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ABSTRACT

We have obtained evidence for the existence of genes controlling
invasion and metastasis by somatic cell fusion studies. Noninvasive,
nonmetastatic mouse BW5147 T-lymphoma cells were fused with inva
sive human T-cells. The human cells were either activated normal pe
ripheral blood lymphocytes or leukemic T-lymphoblasts. Both fusions
resulted in highly invasive human-mouse T-cell hybrids which metasta-
sized in nude mice. Thus the genes derived from either malignant or
nonmalignant but inherently invasive cells enable the T-cell hybridomas
to metastasize. By continued in vitro selection for invasive cells employing
monolayers of rat embryo fibroblasts followed by subcloning, we were
able to isolate invasive hybrids that had lost all human chromosomes
except chromosome 7. We present evidence that one or more genes
residing on human chromosome 7 are necessary and sufficient for both
the establishment and maintenance of invasiveness and metastatic poten
tial of the interspecies T-cell hybrids.

INTRODUCTION

Malignant tumors differ from benign neoplasms in their
tendency to infÃltrate normal tissues and in their ability to
metastasize. The cellular and genetic control of these phenom
ena is still poorly understood (1). Iran steel ion studies have
shown that among the known oncogenes the activated c-Ha-ras
gene may give rise to both tumorigenicity and metastatic be
havior in normal rat embryo cells (2, 3) and in mouse NIH 3T3
cells (4-7). Furthermore, the c-Ha-ras gene is able to induce or
enhance invasive and metastatic potential in various tumor cell
lines upon transfection, including mammary carcinoma cells (8,
9) and T-lymphoma cells (10). In the latter studies metastatic
capability was assessed in immunocompetent syngeneic mice.
The c-Ha-roj gene may thus be considered the only "metasto-
gene" identified to date. Introduction of the ras gene in murine

C127 cells resulted in tumorigenic but nonmetastatic cells
suggesting that an additional gene is required for the induction
of the metastatic capability in these recipient cells (6). Bernstein
and Weinberg (11) have shown that the metastatic phenotype
can be transferred to tumorigenic but nonmetastasizing mouse
fibrosarcoma cells by transfection with human metastatic tumor
DNA. The apparently transfected metastogene has, however,
not yet been identified.

In the present investigation we have employed somatic cell
hybridizations to obtain evidence for the existence of further
invasion and metastasis inducing genes. Fusions of highly ma
lignant and metastatic cells with normal cells often generate
nontumorigenic, nonmetastatic hybrids. The malignant phe
notype, apparently suppressed by the normal genome, reappears
in such hybrids only after chromosome segregation (12-14).
Many exceptions to this rule have, however, been reported,
often concerning fusions between normal and tumorigenic
lymphoid cells (15-19). Hybrids formed in vivo or in vitro
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between closely related normal and tumorigenic lymphoid cells
resulted often in the emergence of highly metastatic tumor
variants. We have previously shown that fusion of tumorigenic
but noninvasive, nonmetastatic BW5147 mouse T-lymphoma
cells with activated invasive normal murine T-cells generates
highly invasive and metastatic mouse T-cell hybrids (18). The
hybrids lost the acquired invasive and metastatic properties
after chromosome segregation ( 19). Thus, the complementation
with the genome of a nonmalignant but inherently invasive cell
type enables the mouse T-cell hybridomas to metastasize widely
in syngeneic mice.

Based on these results we hypothesized that activated normal
human T-lymphocytes or human T-leukemia cells, or both,
might contain active genes responsible for invasiveness. To
demonstrate the existence of such a gene (or genes) and to
reveal their chromosomal localization, interspecies human-
mouse T-cell hybrids were generated by fusion of BW5147
mouse T-lymphoma cells, which lack invasive and metastatic
potential, with human T-cells. The latter were either normal
human peripheral blood lymphocytes or leukemic human I
lymphoblasts. Both fusions resulted in highly invasive and
widely metastasizing hybrids. We present evidence indicating
that one or more genes residing on human chromosome 7 are
necessary and sufficient for the establishment and maintenance
of invasiveness and of the metastatic potential of these inter
species T-cell hybrids.

MATERIALS AND METHODS
Interspecies T-Cell Hybrids. As rodent partner for fusion with the

human T-cells the hypoxanthine phosphoribosyl transferase deficient
AKR thymoma cell line BW5147 was used (20). The human cells were
either phytohemagglutinin-stimulated nonmalignant peripheral T-lym
phocytes (BWBU hybrids) or lymphoblasts from a patient with T-cell
acute lymphoblastic leukemia (BWSP hybrids). The resulting interspe
cies T-cell hybrids expressed various human T-cell associated surface
antigens (21) and thus originated from fusion with human T-cells. As
shown previously, the murine BW5147 T-lymphoma cells lack invasive
properties and are unable to produce mÃ©tastasesupon tail vein injection
in syngeneic AKR mice (10, 18, 19). The human-mouse hybrids were
generated using polyethylene glycol as fusogen (21) and cells were
grown in suspension in KI'M I 1640 culture medium supplemented with
10% fetal calf serum, glutamine, and antibiotics (19). Invasive subpop-
ulations of hybridomas were selected once every 2-4 weeks. Hybrids
were cloned by limiting dilution in flat-bottomed microtiter wells. The
degree of chromosome segregation within the hybrids was monitored
by flow cyio metry (19) using trout red blood cells as an internal DNA
standard. The same populations of cells were used for karyotyping and
for the determination of invasive and metastatic potential. Rat embryo
fibroblasts, 208F cells (22), were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% newborn calf serum.

Selection of Invasive Hybrids. The hybrids were selected for invasive
properties on monolayers of REF2 208F cells, using a modification of
previously described methods (23, 24). Cells (2 x IO6)were layered on
a confluent monolayer of REF cells in a 25-cm2 flask. After 24-h of

incubation, the noninfiltrated cells were removed by washing and me
chanical agitation. Subsequently, the REF monolayer containing the

2The abbreviations used are: REF, rat embryo fibroblasts; p21, M, 21,000

protein; EGF, epidermal growth factor, PDGF, platelet derived growth factor.
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GENETIC CONTROL OF INVASION AND METASTASIS

infiltrated cells was trypsinized and the mixed cell suspension was
seeded in a 75-cm2 flask. After approximately 2 h, when the REF cells

had attached to the bottom of the flask, the floating lymphoid cells
were isolated and transferred to a fresh 25-cm2 flask. Remaining fibro-

blasts in these cultures were again allowed to attach for another 2 h.
After that the lymphoid cells were pipeted off and the now fibroblast-
free culture was expanded for repeated selection or for analysis.

Invasion Assay. The degree of invasiveness of the hybrids was as
sessed in monolayers of REF cells seeded in 24-well microtiter plates.
For this purpose hybrids were prelabeled with [3Hjuridine (0.5 //c/ml

culture medium) for 24 h, washed three times with phosphate buffered
saline, and were cultured without radioactivity for another 24 h. Pre
labeled tumor cells (250,000 cells/well) were layered on the REF
monolayers and were incubated during 16 h at 37Â°C.Subsequently,

suspended cells and cells adhering to the monolayers were removed by
washing and mechanical agitation. The radioactivity of the infiltrating
hybrid cells retained in the monolayer was counted and expressed as a
percentage of the total radioactivity of the cells added. The percentages
thus calculated of invasive cells within a given cell population never
exceeded 50% because infiltrating cells continuously leave and reenter
the monolayer. Noninvasive cells like BW5147 cells showed back
ground values of less than 1% invasive cells.

Chromosome Analysis. For cytogenetic analysis, air-dried chromo
some spreads from the hybrids were R-banded with acridine-orange
after heat iknatural ion (21). At least 16 metaphases of each hybrid
were analyzed and individual chromosomes were scored negative when
encountered in less than three metaphases. The same populations of
cells were used for karyotyping and for the determination of invasive
and metastatic potential.

In Situ Hybridization. In situ hybridization of metaphase spreads
was carried out as described previously (25) employing mercurated
human DNA as a probe. The immunocytochemcial detection of the
hybridized mercurated human DNA was performed by subsequent
incubation with a mercury binding trinitrophenylsulfhydryl ligand
(Tnpâ€”Lysâ€”Lysâ€”NHâ€”CH2â€”CHzâ€”SH),followed by incubation with
sheep anti-TNP serum (Central Laboratory of The Netherlands Red
Cross Transfusion Service, Amsterdam, The Netherlands) and finally
by incubation with FITC-conjugated rabbit anti-sheep serum (Dako,
Denmark).

DNA Analysis. Southern blot analysis of DNA from the hybrids was
performed following standard procedures as described previously (10,
26). Genomic DNA was digested with EcoR\, electrophoresed on a
0.6% agarose gel, transferred to nitrocellulose, and hybridized to a
nick-translated "P-labeled probe. To detect the presence of human

chromosome 7, a probe specific for the met oncogene (fragment E) (27)
was used.

Tumorigenicity and Metastasis Formation. Tumorigenicity of the
hybrids was tested by s.c. injection of 1 x 10' cells in the neck region
of 6-10-week-old female AKR mice and by s.c. injection in 4-week-old
female nude mice (C3H nu/nu). Metastatic potential was assessed by
injection of 1 x IO6cells into the tail vein of these mice. Animals were

sacrificed when moribund or after 60 days and examined for the
presence of mÃ©tastasesin various organs. In addition, histolÃ³gica!
sections of various organs were microscopically examined for the pres
ence of tumor cells.

RESULTS

The isolation of invasive subpopulations of hybrid cells dur
ing chromosome segregation required the development of an
efficient selection system. A modification of earlier invasion
assays (23, 24) was used, which employs the ability of invasive
cells to infiltrate monolayers of fibroblasts in culture. In the
present study we used 208F REF which proved to be very
suitable for selection purposes. The cells infiltrating into REF
monolayers could easily be separated from floating cells and
from cells only adhering to the monolayers by washing and
mechanical agitation. This allowed the selection of invasive
subpopulations with very high efficacy. As little as 0.0002% of
invasive cells admixed to noninvasive cells could be recovered
with 95% purity by three selection cycles (Fig. 1).
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Fig. 1. Demonstration of the efficacy of the in vitro selection system for
invasive cells employing monolayers of rat embryo fibroblasts. Noninvasive
diploid (2N) BWS147 cells were mixed with a telraploid (4N) invasive hybrid cell
line in different ratios. The mixed cultures were subsequently subjected to three
cycles of selection (I-III) for invasive cells as described in "Materials and Meth
ods." The DNA histograms of the selected populations (top to bottom) show that

after three cycles only invasive tetraploid hybrid cells remain in the selected
cultures, that had originally consisted of a cell population mixed in a ratio as
high as 500,000:1. The control panel (upper right) shows the DNA histogram of
a mixture of BW/hybrid cells (1,000:1), cultured without selection over a similar
period of time. Abcissa, channel number, the relative amount of DNA; ordinate,
the relative number of cells per channel.

Fig. 2. Micrographs of monolayers of rat embryo fibroblasts incubated during
16 h with noninvasive BWS147 cells (left) and with invasive hybrid cells (right),
after removal of the noninfiltrating cells adhering to the monolayer. The infil
trated hybrid cells are clearly visible using an inverse phase contrast microscope.

Monolayers of REF cells were also employed to quantitate
the degree of invasiveness of a given cell population (Table 1).
For this purpose, the tumor cells were prelabeled with [3H]-

uridine and were layered on monolayers of REF cells for 16 h.
After removal of the nonadhering and adhering cells to the
monolayer, the radioactivity of the infiltrating hybrid cells
retained in the monolayer was used to calculate the percentage
of invasive cells. Since infiltrating cells are thought to contin
uously leave and reenter the monolayer, a calculated percentage
of maximally 50% invasive cells may very well indicate that
virtually all cells are invasive. The degree of invasive capacity
of hybrid cells could also be roughly estimated by inspection of
the REF monolayers employing an inverse phase contrast mi
croscope (Fig. 2).

Under nonselective conditions the hybrids gradually lost in
vasiveness as a result of chromosome segregation. Repeated
selections for invasive subpopulations and subcloning eventu
ally allowed the isolation of invasive hybrids that retained only
a small number of human chromosomes (Table 1). Cytogenetic
analysis of these hybrids revealed the unique requirement of
human chromosome 7 for the acquisition of invasiveness (Ta-
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Table 1 Representative examples of invasi veness and human chromosome composition of a few human-mouse T-cell hybrids and afone of the BWSP hybrids and
selected subclones

BWSP hybrids have been derived from fusions between mouse BWS147 T-lymphoma cells and human T-A11cells (SP) and BWBU hybrids from BWS147 cells
and PHA stimulated normal human T-cells (BU). Some of the hybrids were cultured for up to 6 months and invasive subpopulations were selected once in every 2-4
weeks on monolayers of REF cells. The degree of chromosome segregation was monitored by flow cytometry. When hybrids reached DNA per cell contents close to
the value of the diploid fusion partners (C.K-.BWSP 2G7), cells were subcloned and analyzed for invasive potential and karyotyped.

Code hybridsandsubclonesBW

5147BWSP-3C8

BWSP-1D4
BWBU-3E10
BWSP-2G8
BWSP 2G7
BWSP2G7-1BWSP2G7-11BWSP

2G73BWSP

2G7 33BWSP
2G7-3-8BWÂ«5P

"7H7 1 O%

Invasivecells
1 23-50

+ + +
45 + + -
45 --15

- -
50 --50

- --SII35'yeHuman

chromosomes4

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 XY;

: : ; : ; ; ; ; Ã®: Ã :̄ : + : : ; : ::---

+ --- + --------- + ---

Table 2 Relationship between the presence and absence of invasiveness and human chromosomes in 20 BWBU hybrids and 35 BWSP hybrids
Of each hybrid 16 metaphases were analyzed and individual human chromosomes were scored negative when encountered in 1 or 2 metaphases only. Note that

most noninvasive hybrids had lost virtually all human chromosomes. The hybrids were scored noninvasive when less than 1% invasive cells were present. All invasive
hybrids contained at least 25% invasive cells.

Number concordant
Hybrids
Number discordant
Hybrids
% DiscordancyChromosome/invasion
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Fig. 3. Example of in situ hybridization of metaphase chromosomes to mer
curated total human DNA as a probe (25). Left, DAPI (4,6-diamidino-2-phen-
\ lindÃ³le)staining of the metaphase preparation; right, fluorescent human chro
mosomes in the same spread after hybridization . Note that no human DNA
fragments are present in the mouse chromosomes apart from human chromo
somes 7 and 21.

bles 1 and 2). In both types of hybrids, whether generated by
fusion with normal T-lymphocytes or by fusion with leukemic
T-cells, a 100% concordance was found between invasive ca
pacity and the presence of absence of human chromosome 7.
Most of the noninvasive hybrids had lost all human chromo
somes, and chromosome 7 was not present in six noninvasive
hybrids that still contained human chromosomes (Table 2). By
continued selection and subcloning we were able to isolate
invasive hybrids that had retained only human chromosome 7
(Table 1, hybrid BWSP 2G7).

To ensure that no human chromosomal fragments had inte
grated into mouse chromosomes, metaphase spreads of the
hybrids were hybridized to a fluorescent human DNA probe
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li li i_n in in in in f^ in
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Fig. 4. Southern blot analysis of 5 ng Â£coRIdigested genomic DNA derived
from various hybrids and their subclones. To detect the presence of human
chromosome 7, a probe specific for the met oncogene (27) was used. The
hybridization signal present in normal genomic human DNA was only found in
the invasive hybrids (lunn with plus signs). Markers at left, position of the
fragments of//indlll-digested X-phage DNA.

(Fig. 3). No fluorescence other than from intact human chro
mosomes was observed. In addition, confirmation of the cyto-
genetic findings was sought by Southern blot analysis employ
ing the met oncogene (27) as a chromosome 7-specific probe
(Fig. 4). Specific hybridization signals were present in genomic
DNAs of the invasive hybrids and were absent in those of the
noninvasive subclones. These data strongly suggest that genes
on human chromosome 7 are required and apparently sufficient
for the induction and maintenance of the invasive properties of
the T-cell hybrids.

Upon s.c. injection in 4-week-old nude mice, the interspecies
human-mouse T-cell hybrids produced s.c. tumors after 4-6
weeks at the site of inoculation (Table 3). As expected, the
human-mouse T-cell hybrids which still contained human chro
mosomes were non tumorigenic in syngeneic AKR mice. To
assess whether invasiveness in vitro was associated with the
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GENETIC CONTROL OF INVASION AND METASTASIS

Table 3 Invasiveness, tumorigenicity, and metastatic potential of some of the
T-cell hybrids

Some of the hybrids were examined for invasiveness, tumorigenicity, and
metastatic potential. Invasiveness was assessed in monolayers of rat embryo
fibroblasts. Tumorigenicity was assessed by s.c. injection of I x 10' cells in the
neck region. Latency periods; 4-6 weeks. Metastatic potential was tested upon
tail vein injection of 1 x 10"'cells. Animals were sacrificed when moribund or

after 60 days and examined for the presence of mÃ©tastasesin various organs
(usually restricted to mÃ©tastasesin the retroperitoneum, in the muscles of the
hind legs, and in lymph nodes and bone marrow).

CelllineBW5147BWBU-2E2BWBU-3E10BWSP-3C8-9BWSP-2G7-3Percentage
of

invasivecells<1<1505050MiceAKRC3H/IU//IUAKRC3H/1U//WAKRC3H/IU//1HAKRC3Hnu/nuAKRC3Hnu/nÂ«Tumorigenicity'5/55/53/34/40/65/50/33/30/63/3Metastaticpotential*0/100/70/56/87/75/8

" Number of mice with metastasis/number of mice tested.
* Number of mice with tumor/number of mice tested.

capability to invade and to metastasize in vivo as shown before
with invasive mouse T-cell hybrids (18, 19) and ras-transfected
T-lymphoma cells (10), the hybrids were injected i.v. into the
tail vein of nude mice. Intravenous injection is considered the
more appropriate route of administration to assess experimen
tal mÃ©tastasesformation of lymphoid tumor cells. All of three
injected invasive T-cell hybrids retaining human chromosome
7 metastasized in 80-100% of the mice tested (Table 3). The
metastatic spread was, however, less extensive than that previ
ously found with intraspecies mouse T-cell hybrids and ras-
transfected BW5147 cells in syngeneic mice (10, 18, 19) and
was usually restricted to mÃ©tastasesin the retroperitoneum, in
the muscles of the hind legs and in lymph nodes and bone
marrow. The noninvasive human-mouse T-cell hybrid and the
parental BW5147 cells were nonmetastatic.

DISCUSSION

Activated normal T-cells show highly invasive properties in
in vitro assays (28, 29), a feature which is shared by highly
malignant lymphoma cells. In the present study we show that
fusion of such activated human T-cells or leukemic T-lympho-
blasts with tumorigenic but noninvasive, nonmetastatic
BW5147 mouse T-lymphoma cells yields highly invasive T-cell
hybrids. The invasive interspecies hybrids produce mÃ©tastases
upon tail vein injection in nude mice in contrast to the nonin
vasive hybrids or the parental BW cells, confirming previous
findings of our group with intraspecies mouse T-cell hybrids
(18, 19). These observations strongly suggest that one or more
genes responsible for the invasiveness of normal activated T-
cells are dominantly expressed in the invasive hybrids and that
this genetic unit is in fact responsible for the expression of the
metastatic phenotype. This concept is supported by observa
tions of others that somatic cell hybridization of tumor cells
with normal bone marrow-derived cells may lead to highly
metastatic tumor variants (15-17).

In order to study the gene(s) involved in the acquisition of
invasive and metastatic potential of the T-cell hybrids we have
developed a system for the selection of invasive cells. This in
vitro selection procedure employs the capacity of lymphoid cells
to infiltrate monolayers of fibroblasts and was shown to be
highly efficient. The selection of a single invasive cell out of
500,000 noninvasive cells was feasible. Using this method we
were able to select and isolate invasive hybrids which retained

only one single human chromosome, which was identified as
chromosome 7.

It is noteworthy that the present study has been performed
with two different panels of mouse-human T-cell hybrids. In
both panels, consisting of unselected hybrids and subclones
selected for invasiveness, a 100% correlation was found between
the presence of human chromosome 7 and the acquisition of
invasive potential (Tables 1 and 2). These data make it unlikely
that concomitant changes in the mouse karyotype have occurred
as a result of the selection procedure, which are responsible for
the induced invasive and metastatic potential. This, however,
does not exclude the possibility that genes on mouse chromo
somes form part of the invasive machinery in the human-mouse
T-cell hybrids. In fact our previous results with ros-transfected
BW T-lymphoma cells (10) indicate that one single gene is able
to switch on the invasive machinery in the mouse BW5147
cells.

Our findings indicate that one or more genes, located on
human chromosome 7, are important for invasiveness and for
the progression of the malignant phenotype in tumors of lymph
oid origin. The identification and characterization of the con
cerning gene(s) await further study. Potential involvement of
the (.--Hii-n/.vgene, which has been implicated in metastasis
formation (2-10), can be excluded on the basis of its assignment
to chromosome 11 (30). It might be speculated that the gene(s)
on chromosome 7 play a role in the maintenance of the activated
T-cell phenotype, which includes the capacity to invade tissues
and which is apparently also expressed in invasive malignancies
of T-cell origin. We have recently obtained evidence that inva
sion and metastasis formation by both lymphoid tumor cells
and T-cell hybrids are strongly inhibited by pertussis toxin, an
agent that irreversibly inactivates certain G-proteins (31 ). These
findings suggest that invasion and metastasis in lymphoid tu
mors is dependent on the transduction of extracellular signals
mediated by G-proteins. Further support for this concept comes
from transfection experiments in which we showed that the
activated ras oncogene is able to induce a moderate level of
invasive and metastatic potential in the BW T-lymphoma cells,
suggesting that this gene mimics to a limited extent the activi
ties of the actual gene(s) which is/are responsible for invasive-
ness (10). The ras p21 protein is likely to be a signal transducer
involved in the production of inositol-l,4,5-trisphosphate (32).
The transforming form of the protein, present in the transfec-
tants, is thought to act autonomously without the need of
extracellular ligand binding.

It is of interest that several independent studies have impli
cated sequences on chromosome 7 in invasion and metastasis
in a broader range of tumors. An increased dosage of chromo
some 7 has been detected in advanced metastatic melanomas
and has been shown to be associated with a high expression of
the EGF receptor (33), which is coded for by the c-erb B gene
on chromosome 7. Similar findings have been reported for
breast cancer (34), bladder cancer (35), and pancreatic cancer
(36). Structural or numerical alterations of chromosome 7,
often accompanied by enhanced expression of the EGF recep
tor, positively correlated with invasiveness and with the met
astatic phenotype in these tumors.

A gene of further potential interest which is located on
chromosome 7 codes for the PDGF A-chain. PDGF is known
to be a dimer of two chains, termed A chain and B chain, the
latter of which is coded for by c-sis on human chromosome 22.
PDGF may either consist of A-B heterodimers or of A-A or B-
B homodimers and exhibits a wide range of effects on several
cell types, including cell activation, proliferation, and transfor-
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mation. It also profoundly influences the synthesis and the
degradation of the connective tissue matrix, by stimulating the
formation of type V collagen or by increasing collagenase
activity (for review see Ref. 37). PDGF may thus have broad
biological effects in preparing the extracellular milieu for mi
tosis, cell migration, and invasion. Therefore it is interesting
that PDGF A-chain was found to be preferentially expressed in
mÃ©tastasesof human melanomas (38).

Whether the EGF receptor or PDGF are directly involved in
processes of invasion and metastasis remains to be investigated
for the various types of cancer including lymphoid malignan
cies.

The presented data indicate that one or more genes located
on human chromosome 7 may play a key role in T-cell inva-
siveness, in invasion and metastasis of T-cell malignancies, and
possibly of other types of human cancer. Uncontrolled expres
sion of this gene, possibly as a result of chromosomal translo
cation, of structural alteration or of duplication, could establish
or enhance the invasive capacity of tumor cells. Invasiveness,
in turn, is a major prerequisite for the formation of mÃ©tastases.
Our selection procedure is expected to contribute considerably
to the cloning and characterization of the chromosome 7-
derived gene(s), when DNA or chromosome-mediated gene
transfer methods are employed as a strategy.
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