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ABSTRACT

The relationship between tumorigenicityand enhanced chromosomal
radiosensitivity during the G2 cell cycle phase was examined through the
use of nontumorigenichuman cell hybrids and their nontumorigenicand
tumorigenicsegregants. The hybrid cells were produced by fusion of a
normal and tumor cell. The parental lines, including HeLa and three
fibroblast lines, one of skin and two of fetal lung origin, were also
examined.The tumorigeniclines, which had cytologicalfeatures associ
ated with clinical cancer, showed a significantly higher incidence of
chromatid breaks and gaps following X-irradiation during C2 than the
normal skin line or the nontumorigenichybrids. The hybrids and their
nontumorigenic subclones had cytological features which are predomi
nantly found with a benign clinical course and had the G2chromosomal
radiosensitivity more characteristic of the normal parental cells. Like
tumorigeniccells, fetal cells exhibited enhanced G2chromosomalradio
sensitivity which could be suppressed in fetal x tumor cell hybrids. This
observation suggests that the molecular basis for radiosensitivity in fetal
cells differs from that of tumor cells. The enhanced G2 chromosomal
radiosensitivity of a tumor cell, which appears to result from deficient
DNA repair, is suppressed by fusion with a normal cell. Thus, the
radiosensitivity, like tumorigenicity, behaves as a recessive trait. Al
though a Mendelian analysis is not possible with this material, the
segregation of enhanced G2 chromosomal radiosensitivity with the neo
plastic phenotypesuggests that the two may be geneticallylinked.

INTRODUCTION

Irradiation of mammalian cells with X-rays or visible light
during the G2 period ofthe cell cycle produces chromatid breaks
and gaps seen in the first posttreatment metaphase. The mci
dence of these aberrations was significantly higher in cells from
13 lines of human tumors than in lines of skin fibroblasts from
individuals free of neoplastic disease, even though the tumors
were of diverse tissue origin and histopathology (1). The en
hanced G2 chromatid radiosensitivity could also be induced in
normal mouse or human cells undergoing neoplastic transfor
mation in culture either spontaneously or by chemical carcino
gens (2â€”4).It thus characterizes all neoplastic cell populations
examined to date whether of in vitro or in vivo origin. Consid
erable evidence, as discussed later, supports the concept that
the enhanced chromosomal radiosensitivity results from defi
cient DNA repair during G2 phase.

To determine whether enhanced G2chromatid radiosensitiv
ity has a genetic basis, we have examined the chromosomal
radiosensitivity of somatic cell hybrids. In hybrid cells derived
from fusion of a normal and tumor cell, tumorigenicity, as
assayed in the athymic nude mouse, is suppressed. The cells
can still grow in semisolid medium (5â€”8).Tumorigenicity thus
appears to be complemented and suppressed by the normal cell

Received 8/I 5/85; revised I 1/26/85; accepted I 2/I 1/85.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

I The part of this project carried out at the University of California was

supported by NIH Grant CA 19401.

genome; furthermore, tumorigenicity and anchorage independ
ence, a property frequently characterizing neoplastic cells, ap
pear to be under separate genetic control. Although the hybrid
cells are nontumorigenic, tumorigenic segregants arise after
prolonged culture; these have lost specific chromosomes (7). In
the present study, we have quantified the chromatid breaks and
gaps produced by G2 X-irradiation in parental lines, hybrids,
and both tumorigenic and nontumorigenic segregants to estab
lish whether enhanced G2 chromatid radiosensitivity has a
genetic basis, whether it behaves as a dominant or recessive
trait, and whether it segregates with the neoplastic phenotype.

Cytomorphological criteria of neoplastic transformation ap
plicable to fixed and stained cell cultures have been described
that correlate closely with the neoplastic characteristics of the
cells as determined by their tumorigenicity in vivo (9). A more
extensive set of cytomorphological criteria, mostly in the nu
cleus, applied to Papanicolaou-stained smears of human cells
from various tissues and body fluids, has long been in use by
medical cytopathologists (10â€”14).These criteria have been
successfully applied to mammalian cells in culture.2 Since hy
brid cell populations can undergo changes during culture, es
pecially at high cell density, we have also examined the cyto
pathology of the cells assayed.

MATERIALS AND METHODS

Cell Culture and Experimental Procedures. The relationships among
the parental and hybrid nontumorigenic and tumorigenic segregant cell
lines are shown in Fig. 1. Details of hybridization procedure, selection
of hybrids, and characterization of derivative lines were described
previously(5, 6). Cultures of the cells were coded in California, sent to
Bethesda where they were cultured for at least 3 wk before analysis,
and decoded only after the study was completed.

Cells were grown in Dulbecco's modification of Eagle's medium
supplemented with 10% fetal bovine serum (Flow Laboratories, Mc
Lean, VA). No antibiotics were used during the experiments, and cells
tested negative for Mycoplasma by direct staining and indirect immu
nofluorescence (15, 16) (Flow Laboratories). Procedures for X-irradiat
ing cells grown on coverslips in Leighton tubes and for chromosome
preparations have been described (2). Leighton tube cultures were
exposed to 0, 25, 50, or 100 R, and irradiated culture medium was
replaced with fresh medium containing Colcemid within 30 mm after
irradiation. Metaphase cells were arrested with Colcemid for 1 h before
fixation. Thus, the metaphase cells examined would have been irradi
ated within 1.5h ofmitosis and be in G2phase at the time of irradiation.
Analyses were made on coded, randomized cultures, 4 cultures per
variable. With few exceptions, 100 to 200 intact metaphase cells were
examined per variable. Aberrations scored as breaks showedchromatid
discontinuity with displacement of the broken segment; aberrations
scored as gaps showedchromatid discontinuity but no displacement of
the segment distal to the lesion.

CytologicalProcedure.For cytology,cellsdispersedwith 0.1% trypsin
(3x crystalline in 1:5000versene solution) were inoculated onto cover

2C. W. Boone, K. K. Sanford, J. K. Frost, N. Mantel, G. W. Gill, and G. M.
Jones, manuscript submitted for publication.
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Table I ChromatiddamagefollowingX-irradiation during G3phase ofparental and hybrid celllinesAv.

no./l00cellsChromatid

gaps after the following Chromatid breaks after thefollowingCell

line
designation Genetic constitution Tumorigenicityno.ofR

no.ofR0

25 50 100 0 25 50100Parental

linesGM
0077 Normal human fibre- â€”0.8 2.5 2.5 8.4 1.6 0 1.71.4blastsGM

2291 Fetal lung fibroblast â€”1.4 24.6 36.4 63.6 0 14.9 19.532.2IMR-90
Fetal lung fibroblast â€”1.7 64.4 86.0 112.5 0 49.2 44.285.0D98/AH-2
HeLa variant +2.0 37.5 68.5 90.4 1.0 12.5 23.054.8Hybrid

linesESH5E
D98/AH-2 x GM 0077 â€”2.0 6.5 9.0 7.0 0.5 4.5 0.54.5ESH5E

4-4-4 Clone ofESH5E1
â€”0 12.4 11.9 11.0 1.7 8.5 6.49.721.7

8.2 6.6 5.5 0.8 3.6 5.86.4ESH5L
Tumongenicsegregant1

+1.1 100.0 101.9 87.7 2.1 49.2 86.982.82
+0.8 118.0 156.2 158.6 0.8 78.7 62.9141.43
+1.0 38.5 55.8 90.9 1.0 17.7 35.897.7ESHI23

l-l.4(TR)xGM229l1.0 5.0 4.5 7.0 0.5 2.0 1.52.5ESH39E
D98oa x IMR-90 â€”2.2 10.5 11.0 8.9 0.5 4.7 5.03.7ESH39E

Cl 13 Clone of ESH39E â€”2.5 66.7 96.3 89.2 1.2 34.0 58.343.0ESH39L
Tumorigenicsegregant +1.5 14.0 23.0 43.5 2.0 4.5 16.024.0Range

for 17additional linesof normal nonfetal skin fibroblasts(Refs.0â€”6.0 1.0â€”9.4 1.8â€”12.0 1.9â€”20.9 0â€”3.0 0â€”1.9 0â€”4.40.5â€”12.7I
and 18; Footnote 3)

CHROMOSOMAL RADIOSENSITIVITY IN CELL HYBRIDS

or in 17 additional cell lines from normal individuals ranging
in age from 3 to 96 yr (Refs. 1 and 18; Footnote 3). This
enhanced G2 chromosomal radiosensitivity seems to be a gen
eral feature ofhuman fetal cells, since we observed an equivalent
radiosensitivity in line WS-1 from fetal skin (Ref. 19; Footnote
3). The parental tumor cell line, HeLa, also showed a much
higher number ofradiation-induced chromatid breaks and gaps
than seen in normal skin fibroblasts. The G2 chromosomal
radiosensitivity of HeLa was equivalent to that reported in the
cell lines from human tumors referred to earlier (1).

Irrespective ofwhether HeLa was fused with fetal or nonfetal
cells, the derivative nontumorigenic hybrid lines (ESH5E and
ESH39E) had a much lower incidence of induced chromatid
breaks and gaps than the parental HeLa or fetal cell lines. These
incidences were similar to those in normal skin fibroblasts (see
footnote, Table 1), although slightly higher at 25 and 50 R than
in the normal parental line. In a triparental fusion between a
cell from a tumorigenic segregant ofhybrid ESH5E I1-1-4(TR)J
and a cell from the nontumorigenic fetal lung line (GM2291),
the derivative nontumongenic hybrid cells (ESH123) had again
the low incidence of chromatid breaks and gaps characteristic
of normal nonfetal cells. Thus, the enhanced G2 chromosomal
radiosensitivity of the tumor cell can be suppressed by fusion
with the normal cell.

A nontumorigenic subclone of ESH5E cloned from methyl
cellulose, ESH5E 4-4-4, maintained low G2 chromosomal ra
diosensitivity similar to that of normal cells in each of two
assays performed after different periods of culture. In contrast,
late tumorigenic segregants, ESH5L and ESH39L, had a higher
number of radiation-induced chromatid aberrations than their
nontumorigenic hybrid progenitors, ESH5E and ESH39E.
Thus, enhanced G2 chromatid radiosensitivity appeared to seg
regate with tumorigenicity.

It may be recalled that fetal cells, although nontumorigenic,
show a high incidence of chromatid damage after G2 X-irradia
tion. The nontumorigenic clonal derivative of the fusion be
tween HeLa and a fetal cell (ESH39E Cl 13) showed the high
incidence of chromatid damage characteristic of the normal

Normal akin tibroblast
GM 0077

NC-)

ESH 123
NC-)

He La
D98/AH -2

I (+)

slips (9 x 50 mm; No. 1 thickness; BelIco Glass Co., Vineland, NJ) in
Leighton tubes and incubated for 48 h before fixation in 95% ethanol.
Coverslips were stained with Gill's modification of the Papanicolaou
method (17) and mounted in Permount on glass slides. Photomicro
graphs were taken with KOdakTechnical Pan 2415.

RESULTS

X-Ray-induced Chromatid Damage in Parental and Hybrid
Cell Lines. X-irradiation of cells in G2 phase produced chro
matid-type aberrations, breaks and gaps. The incidence of these
aberrations after 0, 25, 50, or 100 R during G2 is given in Table
I. Both cell lines of fetal lung origin showed a much higher
number of radiation-induced chromatid breaks and gaps than
seen in normal skin fibroblasts from a 1-yr-old male (GM0077)

I
ESH 5E

NC-)

/@
ESH 5 4-4-4 ESH 5L 1- I -4CTR) X Fetal lung fibroblast

NC-) TC+) I I GM2291
@ N(+)

HeLa X Fetal lung fibroblast
D980R IMR-90

I NC+)

ESH 39E

/N@\
ESH 39ECl13 ESH 39L

NC+) TC+)
Fig. 1. Relationship of parental, hybrid, and derivative tumorigenic and non

tumorigenic cell lines. N, nontumorigenic, T, tumorigenic (+), enhanced G2
chromatid radiosensitivity,(â€”),G2chromatid radiosensitivitynot enhanced. 3 K. K. Sanford and R. Parshad, unpublished observations.
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Fig. 2. Proliferation rates of nontumorigenic lines ESH5E (â€”) and ESH5E

4-4-4 (â€”. â€”)and of tumorigenic line ESH5L (â€”). T-25 flasks were inoculated
with 5 x l0@'cells in 4 ml ofculture medium. After I, 3, 6, and 7 days of growth,
cells were removed with trypsin and enumerated in a hemocytometer. Each
determination is based on three cultures. Standard errors ofmean for Day 1 range
from I I to I 5% of their corresponding mean values and for Days 3, 6, and 7
from 2 to 10% of their corresponding mean values.

parental fetal line. We conclude, therefore, that both the non
tumorigenic and tumorigenic segregants of the hybrid cells
exhibit chromatid radiosensitivity similar to that oftbe parental
normal and tumor cells, respectively.

Growth Properties. Since chromosomal radiosensitivity
might be influenced by the duration of the cell cycle or mitotic
rate, growth curves of nontumorigenic hybrid cells (ESH5E
and ESH5 4-4-4) and a tumorigenic segregant (ESH5L) were
compared (Fig. 2). During the 7-day assay period, proliferation
rates were virtually identical. An earlier comparison of the
nontumorigenic hybrid line ESH39 and its tumorigenic segre
gant showed identical growth rates up to 7 days, followed by a
slightly elevated population density of the tumorigenic segre
gant at confluence (6). For the chromosomal radiosensitivity
assays, only 48-h preconfluent cultures were used. In a previous
study (1), we found that normal and tumor cells showed a
similar G2 mitotic block between I and 2 h postirradiation, and
the progression of G2 tumor and normal cells into metaphase
declined at a similar rate.

Cytopathology. Papanicolaou-stained cultures of a tumori
genic (HeLa) and normal (GM0077) parental line, four nontu
morigenic hybrid lines (ESH5E, ESH 123, ESH39E Cl I 3, and
ESH5 4-4-4), and tumorigenic (ESH5L, ESH39L) segregants
were examined for cytomorphological properties associated
with cancer (10â€”14). These included increased
nuclear:cytoplasmic ratio, irregularity in nuclear shape with

, ,. unpredicable sharply angled indentations and projections of the

â€˜@.@-! nuclear membrane, extremes in thickness and thinness of the

chromatinic rim (10, 12), altered chromatin pattern with in
creased size of the chromatin granules to massive clumps with
pointed projections, hyperchromasia and irregular dispersion,
abnormally cleared parachromatin (10), and large nucleoli vary
ing significantly in number from nucleus to nucleus and irreg
ular in shape with sharply angled projections (10). Represent
ative cells with descriptions of their properties are presented
(Fig. 3). The nontumorigenic hybrid lines had distinctly more
benign structural features than did the two tumorigenic segre
gants (ESH5L and ESH39L). The latter cells showed extensive
morphological alterations indicative of cancer.

DISCUSSION

A major finding of the present study is that the enhanced G2
chromosomal radiosensitivity of HeLa cells is suppressed in
cell hybrids formed from fusion with a normal cell of either
skin or fetal lung origin. Similarly, the hybrid lines formed
from fusion of a tumorigenic segregant with a fetal lung fibro
blast had low G2 chromosomal radiosensitivity more character
istic of normal nonfetal cells. The hybrid cells are not only
nontumorigenic in athymic nude mice but also show benign
cytological features in Papanicolaou-stained preparations. En
hanced G2 chromosomal radiosensitivity of the tumor cell thus
appears to be complemented by the normal cell genome and to
behave as a recessive trait.

The two tumorigenic segregants showed cellular morpholog
ical alterations associated with clinical cancer and had the
enhanced G2 chromosomal radiosensitivity of malignant cells
(10, 12). On the other hand, the nontumorigenic clonal segre
gants with benign cytology showed low G2 chromosomal radio
sensitivity more characteristic of the parental normal cells.
These results indicate that enhanced G2 chromosomal radiosen
sitivity has a genetic basis. Although a Mendelian analysis is
not possible with this material, the segregation of enhanced G2
chromosomal radiosensitivity with tumorigenicity or the neo
plastic phenotype suggests that the two may be genetically
linked.

It now appears that human fetal cells also exhibit enhanced
G2 chromosomal radiosensitivity not only to X-irradiation but
also to cool-white fluorescent light (20). However, the chro
mosomal radiosensitivity of fetal and tumor cells appears to
result from different molecular mechanisms, since they can be
mutually complemented in the cell hybrids. Fibroblasts from
normal human embryos have also been reported to differ in
culture from those ofadult origin in several other features (21â€”
23). Unlike adult cells, the fetal cells grow in low serum, form
colonies in agar, grow to a higher saturation density, and show
greater cloning efficiencies. In these respects, they resemble
cells from cancer-prone individuals with genetic disorders, such
as adenomatosis of the colon and rectum (21). Therefore,
human fetal cells, although nontumorigenic, cannot be consid
ered appropriate normal controls for nonfetal cells in carcino
genesis experiments.

An increased incidence of chromatid damage following G2
irradiation could result from a greater susceptibility to the
initial DNA damage or from a deficiency in DNA repair during
G2. Observations from a number of previous studies (1â€”4,24â€”
30) are consistent with these concepts. In the first case, made
quate cellular defenses against radiation-induced, clastogenic
free radicals could result in greater initial DNA damage. Our
recent study (1) tends, however, to eliminate this possibility and
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Fig. 3. Representative cells from cultures of parental lines and hybrid derivatives. A, HeLa cells (D98/AH-2) showing high nuclear:cytoplasmic ratio, retracted
scanty cytoplasm (arrows), hyperchromasia, slightly thickened chromatinic rim, irregular dispersion ofchromatin, and abnormally cleared parachromatin (arrowhead);
B, normal skin fibroblasts(GM0077) with low nuclear.cytoplasmicratio,spreadabundantcytoplasm,evenly disperseduniformly small chromatingranules,and thin
chromatinic rim; C, hybrid nontumongenic cells (ESH5E) predominantly benign fibroblast-like with low nuclear:cytoplasmic ratio, evenly dispersed fine granular
chromatin, multiple rounded nucleoli of similar number per nucleus, and relatively uniform nuclear size and shape; D, nontumorigenic clone of C (ESH 5 4-4-4)
showing benign fibroblast-like morphology similar to that of B and C, except that nucleoli are more irregular but still have rounded corners; E, tumorigenic segregant
of C (ESH5L) with neoplastic features including increased nuclear:cytoplasmic ratio, retracted cytoplasm, hyperchromasia, prominent irregular nucleoli with angular
projections or spicules (arrows), whose numbers vary markedly from nucleus to nucleus, some parachromatin clearing, and slight nonuniformity in chromatinic rim
thickness (arrowhead); F, hybrid nontumorigenic cells (ESH123) consisting of benign fibroblast-like cells resembling those of I), G, hybrid nontumorigenic cells
(ESH39E Cl 13), benign fibroblast-likecells with spread cytoplasm,and evenlydispersedchromatin granules;H, tumorigenicsegregant (ESH 39L) derived from
hybrid cell ESH39E. As compared with G, note increased nuclear hyperchromasia and parachromatin clearing, both occurring nonuniformly, retracted cytoplasm,
and nucleolar variation in numbers and in shape, from round to angulated and spiculated. Papanicolaou stain, x 650.
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to support the latter concept. In view of these fiitdings, feial
cells may show enhanced G2 chromosomal radiosensitivity be
cause they have not yet developed proficient DNA repair en
zymes to cope with this type of damage.
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