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ABSTRACT

Normal human foreskin fibroblasts treated in vitro with a chemical
carcinogen or irradiated with ultraviolet light subsequently acquired
anchorage independent growth and an extended but finiti1 capacity for

exponential growth. All cell lines were derived from cells recovered from
colonies that had grown in semisolid medium; cell lines originally treated
with a chemical carcinogen produced nodules after s.c. inoculation into
nude mice. G-banding analysis of 10 cell lines (including one ultraviolet
light line) revealed that seven were chromosomally abnormal with struc
tural and numerical chromosome alterations, one was characterized by a
consistent trisomy, and the other two were normal diploid. Structural
alterations consisted of chromosome deletions, translocations, and partial
chromosome duplications. Although no common structural or numerical
abnormality was detected, several structural alterations were observed
involving chromosomes 1, 7, 11, and 22, where fgr, erb-li, ll-ruv-l, and
AMprotooncogenes, respectively, are located. In one cell line trisomy 17
was a unique chromosome alteration. The induction of chromosome
changes may have influenced the proliferative capacity of the treated
cells relative to nontreated cells. However, the two cell lines without
detectable chromosome changes also had an increased proliferative life
span, suggesting that other submicroscopic genetic alterations may have
affected cell multiplication. Although carcinogen induced chromosome
abnormalities may represent a step in the process of ricopiasi Â¡cdevelop
ment, additional genetic and/or epigenetic changes, are required for
indefinite growth and the expression of malignancy.

INTRODUCTION

Prevention of cancer is possible only by understanding the
nature of the primary insult and subsequent events leading to
the conversion of a normal cell to a malignant cell. Although
oncogenic viruses have been directly implicated in the etiology
of some forms of cancer ( 1), epidemiological evidence indicates
that deleterious chemical and physical environmental agents
are causative factors of human cancer (2, 3). The ability of
certain agents to damage the DNA of the target cell and to
induce tumors in animals or neoplastic cell transformation /'//

vitro strongly implicates genetic alterations in the process of
neoplastic development. DNA damage can be detected by a
variety of molecular and cytological procedures (4, 5), the latter
including chromosome examination.

Whereas the acute effect of chemical carcinogens on chro
mosomes of normal human cells is well documented (4, 5), no
information is available concerning structural or numerical
chromosome alterations of cell lines with extended proliferative
capacity. The identification of chromosome changes associated
with carcinogen exposure of human cells is important because
specific and consistent chromosome alterations characteristic
for several forms of cancer (6-9) appear responsible for modi
fications in structure and expression of genes involved in cell
growth regulation (10-16). This study demonstrates that nor-
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mal human foreskin fibroblasts exposed to a chemical or phys
ical carcinogen acquired several properties commonly associ
ated with neoplastic transformation and exhibited either a
normal or an abnormal chromosome constitution.

MATERIALS AND METHODS

Cell Cultures. Fibroblast cells derived from foreskin tissues were
cultured in CM,3 consisting of Eagle's minimum essential medium, 23

HIM4-(2-hydroxyethyl)-l-piperazineethanesulfonicacid, at pH 7.2, sup
plemented with 10% FBS, 1 mM sodium pyruvate, 2 HIMglutamine,
and 0.2% sodium bicarbonate. Logarithmically growing cultures were
transferred to Dulbecco's modified Eagle's medium lacking arginine

and glutamine, at pH 7.2, supplemented with 10% dialyzed FBS. After
24 h, the medium was replaced with CM containing 0.5 IU of insulin.
Ten h later, cells were UV-irradiated or treated with chemical carcino
gen in CM with insulin (see Ref. 17 for further details). At this time
the maximal number of cells (65-95%) were in the S phase of the cell
cycle, with a mean value of 90% for a population of 1.5 x IO6 cells.

The chemical was removed 12 h later. In one experiment 500 normal
human fibroblast cells were cocultivated with \ irradiated (3000 R)
Syrian hamster feeder cells to support the growth of a relatively small
number of target cells and to determine the frequency of morphologi
cally altered colonies. Cultures were treated with BP 24 hr after plating,
and 10 days later, because no transformed colonies were observed, the
cells were transferred to semisolid medium.

Chemical Treatment and UV Irradiation. Fresh chemical stock solu
tions were prepared by dissolving carcinogens in acetone and diluting
with 100 ml of CM immediately before use. Further dilutions were
made in CM. For the UV treatment, cells were irradiated with a single
15-W General Electric germicida! lamp (G15T8) from a distance of 24
cm at a fluence rate of 3.0 J/m2/s. Prior to UV irradiation the medium

was removed and the dishes were uncovered during irradiation. After
carcinogen treatment, cultures were washed with CM and immediately
subcultured 1:2 in CM. Cell cultures were serially passaged 1:10 when
75% confluent.

Anchorage-independent Growth. Carcinogen-treated and nontreated
cells (5 x 104/25-cm2 well) were seeded into 2 ml soft agar after

approximately 20 population doublings. Bacto agar (Difco, Detroit,
MI) was preconditoned by adding 40 g of agar to 2 liters of double
distilled water, stirring until suspended, and permitting agar to settle.
This procedure was repeated until the yellow appearance of the super
natant was no longer observed. It was important not to stir the agar
vigorously for extended time intervals. The bottom agar layer was
prepared by mixing CM (v/v) prewarmed to 37'C with 4% agar at
41Â°C.The plates were incubated at 37Â°Cin a 4% CO2-enriched atmos

phere for up to 4 days. The top layer was prepared as follows: 2x LoCal
Dulbecco's modified Eagle's medium supplemented with 40% FBS and
5x10" cells was mixed with an equal volume of 0.6% agar at 37Â°Cto
make a final volume of 2 ml/25-cnr well. Three wells containing only-

sterile water were used to minimize evaporation from the agar layers.
Chromosome Preparation. For chromosome analysis subconfluent

cultures were trypsinized and seeded at 5 x 10* cells/100-mm dish.
After 48 h. cultures were exposed to Colcemid (2 x 10~7M) for 4 h

before harvest. Cells were mechanically collected and incubated for 15
min in 0.075 M KC1 before fixation. Air-dried chromosome prepara-

3The abbreviations used are: CM, complete medium: FBS, fetal bovine serum;
UV, ultraviolet light: BP, benzo(a)pyrene; NOR. nucleolar organizer regions: 0-
PL, /3-propiolactone; AFL-Bi, aflatoxin B,; 4NQO, 4-nitroquinoline-l-oxide;
EMS, ethyl methane sulfonate.
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lions were G-banded, C-banded, or stained with silver nitrate for
visualization of NOR. At least 25 G-banded karyotypes (18) were
examined for each cell line and 100 spreads were counted to determine
the modal chromosome number. The distribution of heterochromatin
and the number of NOR were examined on 40 metaphases from each
cell line.

RESULTS

Anchorage-independent Growth. Ten cell lines obtained after
treatment of normal human foreskin with ÃŸ-PL,AFL-Bi,
4NQO, propane sultone, EMS, yV-methyl-/V"-nitro-Â¿V-nitroso-

guanidine, BP, or UV irradiation were passaged into semisolid
medium. For each treatment a nontreated control sample was
passaged into semisolid medium. Approximately 80% of the
carcinogen-treated cultures acquired anchorage independent
growth resulting in 50-300 colonies/5 x IO4 cells originally

seeded. The remaining treated cultures that did not form colo
nies in agar senesced later than the nontreated cultures. Cells
that were recovered from semisolid medium formed foci in
confluent cultures and had extended but finite proliferative
capacities. The other treated cultures which did not grow in
agar and non-treated control cells ceased to grow exponentially
after 40-45 population doublings (Table 1). All chemical car
cinogen-derived cell lines (9 of 9) produces nodules (0.8-1.2
cm) in 4 to 6 weeks after s.c. inoculation of IO7cells into nude

mice (17). However, these nodules failed to progress and grad
ually regressed.

Cytogenetic Analysis. Ten cell lines derived from carcinogen
treated cultures grown in semisolid medium were analyzed
cytogenetically. Two fibroblast cultures derived from non-
treated foreskin tissue and a culture obtained after treatment
with AFL-Bi, which did not form colonies in semisolid medium,
were also analyzed at three intervals during their life span. The
karyotype of these control cultures was normal, without struc
tural or any consistent numerical alterations. All the treated
cell lines exhibiting anchorage-independent growth had a near
diploid chromosome number. Less than 1% of the nontreated
or treated cells were polyploid.

G-band analysis showed that 7 carcinogen-initiated cell lines
had cells with both structural and numerical alterations. One
line, although it had no abnormal chromosomes, contained a
large population with trisomy 17, and two lines were normal

without numerical deviations or detectable structural changes
(Table 1; Fig. 1). Structural alterations consisted of chromo
some translocations, deletions, pericentric inversion, and par
tial chromosome duplications (Table 1; Figs. 2 and 3). Only
one cell line (4NQO-2) contained exclusively abnormal cells,
whereas in other cell lines a variable proportion of normal and
abnormal cells were identified (Table 1). Cell lines initiated by
Af-methyl-jV-nitro-yV-nitrosoguanidine, ÃŸ-PL,and UV had sin
gle clones of abnormal cells; whereas, as a result of treatment
with other chemicals, several clones with abnormal karyotypes
were observed. Although no common structural alteration was
detected, the distal end of the short arm of chromosome 11,
where H-ras is located, was involved in three cell lines (Table
1; Figs. 2 and 3). In a deleted chromosome 7 observed in the
4NQO-1 initiated cell line, the breakpoint was at band 7pl3,
within the region where the erb-B protooncogene was localized.
In the AFL-B, cell line a translocation between chromosomes
1 and 11 was identified; the breakpoint on chromosome 1
occurred at Ip36, coinciding with the site offgr protooncogene
(Fig. 2). The number of abnormal chromosomes per cell ranged
from one to as many as four (Fig. 2). In two nontreated control
cultures and nine carcinogen-treated cell lines, a normal C-band
pattern was observed and no deviation from the normal number
and localization of NOR was detected. In the tenth cell line, ÃŸ-
PL-initiated, an unusually large Y chromosome was present
resulting from duplication of heterochromatin.

Numerical deviations were detected in eight cell lines (Table
1). The most frequently occurring monosomy observed involved
chromosome 19 which was found in four cell lines originally
exposed to different carcinogens (Table 1). In the EMS-1 cell
line, 60% of the cells had trisomy 17 (Table 1), and in the
4NQO-1 cell line trisomy 7 occurred in 25% of the karyotypes.
Two cell lines, UV and BP, were analyzed at different intervals
after carcinogen exposure. An abnormal chromosome 22, which
persisted for the entire life span, was detected in the UV-derived
cell line (Table 1; Fig. 3). This abnormality consisted of a
partial duplication of 22ql3, a region which includes the site
of sis protooncogene. On the other hand, the BP-treated cell
line was karyotypically normal for its entire life span (Table 1).

DISCUSSION

The vast majority of human cancers are chromosomally
abnormal with structural defects, numerical imbalance, or both;

Table I Chromosome changes in carcinogen-treated cell lines

Cellline*PSBPÃŸ-PLAFL-B,4NQO-I4NQO-2EMS-1EMS-2MNNGUVDoseofcarcinogen*5.05.013.010.00.0020.00210.010.00.13.0

J/m2Life-.p.

HI'808685907572726411580Modalchromosomeno."46464645464647454646%

ofcellswithabnormalchromosomes'0060703010060504080Abnormal

chromosomesNoneNonedel(

1q). inv(9). t( 11p; 12p). dup(Yq)t(
1p; 11q),del(6q).del( 11q).I( 11p;?),iso(20p)del(7p)4p+,

4q-, t(7q;14q), 18q+,MU*Noneiso(l7q),

MU13p+t(llp;?),dup(22q)%

of cells with
monosomiesor

trisomies(chromosomesinvolved/0030

(-15,-19)20
(-17,-19)35

(+4,+7)40
(22)60(+17,-Y)60

(-20,-19)8
(-19)50(-19,-20,-21)

" Individual cell lines derived from normal foreskin fibroblasts treated with various chemical carcinogens or UV irradiation.
'' Concentrations of chemical carcinogen (fg/ml medium, unless otherwise noted).
' The life spans of carcinogen-initiated cell lines expressed as population doublings; treated cells removed from semisolid medium exhibited an extended but finite

proliferative capacity. Nontreated fibroblast cultures failed to grow beyond 40-45 population doublings.
'' Chromosomes were analyzed at 40-50 population doublings. The BP and UV lines were analyzed at three points during the life span. Chromosome number was

determined from counts of 100 conventionally stained metaphases.
' Percentage of metaphases with structural alterations determined on G-banded chromosomes.
^Monosomies and trisomies observed in a minimum of two cells, but not necessarily in the same cell.
* MU, marker chromosome of unknown origin; MNNG, yV-methyl-W-nitro-A'-nitrosoguanidine.
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Fig. i. Normal G-band karyotype derived from the cell line initiated with Ar-methyl-/V'-nitro-/V-nitrosoguanidine.
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Fig. 2. G-band karyotype from a cell line initiated with AFL-B, with four abnormal chromosomes: Ml is an abnormal chromosome 1 with a translocated segment
deriving from the long arm of chromosome 11. M2 has additional unidentified material at the end of the short arm of chromosome 11. M3 appears to be the short
arm of chromosome 11. M4 is an isochromosome of the short arm of chromosome 20.

several forms of leukemia, lymphomas, or solid tumors exhibit chromosome abnormalities (19, 20). To our knowledge, chro-
specific and consistent chromosome alterations (6-9). Carcin- mosome changes after chemical carcinogen exposure have been
ogen-induced tumors or mouse, hamster, rat, and guinea pig reported only in fibroblasts derived from patients with neuro-
cells transformed in vitro may have random or nonramdom fibromatosis (21, 22) or familial adenomatosis coli (23). The
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Fig. 3. G-band karyotypc from a cell line
initiated with UV. An abnormal chromosome.
dup(22)(q 13) occurred in 80% of the cells. The
abnormal chromosome 11 was present in only
30% of the cells.
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current chromosome analysis provides the first evidence for cells with a selective growth advantage over normal cells may
chromosome alterations in normal human fibroblasts initiated
by a variety of chemical carcinogens or UV irradiation. In
addition to karyotypic alterations commonly associated with
neoplastic cell transformation, normal human cells exposed to
carcinogen acquired other properties, one of the most signifi
cant being the transient escape from the commitment to senes
cence.

The chromosomal localization of cellular protooncogenes
and the demonstration that certain chromosome rearrange
ments altered the structure and expression of protooncogenes
have enhanced the interest in studying chromosome alterations
in carcinogenesis. Several chromosome abnormalities detected
in carcinogen-initiated cells involved chromosomes 1, 7, 11,
and 22, where c-fgr (24), c-erb-B (25), c-H-ras-1 (26) and c-sis
(27) are located, respectively. A homology exists between some
of these protooncogenes and genes involved in cell growth
regulation (25, 28, 29). Chromosome alterations occurring in
the vicinity of protooncogenes have also been observed in X-
irradiated human fibroblast cultures, and such chromosome
changes were associated with prolongation of life span (30, 31 ).
The trisomy 17 observed in the EMS-1 cell line may also be
important as c-erb-A. (32, 33), and neu (34), as well as p53, a
gene which is suspected of acting as an oncogene (35, 36), are
located on this chromosome. Gain or loss of a whole chromo
some 17 is a frequent abnormality of hematological malignan
cies and solid tumors (35). As our analysis demonstrates, an
increased proliferative capacity after carcinogen exposure also
occurs without visible chromosome changes and conceivably a
submicroscopic genetic alteration may have influenced the pro
liferation of "diploid" cells.

It is widely recognized that most cancers have a unicellular
origin and clonal growth pattern characterized by genetic insta
bility as the neoplasm evolves (37). Chromosomally abnormal

become the predominant population during progression of neo
plasia. Despite selective pressure in some tumors, diploid and
abnormal cells or multiple aberrant clones may coexist, leading
to considerable cell heterogeneity (38). As demonstrated in this
analysis, cell lines derived from carcinogen-initiated cells may
have exclusively normal or abnormal cells or a mixture of
normal and abnormal cells. Cytogenetically abnormal cells have
also been detected in cultures from normal adult donors (39)
but not from fetal skin fibroblasts (40). The presence of chro
mosome alterations in adult cells was attributed to cultural
conditions or to their existence in vivo (40). Because chromo
some alterations were not observed in nontreated control cul
tures, in vitro conditions cannot be responsible for the induction
of chromosome changes in the carcinogen-treated cells. A major

question is whether the chromosome changes detected in car
cinogen-treated cells are directly or indirectly related to the
initial carcinogen insult. It is tempting to assume that dim
matid or chromosome deletions and exchanges occurring at the
first and second division after carcinogen exposure persist and
eventually result in stable alterations. Chromosome aberrations,
however, are primarily associated with cell lethality (41-44)
and carcinogen-induced chromatid and chromosome aberra
tions are gradually eliminated. Carcinogen-induced DNA dam
age persists (45), and the formation of stable chromosome
alterations may be the result of accumulation of DNA damage
or carcinogen-induced overreplication of DNA (46), and not a

direct manifestation of the carcinogenic insult.
Although carcinogen-initiated cells have certain characteris

tics of neoplasia, with rare exceptions (47, 48), such cultures
fail to become cell lines with indefinite life span, and after
inoculation into nude mice form s.c. nodules which fail to
progress or regress after several weeks (49). The extent and
complexity of chromosome alterations may be a limiting factor
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in the acquisition of malignant potential. Most soft tissue
sarcomas, which are fibroblast-derived tumors (50), have con
siderably more complex and extensive chromosome alterations
than fibroblast cells treated in vitro with carcinogens. Extensive
chromosomal alterations, however, are not always associated
with malignancy. For example, a highly aneuploid permanent
cell line with numerous chromosome markers established from
human fibroblasts transfected with the bacterial plasmid
pSVori~ containing replication origin-defective SV40 se
quences (51) is not tumorigenic in nude mice.4 A recent analysis

of 15 cases of sarcomas demonstrated that 4 had a normal
chromosome constitution (50). These observations are compat
ible with the results obtained in the present study, and suggest
that more than one type of genetic alteration may be responsible
for the extended proliferative capacity of human fibroblasts
after in vitro exposure to chemical or physical carcinogens or
the development of malignant tumors in humans.
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