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In what would now be accepted as a
farsighted hypothesis, Theodor Boveri
(1) proposed that neoplastic cells, as a
consequence of chromosomal imbal-
ance, arise from normal cells. This the-
ory has been refined to involve somatic
mutation (2) as the precipitating cause of
neoplastic transformation. The somatic
mutation theory now vies strongly with
viral (3) and epigenetic (4) theories of
cancer.

The concept that the transition of a
normal cell to a neoplastic one is not a
simple one-step mutational event but
rather a series of progressive events has
gained credence in recent years (5, 6).
Genetic analysis of these events has

Joyce E. Wilkinson

been aided by the utilization of somatic
cell hybridization techniques (7). Exami-
nation of hybrid cells resulting from the
fusion of a tumorigenic cell with a nor-
mal one should allow the determination
of whether tumorigenicity behaves as a
dominant or recessive trait. The answer
to this seemingly simple question, how-
ever, has been the subject of consider-
able controversy.

Early investigators (8) isolated hybrid
cells derived from the fusion of mouse
cells of low malignant potential with
those of high malignant potential. The
hybrids were as malignant as the highly
malignant parent, thereby leading to the
interpretation that tumorigenicity be-
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haves as a dominant trait. However,
Harris, Klein, and their colleagues on
the basis of an extensive series of experi-
ments came to the opposite conclusion
(9). Their experiments indicated that,
when highly malignant mouse cells were
fused with other mouse cells of low
malignant potential, the resulting hybrids
were transiently suppressed in their abil-
ity to form tumors. Tumorigenic segre-
gants, which had regained the malignant
potential of the highly malignant parent,
arose rapidly from these hybrids. Analy-
ses of the chromosomal complements of
the parental and hybrid cell populations
indicated that the tumorigenic segregants
had lost substantial numbers of chromo-
somes, including those originating from
the normal parent. Similar investiga-
tions, using other intraspecific rodent
hybrids, have essentially confirmed the
findings of Harris et al. (10), although
there are certainly notable exceptions to
this generalization (/). The major draw-
back in all of these studies has been the
chromosomal instability of intraspecific
rodent hybrids, where a significant pro-
portion of the total chromosomal com-
plement is rapidly lost. This rapidity of

E. J. Stanbridge is an associate professor; D. M.
Peehl and C.-J. Doersen are postdoctoral fellows; C.
J. Der, R. Y. Nishimi, and B. E. Weissman are
predoctoral students; and J. E. Wilkinson is a re-
search assistant in the Department of Microbiology,
gzollege of Medicine, University of California, Irvine

717.

SCIENCE, VOL. 215, 15 JANUARY 1982



chromosome loss, in addition to making
the initial premise of suppression of ma-
lignancy hard to evaluate, renders the
identification of the specific chromo-
some or chromosomes that possibly con-
trol the expression of the tumorigenic
phenotype an extremely arduous task.

Interspecific human-mouse hybrids
have been used in an attempt to identify
the regulatory control of the tumorigenic
phenotype. Here, the situation is at least
as controversial as with intraspecific ro-
dent cell hybrids—different investigators
working with the same cell combinations
have again reached opposite conclu-
sions, Jonasson and Harris (I12) saw
complete suppression of tumorigenic po-
tential in hybrids formed between mouse
A9 cells and human fibroblasts, whereas
Kucherlapati and Shin found no such
suppression in their A9 X human fibro-
blast hybrids (/3). It should be pointed
out that Kucherlapati and Shin had to
inject up to 1000 times more hybrid cells
to achieve the 100 percent tumor inci-
dence seen with parental A9 cells. Final-
ly, Croce and colleagues (/4) showed
that, when SV40-transformed human fi-
broblasts are fused with normal mouse
cells, the tumorigenic phenotype contin-
ues to be expressed until the integrated
SV40 genome is lost by chromosome
segregation. Once again, the general
rule, from the above studies, appears to
be that chromosomes rapidly segregate
from interspecific hybrids.

In order for meaningful progress to be
made in the somatic cell genetic analysis
of transformation and tumorigenicity, it
is necessary to develop hybrid cell sys-
tems that are chromosomally, and there-
fore phenotypically, stable. Slow, con-
trolled chromosomal segregation should
then permit identification of those chro-
mosomes associated with the expression
or suppression of tumorigenicity. Also,
hybrid cells with stable phenotype
expression will allow one to probe with
confidence into those traits expressed in
vitro which specifically correlate with
tumorigenicity. In this article we discuss
the development of an intraspecific hu-
man cell hybrid system that meets many
of these goals.

Human Cell Hybrids

Most of the studies discussed here
were undertaken with human diploid fi-
broblasts as the normal parental popula-
tion and HeLa cells as the tumorigenic
one. At first glance it may seem unusual
to use Hel.a cells as a parental popula-
tion since it has been assumed that this
cell line, and other long-term cell lines,
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are karyotypically unstable in continu-
ous culture. This is, in fact, not the case
with certain clonal derivatives of Hel a,
including the two clones, D98/AH-2 and
DI8CR (15), which we have used exten-
sively. In our experience the karyotypes
of these clonal populations have re-
mained stable over hundreds of popula-
tion doublings and remain similar to the
karyotype of the D98/AH-2 clone (/6). In
these initial studies the choice of HelLa
was dictated by the necessity of using

Hybrid Morphology and Growth

Characteristics

HeLa/fibroblast clones arising in se-
lective medium have a morphology inter-
mediate between that of the epithelial
Hela and fibroblastic normal parents
(Fig. 1). The H/F cells grow rapidly in
medium containing 5 percent calf serum
and reach high population densities, sim-
ilar to those attained by parental Hel.a
cells. In addition, the H/F hybrids grow

Summary. Intraspecific human-human cell hybrids provide a stable model system
with which to investigate the genetic control of transformed and tumorigenic pheno-
types. Using this system it has been shown that these phenotypes are under separate
genetic control. Furthermore, the tumorigenic phenotype can be complemented by
fusion of different tumorigenic cells, resulting in nontumorigenic hybrids. This system
also provides information on the control of differentiated function. Molecular cytoge-
netic techniques should reveal the nature of the chromosomal control of neoplastic

transformation.

mutant cell lines for hybrid selection in
the HAT (hypoxanthine, aminopterin,
thymidine) selective medium system
(17). We have recently developed other
mutant cell lines (described below) that
have allowed us to expand the number of
different parental tumorigenic and nor-
mal cell lines for hybridization. The
HelLa/fibroblast (H/F) hybrids discussed
below and their parent populations are
outlined in Table 1. Several different
human fibroblast cell lines were used as
the normal parent. The in vitro proper-
ties of the hybrids derived from these
different parental crosses are essentially
identical.

Table 1. Description of parental and hybrid
human cell lines. Abbreviations: HGPRT ~,
hypoxanthine guanine phosphoribosyl trans-
ferase—deficient; OUAR, ouabain-resistant.

Cell line
desig- Genetic constitution
nation
Parental lines
IMR-90 Normal human fibroblast
WI-38 Normal human fibroblast
75-18°% Normal human fibroblast
(HGPRT —, OUAR®)
GMO0077 Normal human fibroblast
(hexosaminidase A~
deficient)
D98/AH-2 HeLa variant (HGPRT™)
D9goR Hela variant (HGPRT ~,
OUAR)
Hybrid lines
ESH2 D98/AH-2 x WI-38
ESH3 D98/AH-2 x WI-38
ESHS3 D98/AH-2 x GMO0077
ESHIS D98/AH-2 x 75-18°R
(HGPRT —, OUA®)
ESH20 D98/AH-2 x 75-18°R
(HGPRT ~, OUAR)
ESH39 D98CR x IMR-90 (OUAR)

well in Eagle’s minimal essential medium
containing 0.1 percent serum, an envi-
ronment in which normal cells fail to
proliferate. These initial observations in-
dicated that the hybrid populations re-
tained in vitro properties characteristic
of their HeLa parent.

Tumorigenic Potential of
HeLa/Fibroblast Hybrids

The primary objective of our early
studies was to determine whether the
tumorigenic phenotype of the H/F hy-
brids was suppressed or continued to be
expressed. Because they are intraspecif-
ic human cell hybrids, the use of appro-
priately immunosuppressed animals was
necessary for tumorigenicity assays. Im-
munosuppressed mice were chosen and
included mice that were (i) thymecto-
mized at birth and treated with antithy-
mocyte antiserum; (i) adult mice that
were thymectomized, whole body irradi-
ated, and then reconstituted with bone
marrow (T™B* mice); and (iii) congeni-
tally athymic nude mice, which lack
functional T cells (I8). In all cases, the
same result was obtained; that is, where-
as 1 X 10° parental HeLa cells injected
subcutaneously produced progressively
growing tumors in 100 percent of the
animals, no tumors were formed when as
many as 1 x 10® H/F hybrid cells were
injected (19). However, when the nontu-
morigenic hybrids were grown in culture
for extended periods of time, tumorigen-
ic segregants appeared which were as
tumorigenic as the Hel.a parent (/9).
The appearance of these segregants oc-
curred as a rare event and was associat-
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ed with the loss of relatively few chro-
mosomes (Fig. 2).

Most of our tumorigenicity assays
were performed in nude mice. The use of
nude mice as an adequate model for
tumorigenicity testing has recently been
questioned (20). In particular, nude mice
have high levels of natural killer (NK)
cells or natural cell-mediated cytotoxic
activity. This NK activity has been
shown to inhibit the growth of certain
tumorigenic cells in nude mice (21). The
route of injection is also important; cer-
tain lymphoid cell lines form tumors
when injected intracerebrally but not
when injected subcutaneously (22). We
have examined all of these factors and
have found that none of them are respon-
sible for the lack of proliferation of the
nontumorigenic H/F hybrids (Table 2).
The lack of growth of the nontumori-
genic hybrids and the corresponding ac-
tive proliferation of the tumorigenic seg-
regants, even when injected into the
same sites in nude mice, is due to their
differential responses to a putative host-
mediated growth regulatory signal (/9).
Both cell types initially proliferate ac-
tively for a period of 3 to 4 days. Nontu-
morigenic hybrid cells then apparently
respond to host-mediated regulatory fac-
tors which rapidly inhibit mitotic activi-

. - - "‘
AT
- " ‘”

: “W Fig. 1. Morphologies

4 > " a of parental and hybrid

cells. (a) Normal hu-
man fibroblast; (b)
HeLa; (c) nontumori-
genic HeLa/fibroblast
hybrid; (d) tumorigen-
ic segregant of the hy-
brid in (c). Bar, 25
pm; Giemsa-stained.

ty. Cessation of cell division is not ac-
companied by cell death—the cells re-
main as a viable nondividing tissue in the
animal, and they can be biopsied and
reestablished in cell culture. In contrast,
the tumorigenic segregants continue to
proliferate and form progressively grow-
ing tumors.

The complete suppression of the tu-
morigenic phenotype in H/F cells (Table
2) is in clear contrast to that observed
with interspecific human-mouse hybrids
or intraspecific rodent hybrid cells. As
discussed below, this difference is proba-
bly due to the greater chromosomal sta-
bility of intraspecific human cell hybrids.

Karyotypic Analysis of H/F Hybrids

The lack of tumorigenicity in these
H/F hybrids would suggest that this
property is suppressed by the introduc-
tion of regulatory elements encoded by a
gene (Or genes) present on a Specilic
chromosome (or chromosomes) derived
from the normal parental cell. Loss of
the specific chromosome would then
lead to removal of the regulatory control
and subsequent reexpression of tumori-
genicity.

The HeLa parents used in our studies,

Table 2. Tumorigenicity of representative HeLa/fibroblast hybrids in nude mice.

Nude mice used for tumorigenicity assays
(No. of tumors/No. inoculated)

Cells Wearl
Cell inocu- nulnu X eanling
line lated New- nu/nu Subcu- Intra-  Intra- Intra- Irra-
(No.) born new- tane- : Cere- giated
mus- peri- bral*
born ous .
cular  toneal
ESHS 2 x 107 0/4 0/3 0/3 0/3 0/3 0/4 0/6
ESHSTTt 1 x 10° 33 2/2 3/3 33 3/3 22 4/4
ESH39 1 x 107 0/4 0/3 0/6 0/3 0/3 0/3 0/6
ESH39T+ 5 x 10° 2/2 2/2 3/4 2/3 4/4

*Approximately 1 x 10° cells in a volume of 0.03 ml injected.

Stanbridge and Ceredig).

+Tumorigenic segregants (adapted from

D98/AH-2 and D98CR, have a strong
modal distribution of 61 chromosomes.
Fusions between these cells and normal
diploid fibroblasts should result in hy-
brids containing a theoretical comple-
ment of 107 chromosomes, if all parental
chromosomes are retained. In fact, when
hybrid cell populations were analyzed
within a few weeks after fusion, the
chromosome complements ranged from
8 to 104 chromosomes. Individual
clones, however, had strong modal dis-
tributions. After the initial loss of chro-
mosomes soon after fusion, the chromo-
somes in the hybrid cells were stable for
many population doublings. The finding
that nontumorigenic clones of H/F hy-
brids had modal chromosome numbers
ranging from the mid-80’s to almost the
total expected chromosome complement
indicates that chromosome loss alone is
not sufficient for tumorigenic expres-
sion. The extreme chromosomal stability
of these hybrids, unlike that of interspe-

‘cific human-mouse hybrids (12, 13, 23)

and intraspecific rodent hybrids (9-11),
is the most likely explanation for the rare
appearance of tumorigenic segregants.
Whether specific chromosomal loss is
associated with the appearance of tumor-
igenic segregants is a difficult question to
answer when we are dealing with intra-
specific hybrids. Preliminary analysis of
paired nontumorigenic H/F hybrid
clones and tumorigenic segregant clones
arising from them, when chromosome
banding techniques are used, has indicat-
ed that the loss of chromosomes 11 and
14, respectively, is associated with the
reexpression of tumorigenicity (24). At
present we are unable to unequivocally
identify the parental origin of these two
chromosomes that are missing in the
tumorigenic segregants. More definitive
analyses will require the use of parental
cells with specific chromosomal translo-
cations and characteristic isoenzyme
patterns. However, if this relation be-
tween loss of multiple chromosomes and
control of expression of tumorigenicity is
confirmed in further studies it will indi-
cate a complex, genetically determined,
regulatory interaction operating in the
control of neoplastic expression. Such
multiple genetically determined control
seems feasible when considered in light
of epidemiological studies (25) and ex-
perimental transformation systems (26).

In vitro Phenotypic Characteristics
of H/F Hybrids
The suppression of tumorigenicity in

H/F hybrids and the subsequent appear-
ance of tumorigenic segregants provide a



Table 3. Summary of in vitro properties of parental and hybrid human cells.

In vitro phenotype

Parental cells

Nontumorigenic
HeLa/fibroblast

Tumorigenic
HeLa/fibroblast

HelLa Fibroblast hybrids segregants
Morphology Epithelial Fibroblastic Intermediate Epithelial
Density-dependent inhibition of growth No Yes No No
Requirement for serum growth factors Reduced High | Reduced Reduced
Lectin agglutination +4+ + R +4++
Anchorage-independent growth in soft Yes No* Yes Yes
agar and methylcellulose
Fibronectin expression None High Reduced (short Reduced (unbranched
branched filaments) stitch pattern)
Cytoskeleton
Microtubules Organized Organized Organized Organized
Microfilaments Poorly organized Organized Organized Poorly organized
Placental alkaline phosphatase High Low High High
Ganglioside analysis Simple Complex Relatively complex Relatively complex
Human chorionic gonadotrophin synthesis Present Absent Absent Present

*Under certain nutritional conditions normal fibroblasts are capable of anchorage-independent growth in methylcellulose {46).

useful system in which to evaluate the
specific association of a particular in
vitro phenotypic marker with in vivo
growth potential. A comparison of the
properties of the nontumorigenic hybrids
with their tumorigenic derivatives should
permit identification of properties that
can be correlated with tumorigenicity.
Experimentally it has been shown that
the process of neoplastic transformation
is accompanied by an array of in vitro
phenotypic changes. These changes in-
clude altered cellular morphology, loss
of density-dependent inhibition of
growth, reduced requirement for serum
growth factors, enhanced proteolytic ac-
tivity, altered metabolic rates, expres-
sion of new products and surface anti-
gens, anchorage independence, and al-
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Fig. 2. Histogram of the chromosome distri-
bution of HeLa/fibroblast hybrid ESHS. The
upper panel is the nontumorigenic parent and
the lower panel is a tumorigenic segregant
derived from it. The relatively small loss of
chromosomes in the tumorigenic segregant is
characteristic of these hybrid paired lines.

terations in cytoskeletal and membrane
architecture (26).

We have examined a number of these
factors in our hybrid system and have
found that most of them do not distin-
guish nontumorigenic hybrids from their
tumorigenic segregants (Table 3). They
include reduced requirement for serum
growth factors, decreased expression of
fibronectin, and anchorage indepen-
dence (19, 27), all of which have received
favor as specific correlates to tumorige-
nicity (28). Since the nontumorigenic hy-
brids behaved in many respects like their
tumorigenic parental Hel.a population
we were - initially only able to detect
tumorigenic segregants by repeated in-
jection of serially cultivated H/F hybrid
cell lines into nude mice and observing
for tumor formation.

Cells reconstituted in cell culture from
the rare tumors that formed showed cer-
tain differences from the mass popula-
tion, which was originally injected into
the animal. The morphology of the cells
more closely approximated that of the
Hel.a parent and grew as tightly adher-
ent islands on the plastic surface of the
culture flasks (Fig. 1). Once identified,
the tumorigenic segregants were now
recognizable as discrete clusters even
when they were present as a very minor
fraction of the mass population of nontu-
morigenic hybrid cells (27, 29). From the
time rare segregants were detected (usu-
ally at less than 0.1 percent of the total
population) several weeks of continuous
subculture were necessary before they
took over as the major population. This
takeover occurs although the tumorigen-
ic segregants exhibit no apparent growth
advantage in growth curve analyses ex-
cept for a slightly elevated population
density at confluency, which may be
related to their tighter packing in these
conditions (Fig. 3).

Another alteration that has occurred in

all of the tumorigenic segregants that have
been isolated is a distinctive pattern of
fibronectin expression on the cell surface
when visualized by immunofluorescence
(29). Fibronectin is a 240-kilodalton gly-
coprotein present in large amounts on
the surface of normal cells. The level of
expression of this extracellular matrix
protein is greatly reduced on neoplastic
transformation of normal cells (28, 30).
Both nontumorigenic hybrids and tumor-
igenic segregants express only small
amounts of fibronectin relative to the
normal fibroblast parent; the former ex-
press an incomplete branched fibrillar
network extending over the areas of cell-
cell contact, whereas the latter express a
short stitchlike pattern located exclu-
sively at cell-cell junctions (Fig. 4). An
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Fig. 3. Growth curves of the nontumorigenic
HeLa/fibroblast hybrid, ESH39, and its tu-
morigenic segregant ESH39T. Cells were
grown in Eagle’s MEM plus 5 percent calf
serum. Each point is the mean of triplicate
counts; O, ESH39; @, ESH39T. Arrow repre-
sents the level of confluency at which the cells
would normally be subcultivated.



Fig. 4. Distribution of fibronectin on the surface of HeLa/fibroblast hybrids. Fluorescence and
corresponding phase-contrast photomicrographs of (a and b) a nontumorigenic hybrid and (¢
and d) its corresponding tumorigenic segregant. Bar, 10 pm.

analysis of collagen organization on the
cell surface also revealed an identical
shift to this stitchlike fibronectin pattern
seen in tumorigenic segregants. The or-
ganization of the extracellular matrix has
been suggested (26) to play a vital role in
neoplastic growth behavior; thus the co-
ordinate alteration in two major extracel-
lular matrix components in H/F tumori-
genic segregants may well be critical to
in vivo growth potential. The changes in
cell morphology, together with the al-
tered distribution of fibronectin and col-
lagen, have been unequivocal correlates
of H/F tumorigenic segregant popula-
tions.

A final distinguishing feature of the
tumorigenic segregants is the reexpres-
sion of the alpha subunit of the growth
hormone, human chorionic gonadotropin
(a-hCG). HeLa cells ectopically synthe-
size this subunit, whereas normal fibro-
blasts do not. In all of the nontumori-

genic H/F hybrids screened for a-hCG
by radioimmunoassay the synthesis of
this hormone has been extinguished.
However, in every case analyzed, tu-
morigenic segregant clones reverted to
synthesizing this subunit in amounts ap-
proximating that of the HeLa parent
(31). Although the synthesis of this
growth hormone may play a role in the
neoplastic nature of these cells, an alter-
native assumption, and perhaps the more
likely one, is that there is a regulatory
gene controlling the expression of a-hCG
on the same fibroblast chromosome as
the regulatory gene governing the sup-
pression of the tumorigenic phenotype of
the hybrid cells. Thus, when tumorige-
nicity is suppressed, a-hCG synthesis is
extinguished; and upon loss of the rele-
vant chromosome (possibly two in the
case of an autosome) coordinate expres-
sion of tumorigenicity and a-hCG syn-
thesis occurs.

Table 4. Characteristics of SV40-transformed fibroblasts and hybrids derived from them.

Growth in selec-

Modal tive media :
Cell line chromosome - ?V;\‘O T‘:"T:.’t";
number HAT 6-Thio- g genicity
guanine
Parental
WI-18/VA-2 67 (48-83)t - + + 10/10
IMR-90 46 + - - 0/6
Hybrid
WI-18/VA-2 X IMR-90
Clone 1 93, 98 (59-104) + - + 3/8
Clone 2 102 (74-109) + - + 6/14
Clone 3 101 (83-109) + - + 4/4
Clone 4 105 (83-122) + - + 177
Clone 5 96 (66-101) + - + 0/5
*Shown as the ratio of the number of animals showing tumors to the number inoculated. +Range in
parentheses.

Generality of the Phenomenon of
Suppression of Tumeorigenicity

Our initial studies were conducted
with a single subpopulation of HeLa and
two different fibroblast parents (19). We
have now extended these studies to in-
clude several other subpopulations of
HeLa and normal fibroblast strains. In
all cases, suppression of the tumorigenic
phenotype has been observed. This re-
sult has been independently confirmed
(32, 33). Hybrids have also been generat-
ed from fusions between HeLa and hu-
man epidermal keratinocytes. These hy-
brids are again initially suppressed for
their tumorigenic phenotype, but tumori-
genic segregants appear quite rapidly.
Certain interesting features of these seg-
regants are described below.

We have also attempted to develop
hybrids between other malignant paren-
tal cells and normal fibroblasts, with the
following intriguing results. In most in-
stances, particularly when the karyotype
of the malignant parental population is
close to diploid, we have been unable to
obtain long-term hybrid cell populations
from fusions between these cells and
normal human fibroblasts. Clones do
arise in the selective medium, but appar-
ently undergo a limited number of popu-
lation doublings and then appear to enter
a senescent phase. Similar observations
have been reported (34). In one case
fusion between A549, a human lung car-
cinoma line, and normal fibroblasts has
resulted in continuously proliferating hy-
brid cells that are nontumorigenic.

We have successfully obtained hy-
brids from fusions between sarcoma cell
lines and normal fibroblasts. In these
cases, the hybrids contain at least a
tetraploid, and often a hexaploid, chro-
mosomal complement of the tumorigenic
parent. One sarcoma cell line, HT1080,
has been studied extensively. When
pseudodiploid clones of this cell line
were used for fusion with diploid fibro-
blasts, hybrid clones were rarely isolat-
ed. These clones all contained a tetra-
ploid complement of HT1080 chromo-
somes. Fusions between tetraploid
clones of HT1080 and normal fibroblasts
resulted in a much higher frequency of
hybrid populations. Again, the hybrid
clones contained a diploid set of normal
chromosomes and at least a tetraploid
set of HT1080 chromosomes. From
these preliminary data, it seems possible
that most diploid clones of HT1080 also
cannot give rise to continuously prolifer-
ating hybrids when fused with normal
fibroblasts, unless an increase in ploidy
occurs (35).

Several of the HT1080/fibroblast hy-
brid clones were tumorigenic when as-



sayed in nude mice. Croce and col-
leagues (32) also studied HT1080/fibro-
blast hybrids extensively and concluded
that tumorigenicity behaves as a domi-
nant trait in this combination of cells. An
alternative explanation, and one which
we subscribe to, is that a gene dosage
effect may be operating in this system,
similar to the ‘‘balance of chromosomes”’
theory (36). Thus, when there is a diploid
complement of both HT1080 and normal
fibroblast chromosomes, hybrid clones
are capable of only a limited proliferative
capacity, perhaps dictated by the prolif-
erative capacity of the normal parent.
However, when there is a change in the
balance of chromosomes, for example 4n
for HT1080 and 2 for normal fibroblast,
then the hybrid cell is both transformed
and tumorigenic. This possibility must
await further experimentation.

Complementation of the

Tumorigenic Phenotype

If we accept for the moment the reces-
sive nature of the tumorigenic pheno-
type, then an interesting question is
whether a single genetic locus or multi-
ple genetic loci are involved. An ap-
proach to this question is to produce
hybrids between different tumor cell
populations. If a single, common genetic
locus is responsible for the tumorigenic
phenotype of different malignant cells,
then the hybrid will be tumorigenic no
matter which combinations of cells are
used. However, if more than one genetic
locus is involved, then complementation
may occur between different malignant
cells resulting in a nontumorigenic hy-
brid. This hypothesis was tested (37)
with a number of tumorigenic mouse cell

Fig. 5. Photomicrographs of (a) HelLa and (b) HeLa/keratinocyte
tumors in nude mice. The undifferentiated nature of the HeLa tumor
with characteristic high mitotic activity is indicated by the arrows. In
contrast, the HeLa/keratinocyte tumor has the appearance of a highly
differentiated squamous cell carcinoma with extensive keratinization
and a virtual absence of mitotic activity. Photomicrograph (c) is a
higher magnification of (b) illustrating the progression from an undif-
ferentiated basal cell state to a differentiated appearance character-
ized by keratohyalin granules, nuclear disintegration, and squame
formation. Hematoxylin and eosin staining. Magnification: (a) %1000,
(b) x400, and (c) % 1600.

lines that had been shown to be sup-
pressed for their tumorigenic phenotype
when fused with normal mouse cells.
The surprising result was that, in 21 of 22
combinations of malignant X malignant
crosses, the hybrids retained their tu-
morigenic status. One explanation, on
the basis of the premise above, would be
that a single genetic locus is responsible
for the tumorigenic phenotype of mouse
cells. However, these hybrids exhibited
the same chromosomal instability seen
with intraspecific mouse hybrids of ma-
lignant and normal cells, which could
obviously influence this interpretation.
Using a similar experimental approach
as that of Harris and his colleagues (37),
we hybridized several combinations of
human malignant cell lines with the fol-
lowing results. When different carcino-
ma cell lines were fused together, the




N — s = s — s e Fig. 6. A model for
Tnt Tt the progression of the
Limited lifespan Infinite lifespan Infinite lifespan normal ?el] (N) to a
DD (Co)dominant Recessive neoplastic cell (T7) via
FN#+ (Gene dosage) (Gene dosage) a tr?rlsfs)rm.ed nontq-
AD" o DO no DD morigenic intermedi-
) ate (Tnt). Characteris-

In vivo growth control FN+ FN¥ . . .
AD- AD- tic phenotypic traits

In vivo growth control

No in vivo growth control

are illustrated below
each cell type. Abbre-

viations: DDI, density-dependent inhibition of gfowth; FN, fibronectin level; AD*, anchorage-
dependent growth; and AD™, anchorage-independent growth.

resulting hybrids were still highly tumor-
igenic. Fusions between carcinoma and
lymphoblastoid cell lines also resulted in
tumorigenic hybrids. However, in this
case the lymphoblastoid cells contained
Epstein-Barr viral genomes, which may
influence the regulatory control of the
tumorigenic phenotype (as discussed lat-
er). In contradistinction to the hybrids
described above, when carcinoma cells
were fused with sarcoma cells, the re-
sulting hybrids were nontumorigenic.
Moreover, the same was also true with
carcinoma X melanoma hybrids.

The simple interpretation of these data
is that a common genetic locus governs
the expression of tumorigenicity in carci-
noma cells; hence complementation does
not occur in hybrids derived from malig-
nant cells of the same somatic origin. In
contrast, different loci presumably gov-
ern the tumorigenic expression of sarco-
ma and melanoma cells, thereby leading
to complementation and suppression of
tumorigenicity in hybrids between these
neoplastic cells and carcinoma cells.

Thus, in human cells there appears to
be a family of genes controlling the
expression of tumorigenicity, possibly a
distinct one for each somatic cell type.
The situation is somewhat analogous to
the retroviral src and onc genes which
transform different cell types. This anal-
ogy may become even more pertinent if
the suspicion that retroviral transforming
genes are actually acquired host cellular
genes is confirmed.

Genetic Control of Tumorigenicity in

Virus-Transformed Cells

Croce et al. (14, 23, 38) have convinc-
ingly demonstrated that, when SV40-
transformed human cells are fused with
normal mouse macrophages, tumorige-
nicity is expressed as a dominant trait.
There are at least two reasons why this
result differs so dramatically from that
seen with intraspecific human cell hy-
brids. First, their studies deal with inter-
specific hybrids in which regulatory con-
trol of gene expression across species
may not occur because of a lack of
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recognition of regulatory signals. Sec-
ond, SV40 virus transforms both human
and mouse cells, and therefore its trans-
forming-gene product (or products) may
supersede the putative regulatory con-
trol exerted by products of the normal
mouse genes. Support for this latter in-
terpretation comes from the finding that
the SV40-transformed human cells used
by Croce et al. are only weakly tumori-
genic; injection of as many as 1 x 108
cells into nude mice resulted in occasion-
al small tumors that did not progress
(38). However, interspecific hybrids de-
rived from the fusion of these human
cells with mouse macrophages were
highly tumorigenic, with large progres-
sive tumors forming in 100 percent of the
animals injected with as few as 1 x 107
cells.

We have examined the influence of
chromosomally integrated SV40 ge-
nomes on the expression of tumorigenic-
ity in intraspecific human cell hybrids.
Several clones of a tumorigenic SV40-
transformed fibroblast cell line, WI-
18/VA-2, were fused with normal diploid
fibroblasts, and the hybrids were tested
for tumorigenicity in nude mice. A full
spectrum, ranging from complete sup-
pression to full expression of tumorige-
nicity, including hybrid clones that were
less tumorigenic than the parental SV40-
transformed cell line, was obtained (Ta-
ble 4). Thus, the regulatory control of
tumorigenicity in these hybrids is consid-
erably more complex than that noted in
human-mouse hybrids. Possible reasons
for the continued expression of tumori-
genicity in certain of the hybrids could
include excision and reintegration of
SV40 genomes into different chromo-
somal sites, or viral gene amplification,
including tandem duplication. Molecular
mapping techniques will be needed to
unravel the questions raised by these
results. It should be noted that the pres-
ence of SV40 viral genetic information is
not itself sufficient for tumorigenicity in
many human cell lines. In fact, most of
the SV40-transformed human fibroblasts
examined have been found not to form
tumors in immunosuppressed mice (18,
39).

HeLa X Human Keratinocyte Hybrids:

An Exercise in Differentiation

Having clearly demonstrated that the
fusion of normal fibroblasts with HeLa
leads to suppression of tumorigenicity,
we expanded these studies to include
normal epithelial cells. To accomplish
this, pure populations of human epider-
mal keratinocytes were established in
culture and then fused with HeLa cells.
Preliminary characterization of the He-
La/keratinocyte hybrids indicates that
the tumorigenic phenotype is initially
suppressed (40). Tumorigenic segregants
were isolated with greater frequency
than was noted with H/F hybrids. The
tumors that formed in nude mice were
slow growing and highly differentiated.
Whereas both HelLa and tumorigenic
H/F segregants produced anaplastic car-
cinomas with high mitotic activity, the
HeLa-keratinocyte hybrids formed high-
ly or moderately differentiated squamous
cell carcinomas (Fig. 5) with only low
mitotic activity. It is reasonable to sup-
pose that the highly differentiated state
of these tumor cells is a consequence of
developmentally programmed events or-
chestrated by normal keratinocyte genet-
ic information. Keratinocytes them-
selves terminally differentiate in culture
(41). Thus, these hybrids may be a useful
model for the study of squamous cell
carcinoma, which is very difficult to es-
tablish in culture. The system also pro-
vides the opportunity for analyzing the
interrelation of differentiation and tu-
morigenicity.

Conclusions and Future Prospects

There have been many investigations
into the genetic analysis of tumorigenici-
ty by means of somatic cell fusion tech-
niques. However, most of these studies
have been hampered by chromosomal
instability of the hybrid cells. These
studies have included primarily intraspe-
cific rodent and interspecific human-ro-
dent combinations. The intraspecific hu-
man cell hybrid system described in this
article offers distinct advantages. In par-
ticular, the chromosomal stability, and
hence the phenotypic stability, of the
hybrids permits examination of large
numbers of cultured cells that are homo-
geneous for the given trait being studied.
It has been possible to determine that in
H/F hybrids there is stable and complete
suppression of tumorigenicity, whereas
many transformed phenotypic traits con-
tinue to be expressed. The analysis of
paired nontumorigenic hybrids and their
corresponding tumorigenic segregants
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provides an excellent approach to defin-
ing those traits specifically correlated
with tumorigenicity. In particular, the
characterization of the cell surface com-
position of these genetically similar
paired hybrids may facilitate the identifi-
cation of markers of neoplasia.

One feature of these paired nontumori-
genic and tumorigenic cell lines is partic-
ularly interesting—although both popu-
lations proliferate with essentially identi-
cal growth kinetics in vitro, they differ
dramatically in their growth potential in
nude mice. This finding has led us to
consider that, although there is much
interest in growth factors that are neces-
sary for the proliferation of normal as
compared to transformed cells in vitro
(42), the crucial level of growth control,
the one that determines the neoplastic
state of a cell, occurs only in the intact
animal and is separate and distinct from
those now measured under conditions of
in vitro culture (/9).

Our analysis of paired nontumorigenic
and tumorigenic hybrids has indicated
that specific chromosome loss is associ-
ated with the reexpression of tumorige-
nicity. However, chromosomal analysis
of intraspecific hybrids is arduous and
allows only presumptive interpretations
of the link between retention or loss of
specific chromosomes and suppression
or expression of the tumorigenic pheno-
type. Further refinements will be neces-
sary, including the use of parental cell
lines containing specific chromosomal
translocations and also cell lines with
appropriate isoenzyme polymorphisms.

Our studies permit us to postulate the
following model (Fig. 6) for the progres-
sion of a normal cell to a neoplastic one.
There is at least a two-step progression,
each being under separate genetic con-
trol (19). The possibility certainly exists
that a multistep progression occurs, but
our studies have as yet not revealed
further events. In vitro phenotypic traits
such as a lack of density-dependent in-
hibition of growth, decreased fibronec-
tin expression, and anchorage-indepen-
dent growth are apparently necessary,
but not sufficient, determinants for tu-
morigenicity. The Kkey difference be-
tween the transformed nontumorigenic
cells and their tumorigenic segregants is
their response to growth regulatory sig-
nals in the intact animal (/9).

Investigations into the genetic and bio-
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chemical basis of the regulatory control
of transformation and tumorigenicity are
rapidly increasing. Relatively few scien-
tific groups using human cell experimen-
tal systems have tackled this problem.
This may, in fact, be due to a mistaken
impression that human cell systems are
difficult to work with because of the
paucity of genetic markers necessary for
genetic analysis. There are now many
gene loci which have been assigned to
specific human chromosomes (43), and
individual chromosomes can be identi-
fied by banding techniques. Mutant hu-
man cell lines are also available for hy-
brid selection. Aside from the obvious
biomedical relevance of working with
human cells, the chromosomal and phe-
notype stability of intraspecific human
cell hybrids render them an attractive
model system for the genetic analysis of
transformation and tumorigenicity. Re-
cent technological advances in gene
transfer with metaphase chromosomes
(44), microcells, and DNA (45) should
complement somatic cell hybridization
techniques and help to accelerate the
quest for the identification of the genetic
basis of human cancer in this experimen-
tal model system.
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