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ABSTRACT

Chromosomal aberrations are often assumed to be deleterious
to cells. However, we have found that many mÃ©tastases are
populated by cells with chromosomal recombinants induced by
radiation of the original tumor population. The tumor, K-1735-

M2, was already capable of metastasis so that the recombinant
chromosomes were not necessary for this property of the tumor.
Stable recombinants, like other aberrant forms, could be disad
vantageous or, alternatively, could confer selective advantage to
some tumor cells. We investigated these possibilities by irradiat
ing the parental tumor line and examining the formation and
persistence of chromosomal markers in cell culture and in s.c.
tumors. The karyotype of the K-1735-M2 parental tumor is

composed entirely of telocentric chromosomes, and recombinant
forms are relatively easy to recognize. Unstable forms of chro
mosome damage were lost rapidly. The frequency of stable
recombinants after two weeks in culture was higher than that in
tumors growing in primary inoculation sites. In contrast, second
ary (spontaneous metastatic) foci showed a far greater frequency
of chromosomal markers, suggesting a positive association be
tween markers and acquisition of properties benefiting growth
and metastasis.

INTRODUCTION

In a recent study, we used irradiation to induce marker chro
mosome formation in a metastasizing tumor cell line with a stable
karyotype (28). The induced recombinant chromosomes were
then used to determine whether mÃ©tastaseswere of clonal or
multicelular origin. In that study, greater than 50% of the spon
taneous mÃ©tastases contained one or more marker chromo
somes, suggesting that recombinant chromosomes might confer
a selective advantage to tumor cells for the metastatic process.
Since many tumors are clonal in origin, the cellular diversity found
in primary tumors is evidence that additional mutational events
may occur during tumor evolution (9, 12, 13). Karyotypic varia
bility has been observed between primary tumors and their
mÃ©tastasesor among the mÃ©tastases(14, 22). In some cases,
it is clear that the patterns seen in mÃ©tastasesrepresent selection
rather than karyotypic evolution from the primary tumor (24).
Distinctive karyotypic changes have also been associated with
metastatic potential (tetraploidy) (21) or with organ specificity for
metastasis (32, 33). Moreover, a number of clinical studies have
suggested that metastasizing tumors are more likely to be aneu-
ploid and that aneuploidy correlates with relatively poorer prog-
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nosis(31).
Radiation induces both numerical and structural chromosome

aberrations (2, 3); it acts as a dose-dependent initiator of tumors

in humans (5,16) and can induce transformation in vitro (15,29).
If chromosome aberrations per se confer selective advantage on
some tumor cells, then the use of radiation as tumor therapy
could accelerate tumor progression in those cells which survive
treatment. Since most radiation-induced chromosomal aberra

tions are presumed to be deleterious, we wished to determine
levels of damage and marker chromosome formation immediately
after irradiation and changes within the tumor cell population
with time. We therefore examined cultures of the K-1735-M2
tumor line immediately following irradiation by sequential cyto-

genetic analysis. Parallel samples were inoculated s.c. and the
resulting tumors were analyzed cytogenetically.

MATERIALS AND METHODS

Animals. Adult C3H/HeN mammary tumor virus-negative mice, 6 to 8

weeks old, were obtained from the Animal Production Area of the
National Cancer Institute-Frederick Cancer Research Facility.

Tumors. The original K-1735 melanoma (11) was a gift from Dr.
Margaret L. Kripke, National Cancer Institute-Frederick Cancer Research
Facility. The K-1735-M2 line was derived from a spontaneous pulmonary
metastasis produced by the K-1735 parent tumor growing at a s.c. site
(27). The K-1735-M2 cells were exposed to X-irradiation to induce
random chromosome breakage and rearrangements. Irradiated cells (105

cells/0.05 ml 0.9% NaCI solution) were implanted into the footpads of
syngeneic mice. When the resulting s.c. tumors reached an average
diameter of 0.8 to 1 cm (approximately 4 to 5 weeks), the tumor-bearing

leg, including the popliteal lymph node, was resected at midfemur. The
tumors were aseptically removed, dissected free of surrounding connec
tive tissue, and then established as individual cell cultures and harvested
for chromosome analysis 4 to 7 days later.

Cell Culture. All tumor cell lines were maintained in tissue culture in
complete minimal essential medium (CMEM) (Eagle's complete minimum

essential medium supplemented with 10% fetal bovine serum, sodium
pyruvate, nonessential amino acids, L-glutamine, and 2-fold vitamin so

lution; Flow Laboratories, Rockville, MD). Cell cultures were maintained
on plastic and were incubated in 5% C02 at 37 Â°C. Cultures were

routinely monitored for and found free of Mycop/asma and the following
murine viruses: reovirus type 3; pneumonia; K; Theiler's encephalitis;

Sendai; minute; mouse adenovirus; mouse hepatitis; lymphocytic cho-

riomeningitis; ectromelia; and lÃ¡clate dehydrogenase (assayed by M. A.
Bioproducts, Walkersville, MD).

Radiation. The parental tumor cells in Hanks balanced salt solution
were exposed to X-irradiation in a biological irradiator (Ridge Instrument

Co., Inc., Atlanta, GA) at 500 rads/min (300 kV at 10 ma). The delivered
dose was estimated by dosimetry at between 650 and 700 R. Cells
maintained for analysis in culture were washed with fresh medium twice
immediately following radiation and then refed with CMEM; the medium
was changed twice a week thereafter. These cells were not subcultured
prior to chromosome harvest.
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Chromosome Studies. Confluent cultures of excised tumors were
split 1:3 and harvested 48 h later. Cell cultures were exposed to Colcemid
(2.5 i/g/ml) for 1 h. After brief (3 min) trypsinization, the suspended cells
were swollen in 0.38% potassium chloride, fixed with 2 x Carnoy's

fixative (methanokglacial actic acid) and dropped onto cold wet slides.
Whenever possible, 100 cells from each tumor population were ana

lyzed completely for breakage and recombinant formation. Included
among unstable breaks are acentric fragments, chromatid and chromo
some breaks, and complex rearrangements. Slides were stained with
1% acetoorcein, and metaphases were examined by phase microscopy
at a magnification of x 1250. While this limited the definition of recom
binants, it optimized recognition of breakage. Small unmatched centric
chromosomes were scored as minutes and included in the chromosome
counts. Double minute fragments were scored but not counted as
chromosomes. Dicentric and multicentric chromosomes were counted
as single chromosomes.

Experimental Design. Cultures were sampled for cytogenetic analysis
at several time points within the first 2 weeks after radiation treatment.
In the first experiment, analyses were performed on the third and 12th
days following irradiation. In the second experiment, harvests were done
4, 7, and 14 days after exposure. One hundred cells in metaphase were
examined at each time point and analyzed for chromosome number and
morphology and for the frequency of stable and unstable aberrations.
Parallel samples of tumor cells were inoculated into the footpads of
syngeneic mice immediately (less than 1 h) after irradiation. The s.c.
(primary site) tumors were excised as described above and cultured prior
to harvest for chromosome analysis. Scoring was identical to that de
scribed for cells in culture.

RESULTS

Substantial numbers of cells could be harvested at 3 to 4 days
after irradiation. Harvests at earlier times failed to yield sufficient
cells for analysis. Chromosome numbers at every time point
(Chart 1) showed increased spread around the mode in compar
ison to the parental line in culture which showed the modal
number of 44 chromosomes in 63% of cells. Chromosome loss
and an increase in nonmodal cells were most prominent in the
first sample period of each experiment. For example, chromo
some loss was reflected in a modal number of 43 in Experiment
1 at 3 days after radiation, which reverted to 44 over the
succeeding days; in addition, there was an increased frequency
of near-modal cells by 12 days. Specifically, 72 h after irradiation,

16% of cells contained 43 chromosomes, and only 37% of the
population had the modal value Â±1.At 12 days, 38% of cells
had reverted to the parental mode of 44 chromosomes and 70%
of cells were at the mode Â±1.Similarly, in Experiment 2, a rapid
return to a sharper mode was seen. Four days following irradia
tion, the variation in chromosome number per cell was demon
strated by reduction of cells with 44 chromosomes to 21% of
the population. On Day 14, this had increased to 36% of the
cells, and 69% had counts within Â±1of the mode.

In both experiments, the first harvests (Days 3 and 4) yielded
large numbers of cells with open breaks and unstable aberrations
(Table 1/1; Fig. 1). The stable and unstable recombinants were
enumerated individually as well as by the numbers of cells in
which they were found. Both stable and unstable forms were
often present in the same cell. There was a rapid decline in the
frequency of unstable recombinants and open breaks, and par
ticularly in double minutes, although moderate amounts of these
forms of damage persisted over the 2-week periods. Since many

cells contained multiple (often uncountable) breaks and double

Exp 1
Day 3

Exp 2
Day 4

35 384042 44 46 48 50 60 708090100over 35 38 40 4244 46 48 5060 70 8090 100Over
or 100 or 100

Exp 2
Day 14

35 38404244 4648 50 60 70 8090 lOOover 35 38 40 424446 48 5060 70 8090100over
or 100 or 100

less less

Number of Chromosomes
Chart 1. K-1735-M2 cells in culture. The changing distribution of chromosomes

per cell with time after 700 R is shown for 2 experiments (Exp). In each, there was
return to a tighter mode within 2 weeks. Each subset includes counts from 100
cells.

minutes, all open simple breaks were scored only in terms of the
numbers of cells with such aberrations. The fraction of cells in
Experiment 1 in which no aberrations were observed increased
from 20% on Day 3 to 74% on Day 12. In Experiment 2, the
sequential loss of aberrant cells was less striking; cells without
aberrations constituted 50% of the population at 4 days, 74% at
7 days, and 66% at 14 days. In both experiments, evidence of
marked and persistent radiation damage was noted.

The highest frequency (64%) of stable recombinants (Table
16) was observed on Day 3 of Experiment 1. In contrast, the
frequency of stable recombinants at 12 days in Experiment 1
and on Days 4, 7, and 14 in Experiment 2 were reduced but
relatively similar, ranging from 17 to 26% of the cells. A sharp
loss in the first postradiation cell division(s) may relate to the
presence of unstable aberrations in the same cells. It is also
possible that in the presence of continuing breakage, there could
be a period in which loss of recombinant chromosomes is bal
anced by generation of new recombinants. The numbers do not
adequately reflect either the frequency or the variety of stable
recombinant chromosomes in these cell populations. Since the
normal complement of chromosomes in the parent tumor is
entirely telocentric, recombinant telocentric markers could be
recognized only by increased size. However, metacentric and
submetacentic chromosomes appeared in a wide range of sizes,
and the submetacentrics varied in arm length ratio as well. For
these reasons, the extent of marker chromosome formation
shown here represents a minimum.
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Table 1
Breakage and marker formation in cultured K-1735-M2 cells after irradiation

Chromosome analysis of K-1735-M2 cells in culture at indicated time points was done after an estimated exposure of 700 R. One hundred metaphase cells were
examined for each sample, and the results are separated into unstable (A) and stable (B) chromosomal aberrations. Because many cells contained multiple breaks, the
results in A are presented as the numbers of cells in which each form of damage was found. In B, the actual numbers of stable recombinant chromosomes are shown.

A. Breaks and unstablerecombinantsExperiment12Time

elapsed(days)3124714Cells
with openbreaksdmina2632847ct127234CS124927Cellswithrecombinantsr6Sdie4115Other2tr1

tr2

tr, 2 qr%

of cells
with unsta
ble aberra

tions451335918mm3081366B.

StablerecombinantsT425412SM391346M58121248%

of cells
with recom

binants6419261726

* dmin, double minute; ct, chromatid break; cs, chromosome break; r, ring chromosome; die, dicentric chromosome; min, small centric chromosome; T, long unmatched

telocentric chromosome; SM, submetacentric chromosome; M, metacentric chromosome; tr, triradial exchange; qr, quadriradial exchange.

Table 2

Modal chromosome numbers in 8 primary site tumors
Modal chromosome numbers of tumors initiated by injecting s.c. X-irradiated K-

1735-M2 cells were determined. The tumors were resected after 4 to 5 weeks of
growth and cultured briefly prior to chromosome harvest. For comparison, the
unirradiated parental tumor line has a sharp mode at 44 chromosomes (63% of
cells).

S.c.tumorsT,

T,
T,
T4T5

2971
2972
2973Mode"43

(44)"

43 (40)
43 (62)
43(44)
44(63)
44(67)
44(58)
44(59)

* Numbers in parentheses, percentage of cells at mode.

An additional 34% of cells from this tumor showed a chromosome number of
44.

Table 3

Breakage and marker formation in s.c. primary site tumors
Tumors grown from irradiated K-1735-M2 cells were cultured briefly and har

vested for metaphase analysis. Each observation of a specific break or marker is
recorded. The frequency of cells with stable recombinant chromosomes is shown
in the last column.

% of cells
with sta-

No. of Unstable breaks Stable recombinants ble re-

TumorT,T,T3T.TÂ»297129722973l/cllÃ¤

dlid*lyzed10052100100100100100100ace"39111ct122211cs

Other213

die,tr3
trmin38615221T26431SM14382412M332162613lA^I

1IUI-nants719103941365

" ace. acentric fragment (longer than double minute); ct, chromatid break; cs,

chromosome break; min, minute; T. long unmatched telocentric chromosome; SM,
submetacentric chromosome; M, metacentric chromosome; die, dicentric; tr, trira
dial exchange.

The s.c. tumors all showed relatively tight modes at either 43
or 44 chromosomes (Table 2). The most variable tumor (T2) had
only 40% of cells at the mode of 43, while tumor 2971 showed
the tightest mode (67% of cells with a mode of 44). Essentially,
all cells in each tumor were within Â±3chromosomes from the
modal number. Further karyotypic analyses of 8 s.c. tumors are
shown in Table 3. Open breaks and evidence of continuing

Table 4

Frequency of chromosomal markers in mÃ©tastases

Spontaneous mÃ©tastasesfrom s.c. tumors were cultured briefly prior to chro
mosome analysis. The methods are described in Ref. 28. Cultures were initiated
from individual resected lung mÃ©tastases.

Series1

23

4Radiation

dose(R)650-700

650-700

700
900No.

of mÃ©tas
tases exam

ined21

38
9

24Markers11(3)"

13(6)
3(2)
6(2)

a Numbers in parentheses, number of inconstant markers. A constant marker

was defined as a rearrangement present in at least 90% of the cells examined from
a single metastasis. An inconstant marker was defined as present in less than 90%
but at least 20% of the cells from a single metastasis. A fuller description of Series
1 is presented in Ret. 28.

Whether constant or inconstant, the markers recorded above are stable and
heritable chromosomal rearrangements of the same types that are listed in Tables
1 and 3 under stable chromosomal recombinants. In each series, the cumulative
frequency of unstable aberrations, whether open breaks or recombinant chromo
somes such as dicentrics, never exceeded 10% of the cells for any single metas
tasis. The markers characterizing individual mÃ©tastasesincluded all the forms of
stable recombinant chromosomes induced by radiation (minute, long unmatched
telocentric chromosome, submetacentric chromosome, metacentric chromosome)
but their incidence varied in different experiments. While metacentric and subme
tacentric chromosomes were common in Series 1 and 2, long unmatched telocentric
chromosomes predominated in Series 2 and 4.

radiation damage were observed infrequently in these tumors.
The single exception was tumor T1?where an acentric fragment
was found in 39 of 100 cells. It is possible, however, that the
acentric fragment may not represent unstable breaks but rather
a clonal expansion of a single event, in which case it could be
considered as a stable marker. Indeed, a similar small acentric
fragment was found as a clonal marker in one of the mÃ©tastases
we studied. The number of marker-bearing cells with stable

recombinants ranged from 5 to almost 40% of the cells within
individual s.c. tumors. Marker morphology varied from cell to cell
within a single tumor and cells bearing more than one kind of
recombinant were relatively infrequent. It is evident (Table 3) that
both frequency and morphology of chromosomal markers varied
widely within as well as between individual tumors.

We have examined several series of spontaneous mÃ©tastases
produced by various tumors growing s.c. after irradiation of
tumor cells prior to implantation (Table 4). Overall, the incidence
of individual mÃ©tastasesthat were chromosomally different from
their parental tumor was 36% (33 of 92 mÃ©tastases). Marker
frequencies exceeded this figure in one of the s.c. tumors but
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were considerably lower (10% or less) in 5 of 8 tumors examined.
Assuming that mÃ©tastasesoriginate from single cells, the mÃ©tas
tases showed roughly 3 times the frequency of chromosomal
markers over the average for cells of the s.c. tumors. Detailed
analysis of the markers in individual mÃ©tastases(and consider
ation of specificity of chromosome involvement) will be the sub
ject of another report.

Comparison of stable recombinant frequencies by Yates' cor
rected x2 revealed a decrease in the proportion of cells bearing

stable recombinants in the s.c. tumors relative to the cell cultures
2 weeks after radiation (P = 0.0006). If for purposes of compar

ison we assume that each metastasis is the clonal expansion of
a single cell, then the increase in stable recombinant frequency
in the mÃ©tastasesis highly significant (P < 0.0001 ) in comparison
with cells of s.c. tumors.

DISCUSSION

Irradiation of a chromosomally stable and uniform population
of tumor cells induced chromosomal breakage and recombina
tion. The frequency of unstable abnormalities declined during
culture in vitro for 2 weeks postradiation. The decline in radiation-

induced aberrations in the initial 24 h is rapid, presumably due
to repair (17). Many aberrations in the first cell divisions are
probably lethal, an observation supported by the initial high
frequency and rapid decline in unstable aberrations. The large
number of unstable aberrations observed at 3 or 4 days may
reflect the induction of mitotic delay by radiation treatment (1,
20). Documentation of persistent unstable aberrations as well as
stable X-ray-induced rearrangements is unusual (3, 8). Some

loss of morphologically stable chromosomal recombinants may
be attributed to coexistence in the same cells of lethal aberra
tions. The frequencies of stable recombinant forms in culture at
approximately 2 weeks after irradiation were similar to frequen
cies in some s.c. tumors derived from the same irradiated tumor
cell populations.

Harvests at 3 and 4 days after irradiation yielded cells with
double minute fragments in approximately one-fourth of the

analyzed metaphases. We observed from one to more than 20
double minute pairs/cell. No homogeneously stained regions
were observed in banded chromosomes of the parent tumor. X-

ray induction of fragments and minutes has been reported (8)
but in frequencies lower than that reported here. Moreover, these
double minutes disappeared rapidly, unlike those observed in
other cell culture systems where they may confer a selective
advantage (resistance to cytotoxic drugs) related to gene ampli
fication (23).

Variation in the frequency of chromosomal aberrations was
observed in this cell line even at the same radiation doses. The
types and frequencies of induced aberrations varied in the irra
diated populations in culture and in tumors developed from
irradiated tumor cell populations. Furthermore, the subtypes of
recombinant chromosomes in the primary tumors were pleo-

morphic within individual tumors as well as between different
tumors. Possible sources of the observed variation include dif
ferential survival values related to the recombinant chromo
somes, random drift, or host selective factors. Radiation-induced

damage to chromosomes is assumed to be random (8). Reduced
survival of individual cells could result form partial or complete
monosomy or from complex aberrations that interfere with future

cell divisions. Alternatively (but probably less often), changes in
gene dosage or gene activation attendant upon new chromo
somal configurations could confer relative growth advantages.

Survival studies utilizing 2'-deoxy-5-[125l]iodouridine prela-

beled irradiated cells (10) revealed that less than 10% of the
original inoculum (105 cells) was viable 48 h after implantation.

Similar loss of viability occurs with nonirradiated cells. Although
cell loss is extensive, the tumor that eventually grows out at the
injection site is clearly multicellular in origin. The presumptive
lethal chromosome rearrangements induced by radiation un
doubtedly contributed to a decrease in cell survival in vivo but
were obscured by the overwhelming cellular loss that is seen
irrespective of irradiation. The s.c. tumors expanded from less
than 104 to at least 109 cells (tumors greater than 1 cm diameter)

in approximately 4 weeks. Since growth of tumors was similar
despite widely varying frequencies of recombinant chromo
somes, neither a negative nor positive association between
recombinant chromosomes and survival values in the s.c. tumors
could be inferred.

Random drift may also contribute to changing frequencies of
marker chromosomes within a population. However, the non-

clonality of most of the markers observed argues against random
drift as significant in this system. The acentric fragment in tumor
T, was the sole exception among the 8 tumors studied since it
may mark a clonal expansion within that particular tumor.

A third source of the variability observed in s.c. tumors or
spontaneous mÃ©tastasescould derive from host selection, which
should reduce variability with time. While wide variations in
marker frequency were observed between individual s.c. tumors,
the overall frequency of stable recombinants was significantly
lower than that of the cultured cells. No major differences in
growth rate were observed between tumors with high and low
recombinant frequencies.

Highly significant differences from both the primary cultured
cells and the s.c. tumors were found in the frequency of recom
binant chromosomes in the series of spontaneous mÃ©tastases.
These data indicate selection in favor of chromosomally marked
cells in the generation of mÃ©tastases.Thus, while recombinant
chromosomes do not appear to influence survival greatly in s.c.
tumors, the same is not true of mÃ©tastases.The results of this
study indicate that radiation can generate numerous viable chro
mosomal recombinants within a tumor cell population which
apparently increase the propensity of the recombinant-bearing
cell to give rise to a metastatic lesion.

Chromosomal alterations may influence the incidence of mÃ©
tastases by accelerating tumor progression or by induction of
new tumor variants within the primary tumor cell population (18).
Metastasis is a selective process such that only those cells
within the heterogenous primary tumor which possess specific
properties required for metastasis will produce secondary tumor
foci (19, 26, 27). The karyotypic specificity reported for certain
mouse leukemias and lymphomas-plasma cytomas (4, 6,25,30)

and mouse mammary tumors (7) appears to be related to differ
entiated tumors and may not be relevant to the properties
mandatory for metastasis. The present experimental system
amplifies the opportunity for karyotypic evolution during growth
of subpopulations of cells from a parental tumor and permits
assessment of the relative frequency of changes that accompany
metastasis and tumor progression. Our results suggest that the
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increase in karyotypic diversity generated by radiation, when
nonlethal, may accelerate tumor progression. - *-,Â»-â€¢â€¢Â»â€¢â€¢:â€¢;jv â€¢."â€¢â€¢
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KARYOTYPIC VARIABILITY FOLLOWING X-RAY
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Fig. 1. Portions of metaphase spreads from cultured K-1735-M2 at 3 or 4 days after 700 R. Examples of ring chromosomes (r), double minutes (dmin), a dicentric
(die), triradial (Ir), and quadriradial (qr) exchanges are shown.
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