numerical changes in WT, although
other mechanisms, such as nontelomere-dependent continuous
gains and losses of chromosomes are also possible.
AB and MM were observed in nephrectomy tissue sections

from 8 of 41 tumors in our material. In the present study, the
presence of AB and MM was negatively correlated to overall and
disease-free survival. Of the 33 patients with intermediate-risk
tumors, one exhibited AB/MM and two died of disease. Among
the eight patients with high-risk tumors, one died from
complications and six of disease; all of these six cases exhibited
AB/MM in the nephrectomy samples. As only 41 tumors were
included in this study, the number of cases in the individual
subgroups was not sufficient for further statistical analysis. It is
therefore not possible to exclude with certainty that MM/AB
adds additional information to the current International
Society of Pediatric Oncology histologic risk stratification. As
the aim of this study was primarily to make a first survey of the
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extent to which telomere dysfunction and CIN were present in
WT, we did not include studies of interobserver or intraobserver
variability in AB/MM scoring. Finally, the present data do not
readily explain why AB and MM are correlated to aggressive
disease. A high rate of CIN may give tumor cells the advantage
of a faster clonal evolution and progression. An elevated
mutation rate might also be of importance for developing
therapy resistance and thereby contribute to a worse tumor
outcome. In vitro model systems have shown that AB may
contribute to amplification of genes conferring resistance to
chemotherapeutic agents (40). How important this phenome-
non is in WT is not known, but one case with amplification and
overexpression of the multidrug resistance–associated protein 1
gene has been observed (41). Genomic amplification in WT has
primarily been observed in anaplastic tumors (42), but the
underlying mechanisms have not been elucidated.
Five tumors were chosen for further analysis of telomere

length in tissue sections; two of the tumors did not exhibit
mitotic abnormalities, whereas three did. In all tumors,
telomere length differed between histologic regions. However,
in the tumors without AB and MM, telomere length over-
lapped between all histologic regions of the tumors. This was
not the case between regions of anaplastic or blastemal

histology and other histologic regions in the tumors with AB
and MM, and these regions displayed significantly shorter
telomeres. This was in accordance with the findings of AB and
MM predominately in regions of either anaplastic histology or
blastemal histology in the total series of 41 tumors. Thus,
telomere deficiency is not only seen in cultured cells and can
be ruled out as solely an artifact of cell culturing. It is
therefore possible that the histologic features associated with
anaplasia (MM, nuclear enlargement, and hyperchromatic
nuclei) could be caused by accumulation of chromosome
material resulting from cell division failure associated to
telomere deficiency and AB (20). As mitotic abnormalities are
seen predominately in blastemal and anaplastic regions of
tumors and with a higher rate in anaplastic regions, it is
possible that there is a development from blastemal to
anaplastic histology that is caused by progressive telomere
shortening. This further indicates that measurements of
telomere length and/or mitotic segregation errors could be
helpful to objectively differentiate between blastemal and
anaplastic WT elements.
Evidently, further studies of the connection between mitotic

instability, on the one hand, and cell biological and clinical
features, on the other hand, are warranted in WT.
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