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Chromosomal Aberrations in Foreign Body Tumorigenesis of Mice'? (41575)
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Abstract. Sarcomas were induced in 107 male and female isogeneic CBA/H or CBA/H-T6
mice by subcutaneous implantation of double films of unplasticized vinylchloride-acetate co-
polymer, 15 X 22 X 0.2 mm in size. Tumors were grouped by chromosome number. G-banding
was performed on chromosomes of (a) 12 sarcomas, (b) 6 specimens of preneoplastic cells derived
from foreign body (FB)-reactive tissues at 4, 6, 9, and 16 months postimplantation, and (c) 11
sarcomas which developed from clonal lines of the preneoplastic cells studied. Karyological
analyses lead to the following results and conclusions: (1) Various derangements in chromosome
number occurred in preneoplastic cells during early FB reaction at the time of, and possibly in
causal relation to carcinogenic initiation. (2) Structural abnormalities of specific chromosomes
(insertions, translocations, transpositions, etc.) were found as stable cell markers only during late
preneoplasia. They may thus contribute to advanced tumor progression. (3) Ploidy deviations
of specific chromosomes (secondary to the early derangements in chromosome number) were
most frequently seen in chromosomes 1, 6, 7, 13, 15, 18, and 19; however, these latter aberrations
were unstable and inconsistent both in vivo and in vitro.

Sarcomas of monoclonal origin develop in
mice upon subcutaneous implantation of
nonbiodegradable materials (1). Unlike car-
cinogenic chemicals, viruses, or radiation, FB
material is not cell invasive. The originator
cell type is a microvascular stem cell (2) which
at the time of carcinogenic initiation resides
in the FB-reactive tissue distant from the im-
plant. Frequency of initiation events corre-
lates with implant size, and hence, with the
extent of the FB reaction and the proliferation
of FB-reactive cells in general. Conceivably,
initiation may be the result of a spontaneous
intracellular error in a proliferating cell pop-
ulation.

Virtually all FB sarcomas of mice possess
abnormal chromosome numbers. The aber-
rations occur as early as 4 to 8 weeks following
FB implantation, i.e., many months before
commencement of neoplastic growth (1). They
proved remarkably stable in transplantation
experiments and in vitro culture (3). There-
fore, an etiological connection is suspected.

! Supported by Public Health Service Grants CA 10712
from the National Cancer Institute and ES 02101 from
the National Institute of Environmental Health Sciences.

2 Abbreviations used: FB, foreign body; BSS, balanced
salt solution; GKN, 0.1% glucose, 0.04% KCL, 0.8% NaCl,
pH 7.8.

3 Address reprint requests to K. G. Brand.

In the present investigation, we have first
surveyed a large number of FB sarcomas to
determine the range distribution of abnormal
chromosome numbers. And second, by means
of chromosome banding we have studied pre-
neoplastic and neoplastic cells at various stages
of progression in an attempt to identify spe-
cific chromosome changes relative to the tu-
morigenic process.

Materials and Methods. Mice. Isogeneic
male and female CBA/H and CBA/H-T6 mice
were used as in previous studies (1, 3, 4, 5).

FB implantation, tumor examination, in vi-
tro cultures. The methods have previously
been described in detail (3, 5). The preneo-
plastic cells were karyotyped after the shortest
possible time in vitro with a minimum num-
ber of culture passages. Nevertheless, at least
three passages, but no more than five were
usually needed to eliminate FB-reactive eu-
ploid fibroblasts and to obtain the preneo-
plastic cells (3). These were identified by
clone-specific aneuploidy (3, 5) and pericyte-
or endothelial-like morphology (2). The
monoclonal aneuploid sarcoma cells were
more readily available for karyotyping. They
outgrew normal euploid stroma cells within
a few days in primary culture.

Tumorigenicity tests of preneoplastic cell
lines. Aliquots of 20,000 cells, (a) suspended
in 0.2 ml medium, (b) affixed to 11 X 22-mm
plastic coverslips (3) were subcutaneously in-
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troduced in two mice each. CBA/H-derived
cells were tested in CBA/H-T6 recipients and
vice versa to confirm the origin of the result-
ing tumors which appeared after 3 to 16
months in this study. (In contrast, when fully
neoplastic cells were transplanted tumors grew
within 2 to 3 weeks).

Procedures to identify significant chromo-
some aberrations and to distinguish them from
culture effects. (1) Implants and surrounding
tissue capsules were cut in half at various time
points during preneoplasia. One half was left
in the animals for tumor development and
karyotyping. The other half was excised for
culturing and karyotyping of the preneoplas-
tic cells. These cells were then implanted in
recipient mice for tumorigenicity tests (see
above). The resulting homologous (clone-re-
lated) tumors were also karyotyped. If specific
chromosome aberrations were found com-
mon in both the preneoplastic and the ho-
mologous tumor cells it would mean that they
had persisted throughout the tumorigenic
process. They would, therefore, be considered
significant.

(2) In addition, a significant aberration was
expected to be present in virtually all spreads
(at least 80%) of a cell preparation.

(3) From each tissue or tumor, cultures
were set up in duplicate and kept separate. A
chromosome aberration found present in only
one of the two lines was suspected to have
arisen during culture.

(4) Numerous control cultures of connec-
tive tissue taken from locations distant from
implant or tumor sites consistently yielded
euploid fibroblasts only which died out within
three to five passages.

Preparation of chromosome slides. Con-
fluent cell monolayers in culture dishes were
rinsed with GKN, covered with trypsin (0.5%
in GKN) (DIFCO, Detroit, Mich.), and in-
cubated at 37°C until the cells began to de-
tach. Then, 3.0 ml medium (McCoy’s 5a with
L-glutamine and 20% newborn calf serum) was
added. The cells were suspended by gentle pi-
petting and seeded onto five 22 X 22-mm glass
coverslips (Clay-Adams, Parsippany, N.J.)
contained in 35-mm dishes for culture. After
30 or 46 hr, the culture medium was replaced
with medium containing 0.05 or 0.2 pg/ml
colcemid (CIBA, Summit, N.J.), followed by
16 or 6 hr incubation, respectively. Then, the
coverslips were immersed at room tempera-
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ture in BSS for 5 min, in hypotonic BSS
(BSS:distilled water = 1:5) for 10 min, and in
hypotonic medium (medium:distilled water
= 1:6) for ten min. One milliliter of fixative
(acetic acid:methanol:ethanol = 2:5:1) was
then added to the hypotonic medium. After
5 min, the coverslips were transferred to fresh
fixative for at least 30 min and then air-dried.

G-banding. Air-dried chromosome cover-
slips were soaked for 1 hr in 0.3 M NaCl plus
0.03 M sodium citrate, passed briefly through
double-distilled water, and then immersed for
90 sec in trypsin (0.05% in 0.9% NaCl, pH
7.2) at room temperature. After rinsing in So-
rensen’s buffer (0.04 M Na,HPO, and 0.025
M KH,PO,, pH 7.0) they were stained with
3% Giemsa (in Sorensen’s buffer, pH 7.0) for
10 min, rinsed again, dehydrated through ace-
tone-xylene, and mounted with Eukitt (Cal-
ibrated Instruments Inc., Ardsley, N.Y.).

In case the culture fluid contained many
free-floating mitotic cells following colcemid
treatment, it was centrifuged for 8 min at 1000
rpm. The pellet was resuspended in hypotonic
solution and fixed overnight at 4°C with two
changes of fixative. The repelleted cells were
suspended in a small volume of fixative and
dropped from a height of about 3 ft onto clean,
cold, methanol-moistened glass slides. After
air-drying overnight they were stained and
mounted as described above for coverslip cul-
tures.

Chromosome analysis. Whenever possible,
100 metaphase spreads (minimum: 60) were
addressed and counted for each preneoplastic
or tumor cell preparation. These counts were
used to determine the chromosome range,
ploidy level, and mode.

G-banded metaphase spreads of superior
quality were photographed with a Zeiss mi-
crophotography camera at approximately
950X on Kodak High Contrast Copy Film
5069. Whenever possible, 15 spreads (mini-
mum: 10) were photographed for each pre-
neoplastic or tumor cell preparation. The films
were developed with Kodak Developer D-76.
The negatives were enlarged to about 5225X,
and printed on Kodak Kodabrome II RC pa-
per (F-UH or F-EH). The chromosomes were
arranged according to the standard G-banded
mouse karyotype (6).

Computer analysis of chromosome data.
The karyological data of each cell were re-
corded on single keypunch cards. The cards
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were read onto a computer file, and the file
was stored on magnetic tape. A FORTRAN
IV computer program was designed to pro-
duce frequency histograms for each of the 40
chromosomes according to predesignated ab-
erration categories. The frequency histograms
indicated (a) the chromosomes which were
most often abnormal in foreign body-tumor
cells, and (b) the type of aberration which pre-
dominated for each chromosome. Additional
computer programs produced histograms for
combinations of abnormal chromosomes,
listing frequencies for abnormal chromosome
pairs, triplets, etc.

Results. Ranges of chromosome counts in
107 FB-induced sarcomas. In Fig. 1, the tu-
mors are categorized according to ranges of
chromosome numbers. Solid blocks indicate
predominant ranges, representing counts ob-
tained from 50 to 100% of the spreads. Dotted
blocks represent ranges obtained from 11 to
49%. Ranges representing fewer than 11% are
not included in the chart. Since the ranges
were arbitrarily set, some tumors gave over-
lapping counts. They were assigned to the
range which included the modal chromosome
number and covered the major portion of the
counts.

The following results are depicted in
Fig. 1.

(1) A primary reduction of the chromo-
some number to the range of 30 to 39 oc-
curred very rarely (2 out of 107 tumors).

(2) The most frequent primary chromo-

(19) [0 .0]

9 M

®)
OF 50-100% SPREADS: W
OF 11-49% SPREADS: B
OF <I1% SPREADS : DISREGARDED
IN PARENTHESES: NUMBER OF TUMORS ( TOTAL 107)
FIG. 1. Ranges of chromosome numbers in 107 foreign body-induced sarcomas of male or femaie CBA/
H or CBA/H-T6 mice.

somal shift was to the hyperdiploid range (40
to 49). It occurred in 51 tumors. Twelve tu-
mors persisted exclusively in this range sug-
gesting that the hyperdiploid genome pro-
vided optimal cell vitality.

In 37 cases, we observed either duplication
of the hyperdiploid karyotype to hypertetra-
ploidy (80 to 99 chromosomes), or dupli-
cation with subsequent reduction to hypo-
tetraploidy (70 to 79 chromosomes). Oc-
casionally, hypotetraploid tumors underwent
further chromosome multiplication into
ranges over 99.

Cells at higher ploidy levels equaled or sur-
passed the hyperdiploid cells with regard to
proliferative efficacy. In several cases, the
original hyperdiploid cells were entirely out-
grown by hypertetraploid cells (8 tumors), by
hypotetraploid cells (19 tumors), or by cells
with higher ploidy levels (1 tumor).

(3) Only 13 out of 107 tumors showed a
primary chromosome shift into the high hy-
perdiploid range of 50 to 59. Further changes
resembled those observed on tumors in the
low hyperdiploid range of 40 to 49.

(4) Some tumors shifted to the hypertrip-
loid range of 60 to 69. In 9 out of 13 tumors
the hypertriploid cells outgrew cells at other
ploidy levels which indicates a high degree of
proliferative vitality provided by hyper-
triploidy.

Search for specific chromosomal aberra-
tions or aberration patterns. Table I presents
aberrations detected in specific chromosomes
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CARCINOGENIC INITIATION EVENTS:
NUMERICAL CHROMOSOME DERANGEMENTS
in FB-reactive mesenchymal stem

cells of the microvasculature
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FI1G. 2. The possible roles of chromosome aberrations in foreign body tumorigenesis of mice.

of 12 primary FB-induced sarcomas, 6 pre-
neoplastic cell samples, and 11 secondary tu-
mors which developed from the preneoplastic
cells. The preneoplastic cells were taken from
FB-reactive tissues either before the seventh
month postimplantation (samples a2¢/9831
and alc/9822) or later (samples a2¢/10070,
a2¢/9829, alc/9833, and a2¢2/9808).

“Significant” aberrations (as defined in
Materials and Methods) comprised almost ex-
clusively certain structural aberrations (inser-
tions, isochromosomes, translocations, and
less frequently deletions, nullisomies, and
transpositions). However, they were found as
persisting markers only in cell samples from
advanced FB-reactive capsules and homolo-
gous tumors.

In contrast, ploidy deviations of individual
chromosomes (mono-, di-, tri-, tetra-, and
pentasomies) did not generally meet the cri-
teria of significance. They occurred usually in
much less than 80% of the spreads and were
inconsistent in duplicate cultures. (Ploidy de-
viations of individual chromosomes were as-
sessed relative to the general ploidy level of
the cell population analyzed. For example, di-
somy of an individual chromosome in an oth-
erwise tetraploid karyotype was considered
aberrant).

Computer analyses showed that structural
aberrations occurred with equal probability
among individual chromosomes. Ploidy de-
viations, on the other hand, tended to involve
specific chromosomes. Numbers 1, 6, 7, 13,
and 18 were most often present in smaller

numbers, chromosomes 15 and 19 in larger
numbers than expected.

Four of the tumors studied were produced
in CBA/H-T6 mice. The T6-marker has re-
sulted from a translocation between chro-
mosomes 14 and 15. Since chromosome 15
is one of the frequently abnormal chromo-
somes in FB tumorigenesis (Table I) special
attention was directed towards chromosome
14 in CBA/H-T6 tumors. Overall, computer
analysis showed chromosome 15 abnormal in
58% of the cells. When chromosome 14 was
substituted for chromosome 15 in CBA/H-T6
cells, the percentage remained essentially the
same (57%).

Discussion. Primary derangements in chro-
mosome number and the carcinogenic initia-
tion event. In order to identify specific chro-
mosome aberrations which might be causally
related to carcinogenic initiation, prenoeo-
plastic cells were karyotyped at the earliest pos-
sible time following FB implantation. Numer-
ical chromosome derangements are known to
occur very early during preneoplasia, often
within 4 weeks following FB implantation and
in nearly all cases within 8 weeks (1). The de-
viating chromosome numbers are maintained
within narrow ranges throughout preneopla-
sia. The timing of the numerical derangements
coincides with the time during which the pre-
determination of later tumor characteristics
takes place (1). (These include duration of la-
tency, histopathological criteria, degree of an-
aplasticity and invasiveness, growth behavior
in vivo and in vitro).
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In view of these relationships the hypoth-
esis is proposed that the early derangements
in chromosome number initiate FB tumori-
genesis (Fig. 2). The alteration of the heritable
cellular program would explain predetermi-
nation of ultimate tumor characteristics. An
immediate measurable effect is an increased
proliferative drive in vivo and in vitro [(5) and
unpublished observations].

Considering the variety of numerical chro-
mosome derangements in FB tumorigenesis
it appears that many different patterns of ge-
netic disorder and imbalance may lead to ini-
tiation. This same conclusion has been reached
also for certain other cancer induction models
(7, 8). There can be no doubt that homeo-
static cell proliferation in a normal tissue en-
vironment is controlled by a complex regu-
lation system with many functional compo-
nents and molecular reaction points. A
disturbance at any one point, which may be
brought about by a multitide of different chro-
mosome derangements, could conceivably af-
fect the whole system. This hypothesis is con-
sistent with observations which indicated
nonuniformity of initiation events in FB tu-
morigenesis (4).

The primary alteration of the chromosome
number in a preneoplastic parent cell may be
explained by faulty mitosis with unequal
chromosome distribution to the daughter cells.
This may be the result of an inherent karyo-
type lability which is characteristically seen in
murine mesenchymal stem cells of the mi-
crovasculature, the cell type of FB sarcoma
origin (1). Other murine cell types such as
fibroblasts do not share that property to the
same extent (unpublished). In man, the vas-
cular stem cells appear karyologically more
stable, and this conforms with the finding that
human FB sarcomas are rare (9).

Secondary chromosome aberrations during
preneoplastic progression. G-banding re-
vealed a great variety of structural and ploidy
aberrations involving virtually every chro-
mosome (and numerous genome loci) of pre-
neoplastic and tumor cells (Table I). These
aberrations were unstable and variable during
early preneoplasia as shown by samples a2c/
9831 and alc/9822 which were taken before
the seventh month postimplantation. Only
preneoplastic cells of advanced FB-reactive
capsules and their homologous tumor cells
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had structural chromosome aberrations in
common (e.g., the isochromosomes 1 in a2c/
9829). Apparently, such aberrations gained
stability during advanced stages of preneo-
plastic progression, possibly by giving affected
cells a competitive growth advantage. Thus,
they may contribute to tumor promotion and
modify the determinants of later tumor char-
acteristics (Fig. 2). (Yet, the major forces in
the progression of FB tumorigenesis are known
to be connected with tissue-environmental
factors involving macrophage inactivity, fi-
brosis, and interaction between cell mem-
brane and FB surface (1)).

In contrast to structural aberrations, ploidy
deviations of individual chromosomes (sec-
ondary to the primary derangements in chro-
mosome number) were always markedly un-
stable. They were often inconsistent in du-
plicate cultures and rarely present in more
than 80% of the cell spreads (Table I). There-
fore, they cannot be assumed to exert an es-
sential effect on the tumorigenic process at
any stage. More likely, they result from in-
consequential mitotic errors during in vivo
proliferation, if not during culture prior to
karyological examination.

Nevertheless, aberrant di-, tri-, tetra-, and
pentasomies of individual chromosomes were
overall the most frequent abnormalities ob-
served in this study. Individual chromosomes
had a strikingly different predisposition for
ploidy deviations. This phenomenon may be
explained by differences in chromosome sta-
bility and/or dispensibility. If a chromosome
is of vital importance to the cell it would not
only be indispensable, but may actually con-
stitute a “limiting factor of viability” and as
such determine the optimum ploidy level. On
the other hand, numerical fluctuations of less
important or dispensible chromosomes would
not reduce cell viability and competitiveness.
In this latter category of presumably less im-
portant chromosomes we find especially chro-
mosomes 1, 6, 7,13, 15, 18, and 19 which
most frequently deviated from the ploidy level
of the aberrant karyotype.

We thank Mr. Frederick T. Sheldon for his advice and
assistance in the computer work.
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