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It has long been known that rearrangements of chromosomes
through breakage-fusion-bridge (BFB) cycles may cause variability
of phenotypic and genetic traits within a cell population. Because
intercellular heterogeneity is often found in neoplastic tissues, we
investigated the occurrence of BFB events in human solid tumors.
Evidence of frequent BFB events was found in malignancies that
showed unspecific chromosome aberrations, including ring chro-
mosomes, dicentric chromosomes, and telomeric associations, as
well as extensive intratumor heterogeneity in the pattern of
structural changes but not in tumors with tumor-specific aberra-
tions and low variability. Fluorescence in situ hybridization analysis
demonstrated that chromosomes participating in anaphase bridge
formation were involved in a significantly higher number of
structural aberrations than other chromosomes. Tumors with BFB
events showed a decreased elimination rate of unstable chromo-
some aberrations after irradiation compared with normal cells and
other tumor cells. This result suggests that a combination of
mitotically unstable chromosomes and an elevated tolerance to
chromosomal damage leads to constant genomic reorganization in
many malignancies, thereby providing a flexible genetic system for
clonal evolution and progression.

Intercellular variability of morphologic and genetic traits is a
common feature in neoplastic tissues that may severely con-

found diagnosis. Extensive intratumor heterogeneity in the
pattern of structural chromosome aberrations is a frequent
finding in highly malignant neoplasms, such as sarcomas of bone
and soft tissue (1) and carcinomas of the pancreas (2–4) and
ovary (5–7). However, heterogeneity also occurs in a group of
borderline and low malignant tumors, including atypical lipo-
matous tumors, low-grade malignant fibrous histiocytoma
(MFH), and parosteal osteosarcoma (8–10). It has been pro-
posed that such chromosomal variability may be due to an
inherent genetic instability in malignant cells (11), caused by the
dysfunction of genes controlling genomic integrity (12–16). In
addition, nongenetic factors, including hypoxia (17) and radia-
tion (18), have been shown to result in instability of chromosome
number and structure in tumor cells. However, the precise
chromosomal processes leading to genetic heterogeneity are still
poorly understood.

A mechanism that could generate variability in chromosome
structure within a clonal cell population is the breakage-fusion-
bridge (BFB) cycle (Fig. 1), originally described by McClintock
more than 60 years ago (19, 20). In this study, we investigated the
occurrence of BFB events in primary cell cultures and contin-
uous cell lines from 56 tumors from epithelium, bone, and soft
tissue. Our results show that BFB events contribute to genetic
heterogeneity in a number of aggressive tumors and that this type
of instability results in specific alterations in nuclear chromatin
structure and a certain pattern of chromosome abnormalities.

Materials and Methods
Patients and Cell Lines. Material from 40 tumors was obtained
within 24 h after resection (Table 1). Except for an osteosarcoma

and a sarcoma not otherwise specified, none of the tumors were
obtained from patients that had been treated by radiotherapy or
chemotherapy. Three of the lipomatous tumors have been
described previously (21). The Ewing sarcoma and the ovarian
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Fig. 1. BFB cycles. (A) Ring chromosomes that have undergone a sister
chromatid exchange or a torsion may form bridges at anaphase that subse-
quently break and rejoin into new rings. As bridges may break at any point
between the centromeres, the rings in the daughter cells can be different from
each other and from the ring in the mother cell. (B) Dicentric chromosomes
and chromosomes involved in telomeric associations can also form bridges at
anaphase. The broken ends may rejoin subsequently or rearrange with other
broken chromosomes, forming new variants of dicentric chromosomes.
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carcinoma cell lines HTB166 and HTB161 were from the
American Type Culture Collection. The pancreatic carcinoma
(4) and the malignant melanoma (MM) cell lines were estab-
lished at the Department of Clinical Genetics, University Hos-
pital, Lund, Sweden. The myxoid liposarcoma (MLS) and os-
teosarcoma (OSA) cell lines have been described (22, 23). The
uterine leiomyoma cells GM10964B and the normal fibroblasts
GM498B and GM3349B were obtained from NIGMS, Human
Cell Repository, Camden, NJ.

Chromosome Banding and Fluorescence in Situ Hybridization (FISH).
Culturing and harvesting of cells have been described else-
where (24). Cultures from resected tumors were harvested
within 10 days and not subcultured more than twice. G
banding, obtained by Wright stain, and FISH analysis were
performed as described (10), and karyotypic changes were
described according to the International System for Human
Cytogenetic Nomenclature (25). Ring chromosomes, dicentric
chromosomes, and telomeric associations were detected by G
banding in tumors with less than six structural aberrations and
by FISH with a probe for all human centromeres (pan-a
satellite probe; Cambio, Cambridge, U.K.) in tumors with
more than five structural aberrations. At least 25 cells were
evaluated per case. Multicolor analysis was performed by
spectral karyotyping (26) and the combined binary and ratio
labeling technique (27). In each case, 11–40 metaphase cells
were analyzed. Biotinylated and digoxigenin-labeled whole-
chromosome-painting probes were from Cambio and Oncor.
The yeast artificial chromosome clones 2g11 and 751a4 were
provided by E. Schoenmakers (University of Leuven) and by
the Centre d’Étude du Polymorphisme Humain (Paris), re-
spectively. Human DNA was amplified by inter-Alu PCR and

labeled with biotin or digoxigenin by randomly priming hex-
anucleotides (MegaPrime, Amersham Pharmacia). Analysis
was performed with an Axioplan2 epif luorescence microscope
(Zeiss), coupled to a cooled charge-coupled device camera.
Images were acquired and analyzed on a ChromoFluor system
(Applied Imaging International, Newcastle, U.K.). For
analysis of anaphase cells, cultures were harvested without
colcemid by fixation in methanol:acetic acid (3:1). The slides
were stained with Giemsa, and 30 or more anaphase figures
were evaluated per case. For FISH, anaphase preparations
were pretreated with 10 mgyml pepsin for 10 min.

Irradiation of Cell Cultures. Cell cultures were grown to confluence
and then exposed to 6 Gy from 137Cs at 0.54 Gyymin. The culture
medium was changed immediately after irradiation, and the first
passage was made after 24 h. Subsequent passages were per-
formed after two population doublings as evaluated by ocular
inspection. For each case, one irradiated and one unexposed set
of cultures were grown in parallel. At least 50 metaphase cells per
passage were analyzed by G banding and FISH with the cen-
tromere probe. In parallel cultures, at least 50 anaphase figures
were analyzed by Giemsa staining.

Mutation and Expression Analysis. The COL1A1yPDGFB, EWSy
FLI1, SYTySSX, and FUSyCHOP fusion transcripts were de-
tected by reverse transcriptase–PCR according to standard
methods (28). Mutation analysis of TP53 was performed by
direct sequencing of the complete coding region of PCR-
amplified TP53 cDNA on an ABI Prism 310 Genetic Sequencing
System (Perkin–Elmer). Expression analysis of MDM2 was
performed by semiquantitative PCR (T. Jonson and M.
Höglund, unpublished work) with an InstantImager (Packard).

Table 1. Distribution of bridge-breakage instability* in solid tumors

Diagnosis Karotypic features†

Bridge-breakage instability
in low-passage cultures

Bridge-breakage instability
in cell lines

High intercellular heterogeneity 30y31 11y14
Lowyborderline malignant 19y19 —

Atypical lipomatous tumor r 17y17 —
MFH r and tas 1y1 —
Desmoid tumor tas 1y1 —

Highly malignant 11y12 11y14
Leiomyosarcoma Complex 2y2 —
MFH Complex 3y3 —
Malignant melanoma Complex — 1y1
Osteosarcoma Complex 2y2 2y2
Ovarian carcinoma Complex — 1y1
Pancreatic carcinoma Complex — 7y10
Sarcoma, NOS Complex 4y5 —

Low intercellular heterogeneity 0y9 0y2
Benign 0y5 —

Hibernoma t(6;14;11) 0y1 —
Leiomyoma t(12;14) 0y1 —
Lipoma t(1;6;5) 0y3 —

t(2;6)
del(14q)

Low malignant 0y1 —
Dermatofibrosarcoma protuberans r(17;22) 0y1 —

Highly malignant 0y3 0y2
Myxoid liposarcoma t(12;16) 0y2 0y1
Synovial sarcoma t(X;18) 0y1 —
Ewing sarcoma Complex with t(11;22) — 0y1

*More than 2% of anaphase figures with bridges and more than 4% of metaphase cells containing at least one ring chromosome,
dicentric chromosome, or telomeric association.

†t, translocation; del, deletion; r, ring chromosome; tas, telomeric association; a complex karyotype contains more than five structural
aberrations.
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Results
BFB Events Are Frequent in Malignant Tumors with Unspecific Chro-
mosome Aberrations. The occurrence of BFB events was moni-
tored by assessing the frequencies of anaphase bridge configu-
rations (ABC) and metaphase cells containing at least one
mitotically unstable chromosome aberration, i.e., ring chromo-
some, dicentric chromosome, or telomeric association (RDT).
To determine baseline values, 20 fibroblast cultures from two
healthy individuals were analyzed. Here, the ABC and RDT
frequencies were 0–2% and 0–4%, respectively. Cells from 45
borderline, low, and highly malignant neoplasms containing
unspecific chromosome changes (2–30 structural changes per
tumor) with extensive intratumor variation in structural aberra-
tions (more than five different karyotypic clonal or nonclonal
variants) were analyzed subsequently (Table 1). All 19 border-
lineylow malignant and 22 of the 26 highly malignant tumors
showed elevated frequencies of ABC (4–94% and 7–52%) and
RDT (7–100% and 10–97%; Fig. 2 A–C). The ABC and RDT
frequencies showed a positive correlation in both groups (Fig. 3).
Chromatin strings between interphase nuclei were observed in
all cases, at frequencies ranging from 1% to 5%, as were nuclear

protrusions, most likely representing bridges that had broken
after anaphase (Fig. 2D).

Cells from five benign and six malignant soft tissue tumors that
had little karyotypic heterogeneity (less than six different karyo-
typic variants) were also analyzed (Table 1). Except for a Ewing
sarcoma cell line (.10 structural aberrations), these all had simple
karyotypes (,6 structural aberrations). The malignant tumors had
simple, tumor-specific aberrations, including the translocations
t(12;16)(q13;p11), t(X;18)(p11;q11), and t(11;22)(q24;q12), and a
stable ring chromosome r(17;22)(q22;q13), resulting in the chimeric
genes FUSyCHOP, SYTySSX, EWSyFLI1, and COL1A1yPDGFB,
respectively. Elevated ABC and RDT frequencies were not ob-
served in any of these cases.

BFB Events Generate Heterogeneity by Preferential Remodeling of
Certain Chromosomes. In the borderlineylow malignant tumors,
the variability observed in metaphase cells was restricted to ring
chromosomes of variable structure or chromosomes involved in
telomeric associations. Rings in these neoplasms frequently
contain amplified sequences from central parts of 12q (29, 30),
and when three atypical lipomatous tumors and one MFH were

Fig. 2. Chromosome banding, FISH, and Giemsa stain analyses. (A) Ring chromosome and telomeric associations in a low-grade MFH. (B) Anaphase bridge in
the same case. (C) A dicentric chromosome (arrow) visualized by FISH with a probe for all human centromeres (red) in the pancreatic carcinoma cell line LPC5.
(D) Chromatin bridges between interphase nuclei in an atypical lipomatous tumor with ring chromosomes containing amplified sequences from 12q; the bridges
are positive with the 12q probes 751a4 (red) and 2 g11 (green). (E) Combinations (n 5 9) of structural rearrangements involving chromosome 9 material (white
classification color), found by spectral karyotyping of MFH1. (F) Dicentric chromosomes containing material from chromosome 3 (dark blue) shown by combined
binary and ratio labeling FISH (Upper) and inverted 49,6-diamidino-2-phenylindole staining (Lower) in MFH2. (G) Combinations (n 5 13) of structural
rearrangements involving material from chromosome 1 detected by whole-chromosome painting (red) in MM. (H) Complete (at the top and right) and broken
(on the left) internuclear chromatin bridges positive for whole-chromosome-9 paint (green) in MFH1.
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subjected to FISH analysis with yeast artificial chromosome
probes localized to 12q14–15, rings in all cases had positive
signals. The signals varied in number between 10 and 20 among
rings in different cells. In all four cases, the vast majority of
bridges between interphase nuclei also contained amplified
material from 12q14-15, demonstrating that ring chromosomes
indeed participated in bridge formation (Fig. 2D).

The highly malignant tumors all had complex karyotypes
(more than five structural aberrations). A large proportion
(mean 36%) of the cells contained dicentric chromosomes,
whereas cells with rings and telomeric associations were less
frequent (mean 7% and ,1%, respectively). The structural
heterogeneity was difficult to evaluate by G banding, because
many aberrant chromosomes could not be identified completely.
Multicolor karyotyping was therefore performed on two MFHs
(MFH1 and MFH2) and the MM cell line, all with elevated levels
of ABC and RDT. The degree of heterogeneity for a given
chromosome was measured by the number of different structural
rearrangements in which material from this chromosome was
present. In all three tumors, the participation of chromosomes in
structural variability was nonrandom (P , 0.001; x2 test; calcu-
lated exactly). In MFH1 and MFH2, chromosomes 9 and 3 were
involved in 9 and 12 different rearrangements, respectively, most
of which (19 of 21) included material from other chromosomes
(Fig. 2 E and F). The other chromosomes evaluated (1–8 and 10
in MFH1; 2, 7, 8, 12, and X in MFH2) participated in three or
fewer rearrangements, none of which included the hypervariable
chromosomes. In MM, where the cytogenetic complexity was
extremely high (.20 structural aberrations), multicolor karyo-
typing indicated that chromosome 1 was involved in a higher
number of rearrangements than other chromosomes. This find-
ing was corroborated by chromosome-painting analysis, showing
0.65 unique chromosome 1 rearrangements per cell (Fig. 2G),

compared with 0.18–0.28 per cell for the other chromosomes (3,
5–7, 12, and 14) evaluated. Interphase bridges in these cases were
analyzed subsequently with whole-chromosome paint: in MFH1
and MFH2, 88% and 74% of the bridges stained positive for
chromosomes 9 (Fig. 2H) and 3, respectively, and in MM, 66%
of bridges were positive for chromosome 1. When anaphase cells
from MFH1 were hybridized with whole-chromosome-9 paint,
bridges stained positive in 10 of 10 cells.

The Occurrence of BFB Events Is Associated with a Decreased Elimi-
nation Rate of Cells Carrying Mitotically Unstable Chromosomes. To
compare the de novo formation and the elimination rates of cells
with mitotically unstable chromosomes in cultures from different
tumors, irradiation was used to induce chromosome aberrations.
The OSA and MM cell lines, both from highly malignant tumors
with complex karyotypes, were exposed to g-irradiation, and the
ABC and RDT frequencies were monitored during at least 10
passages. As a reference material, two normal fibroblast lines
and the myxoid liposarcoma cell line MLS, with monosomy 13
and t(12;16), were used. Unexposed cells of OSA and MM had
elevated levels of RDT and ABC, whereas the MLS had normal
baseline ABC and RDT frequencies. All cultures showed in-
creased levels of ABC and RDT at the first passage after
irradiation (Fig. 4). The fibroblasts and MLS cells reached
normal levels already at passages 2–3, whereas ABC and RDT
remained elevated, compared with unexposed cells, until pas-
sage 8 in OSA and passages 10–12 in MM. When RDT values
were used to estimate the elimination and formation rates of cells
with mitotically unstable chromosomes, the elimination rates
were significantly lower in OSA and MM (7% per generation in
both; Fig. 5) than in MLS and the fibroblasts (65% and 40%
per generation). The formation rates (0.2–5%) did not differ
significantly.

Is Remodeling of the Tumor Cell Genome Through BFB Events Asso-
ciated with Disruption of Normal TP53 Function? Mutation analysis
of TP53 and evaluation of the expression level of the TP53
inhibitor MDM2 were performed in 10 low-passage pancreatic
adenocarcinoma cell lines—the largest tumor group of the
present study in which BFB instability was not present in all
cases. Six of seven tumors with BFB instability had TP53
mutations. Of the three cases not showing BFB instability, two
had only wild-type alleles, whereas a third contained an inacti-
vating mutation in the absence of a normal TP53 transcript.
Overexpression of MDM2 was not found in any case.

Discussion
Genomic instability is a characteristic feature of many tumor
types. However, the resulting genetic heterogeneity has been
presented mostly in descriptive terms, and only recently have
potential mechanisms been investigated (31, 32). Obviously,
genomic instability may depend on a number of cellular pro-
cesses. Replicative errors and incomplete repair capacity may
lead to an increased generation of genetic changes (33), whereas
malfunction of checkpoint systems that normally cause cell-cycle
arrest and apoptosis when recognizing DNA damage or mitotic
dysfunction will result in a decreased elimination of cells that
have sustained genetic alterations (12, 14, 34, 35). The tuning of
these opposing mechanisms may determine the rate of genomic
reorganization. Little attention has been paid to the role of
mitotically unstable chromosomes as a generator of genetic
variability. The present study shows that repeated rearrange-
ments of such chromosomes through BFB cycles may create a
heterogeneous pattern of structural chromosome aberrations in
a number of tumor types. Our findings show that a positive
correlation exists between the frequency of cells carrying mi-
totically unstable chromosomes and the frequency of anaphase
bridge formation and provide evidence that BFB events occur

Fig. 3. The relationship between anaphase bridging and mitotically unsta-
ble chromosomes. ABC frequency is proportional to RDT frequency in border-
lineylow and highly malignant tumors. The correlation coefficients are 0.88
and 0.72, respectively (Spearman rank order correlation).
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frequently in malignancies with an unspecific and variable
pattern of chromosome abnormalities but not in tumors with
recurrent and highly specific aberrations. The absence of BFB
events in tumors that contained pathognomonic aberrations in
an otherwise complex karyotype, as in the Ewing sarcoma cell
line, or together with a potentially unstable chromosome, as in
the dermatofibrosarcoma protuberans, indicates that the differ-
ence between these tumor groups cannot be explained by
karyotypic complexity only. Instead, our data may reflect the
presence of at least two different modes for the development of
chromosome rearrangements in solid tumors: one that results in
few, potent, and stable aberrations and another that is charac-
terized by a continuous disruption of chromosomal integrity.

In the borderlineylow malignant tumors, BFB events gave rise
to a heterogeneity that was limited to ring chromosomes of
variable size and structure as well as telomeric associations
between different chromosomes. A different scenario was ob-
served in the highly malignant tumors. Here, the BFB events led
to a more generalized instability of the chromosome comple-
ment: the chromosome material that most frequently partici-
pated in anaphase bridges was also involved preferentially in a
variety of structural rearrangements, providing further evidence
for a strong correlation between mitotic disturbances and reor-
ganization of chromosomes. In contrast to most previously
described types of structural chromosome instability, which
depend on increased de novo generation of chromosome aber-
rations (33), BFB instability is based on the mitotic transfigu-
ration of chromosomes that are inherently unstable. The occa-
sional formation of one or more mitotically unstable aberrations
may thereby trigger an endless chain of BFB events, constantly
generating novel chromosomal variants and genomic imbalances
(Fig. 1).

Normally, cells that suffer chromosomal damage are pre-
vented from further proliferation by cell-cycle arrest or apoptosis

Fig. 4. Elimination of chromosomal instability after irradiation. (A) In fibroblasts (GM498B and GM3349B), the RDT and ABC frequencies reached normal levels
three passages after irradiation, whereas the frequency of cells containing stable chromosome aberrations (S), i.e., translocations, additions, deletions, and
inversions increased slightly during 10 passages; S # 6% before irradiation. (B) In MLS, the RDT and ABC frequencies reached normal levels at passages 3 and
2. The OSA and MM cell lines have elevated RDT and ABC levels inherently. Irradiated OSA cells did not return to their base level until passage 8. MM reached
the ABC and RDT base levels at passages 10 and 12 (not shown), respectively. The RDT values were corroborated by FISH with a probe for all human centromeres
in the fibroblasts and OSA (data not shown).

Fig. 5. Formation (white) and elimination rates (gray) of cells carrying
mitotically unstable chromosomes in tumor and fibroblast cultures, esti-
mated by the model DRDT 5 F 3 (1 2 RDT) 2 E 3 RDT, where DRDT is the
difference in RDT frequency between two generations, RDT is the RDT
frequency at the lower generation number, F is the newly formed fractiony
generation, and E is the eliminated fractionygeneration. DRDT was as-
sumed to be equal to 0 at the average baseline RDT value. E and F values
were calculated for each interval between passages during the elimination
phase. Median values are indicated by column height, and ranges by
vertical bars. The elimination rates were significantly lower in OSA and MM
compared with MLS and the fibroblast lines GM498B and GM3349B (P #

0.002; two-tailed Mann–Whitney U test), whereas the formation rates did
not differ significantly.
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(36), and cells carrying mitotically unstable chromosomes are
eliminated rapidly (37). A prerequisite for continuous BFB
cycling thus might be the leakiness of one or more of the
cell-cycle checkpoint systems. Our data show that BFB instability
in malignant cells is indeed associated with a decreased elimi-
nation rate of cells carrying unstable chromosome aberrations.
A large number of genes are known to contribute to the
maintenance of genomic integrity by participation in cell-cycle
checkpoint systems, and many of these genes, such as TP53, have
also been implicated in tumorigenesis (32, 38, 39). Mutations in
TP53 were found in six of seven pancreatic carcinomas with BFB
instability in this study. However, the fact that TP53 mutation
was absent in one case with BFB events indicates that one or
several other genetic or environmental factors are involved in
this type of instability. Nonetheless, the BFB cycle seems to be

a common instrument for generating chromosomal variation in
neoplastic tissue, because it occurs in a number of different
histopathological tumor types, independently of karyotypic com-
plexity. The repeated rearrangement of unstable chromosomes
by anaphase bridge formation provides a direct mechanistic link
between chromosome rearrangements, disturbances of the mi-
totic apparatus, and aberrations in nuclear chromatin struc-
ture—all classical hallmarks of malignancy (40, 41).
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