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ABSTRACT It is generally accepted that primary tumors
become heterogeneous as a consequence of tumor-cell genetic
instability. Clonal dominance has been shown to occur in some
experimental models allowing a subpopulation of cells to over-
grow the primary heterogeneous tumor and to metastasize.
Alternatively, interactions among coexisting tumor subpopula-
tions may contribute to the emergence of a malignant invasive
primary solid tumor. We asked the question whether emer-
gence of carcinoma cells producing a growth/dissociating
factor within a tumor cell population may be a determinant for
tumor progression and for clonal dominance. To mimic such a
situation, we have investigated the impact of tumor subpop-
ulation heterogeneity in an in vivo model in which mixtures of
carcinoma cells that differ in their ability to produce acidic
fibroblast growth factor are iDiected into nude mice. Our data
indicate that a growth-factor-producing cell subpopulation can
confer increased tumorigenicity to an entire cell population and
subsequently elicit a shorter delay for appearance of metasta-
sis. A community effect via cell interactions may account for a
heterogeneous tumor cell population rather than clonal dom-
inance during progression of certain tumor types.

Solid human tumors arise after malignant transformation,
giving rise to a heterogeneous and dynamic primary tumor
cell population (1, 2) that may progress toward variable
degrees of clonality from monoclonal to polyclonal pheno-
types (3). It is documented in experimental primary tumors
that clonal dominance of one tumor cell subpopulation over
others may occur and result in an autonomous overgrowth of
that subpopulation (4, 5). However, the mechanisms by
which a tumor progresses may be more subtle and can result
from cell-cell interactions between variants coexisting in the
primary tumor without complete dominance (6). Further-
more, composite tumors may result from balanced or unbal-
anced growth of several cell subpopulations (7). Interactions
between distinct cells of a tumor may take place through
mediators such as growth factors, since the role of growth
factor signaling pathways has been documented in tumori-
genesis (8). However, it has not been shown that the sus-
tained production of a growth factor is a determinant for the
maintenance of a cancer phenotype and induction of the
metastatic process. To understand the potential role of acidic
fibroblast growth factor (aFGF) in the very early event(s) of
cancer dissemination, we have set up a model system using
the rat bladder carcinoma cell line NBT-II. Upon addition of
exogeneous aFGF to sparse cultures in vitro, these epithelial
NBT-II cells, which do have high-affinity aFGF receptors,
scatter and morphologically convert to mesenchymal cells (9,
10), indicating that in this system aFGF acts as a dissociating/
scatter factor on epithelial cells. In sharp contrast, aFGF
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induces mitogenicity at high cell density (11). These cells
acquire new morphological characteristics and invasive and
metastatic potential when they are rendered autocrine for
aFGF (12, 13).
To define the potential role of a few growth-factor-

producing cells on tumor progression, we have investigated
the impact oftumor subpopulation heterogeneity in an in vivo
model. Mixtures ofcarcinoma cells differing in their ability to
produce aFGF were injected into nude mice. (i) We demon-
strate that production of aFGF confers high tumorigenic and
subsequently disseminating properties to the producer car-
cinoma cells. (ii) We found that mixtures of aFGF-producing
and nonproducing cells behave essentially as cells producing
the growth factor in nude mice. (iii) We demonstrate that
aFGF-producing cells have no selective advantage among the
nonproducers either for tumor proliferation or for metastatic
spreading, indicating that within a tumor, the cells behave as
a dynamic ecosystem with a permanent "cross-talk" be-
tween each other as a result of aFGF signaling, conferring
tumorigenic and metastatic properties to all the tumor cells
by cooperativity.

MATERIALS AND METHODS
Cells. The NBT-II cell line, originally established by

Toyoshima et al. (14) from a chemically induced rat squa-
mous bladder carcinoma, was obtained from M. Mareel
(University ofGhent, Ghent, Belgium). These epithelial cells
do not produce endogeneous aFGF but possess a high-
affi'nity aFGF receptor on their surface (10). aFGF-producing
NBT-II cells were obtained after transfection with a recom-
binant plasmid allowing expression of the human growth
factor as reported elsewhere (12). The producing clone
named NSF14 is no longer epithelial but has a fibroblastic
morphology and produces 166 ng of aFGF per 107 cells. The
growth factor is not secreted because aFGF is devoid of a
signal peptide but can be immunoreactively found associated
with the extracellular matrix in culture conditions (12).
The NBT-II epithelial cells were tagged with the 3-galac-

tosidase reporter gene by transfection with the pCH110
plasmid (Amersham) along with the pAG60 recombinant
neomycin-resistance expression vector (15), allowing dis-
crimination of this cell population in vivo among other cells.

Tumorigenicity in Nude Mice. Six-week-old female nude
mice (nu/nu Swiss strain) were subcutaneously injected in
the flank with control NBT-II cells, NSF14 aFGF-producing
cells, or mixtures of these two cell populations consisting of
NBT-II cells with decreasing amounts of NSF14 cells. In all
cases, each animal was injected with a constant total number
of 3.5 x 106 cells suspended in 0.1 ml of phosphate-buffered
saline, unless otherwise specified. Tumor volumes were
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monitored every 2 days or every week and calculated as the
volume ofa spheroid with a radius corresponding to the mean
of the two perpendicular dimensions. After euthanasia, tu-
mors were aseptically removed; animals were routinely ex-
amined for metastatic macroscopic lesions in various internal
organs.

Detection of Micrometastases. Micrometastases correspond
to rat carcinoma cells that have disseminated from the
primary tumor but that cannot yet be detected by conven-
tional anatomopathological microscopic observation. Mi-
crometastases were detected after in vitro culture of the
lymph nodes or other organs (spleen, heart, bladder, liver, or
lung). Briefly, a fragment of the organ or the axillary,
mesenteric, and inguinal lymph nodes was excised, cut into
small pieces, trypsinized, and grown in vitro in standard
culture conditions used for NBT-II and derivate cells. This
method, while not quantitative, reflects the presence of
micrometastatic foci and, further, allows the possibility of
studying the cell population that has invaded the lymph
nodes.

Processing for Microscopic Analysis. Fragments of tumors
and lymph nodes were placed directly into Tissue-Tek em-
bedding medium (O.C.T. compound; Miles), frozen in
isopentane, cryosectioned, and stored at -80°C until pro-
cessed for ,B-galactosidase-specific staining. Alternatively,
parts ofthe tumors were fixed in Bouin's solution, embedded
in paraffin, and sectioned for anatomopathological micro-
scopic analysis.

RESULTS
Tumorigenicity ofNBT-II Carcinoma Cells. We first looked

at the tumorigenicity of NBT-II cells in nude mice. It is well
known that tumor induction in nude mice depends critically
on cell number and cell type (16). NBT-II cells were tumor-
igenic when 5 x 106 cells were injected subcutaneously into
nude mice, and after a long latency period, the tumor cells
metastasized to the lymph nodes (Table 1). The same re-
sponse was obtained with 3.5 x 106 cells (Fig. 1) but inocu-
lation of2 x 106 cells was not sufficient, as tumor grafts were
unsuccessful even after 10 weeks of latency.

Production of aFGF by the NBT-II Carcinoma Cells En-
hances Their Tumorigenic and Metastatic Potentials. To de-
termine whether carcinoma cells producing a growth factor
posses a tumorigenic and/or enhanced metastatic advantage,
we tested the in vivo behavior of a series of aFGF-producing
sublines. One clone (NSF14) constitutively produces 166 ng
of aFGF per 107 cells (12). aFGF was detected by immuno-
reactivity in the extracellular matrix and was not found free
in the conditioned medium of the cells (12). In vitro prolif-
eration of both NSF14 and NBT-II cells was almost equiv-
alent in 10%to (vol/vol) fetal calf serum-containing medium
(data not shown). In vivo NSF14 cells behaved differently

Table 1. Frequency of lymph node micrometastases in nude
mice injected with 3.5 x 106 epithelial NBT-II cells or
aFGF-producing cells (NSF14 cells)

% lymph node
micrometastases

Time after injection, NBT-II NSF14
weeks cells cells

2 0 (0/8) 33 (10/30)
5 23 (3/13) -

8 22 (2/9) -

9 75 (3/4) -

12 66 (2/3) -

Number of animals bearing micrometastases/total number of
injected animals is given in parentheses.
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FiG. 1. Comparative tumor proliferation obtained with various
aFGF-producing clones. NBT-ll cells producing the human aFGF
were obtained by transfection as reported (12). Their respective in
vitro production is as follows. Curves: 1, NBT-II, no production of
endogeneous aFGF; 2, NSF13, 4.5 ng per 107 cells; 3, NSF14, 166.7
ng per 107 cells; 4, NSF32, 13.1 ng per 107 cells; 5, NSF46, 10.7 ng
per 107 cells. Each nude mouse was injected s.c. with 5 x 106 cells.
Results represent the mean tumor volume of five animals, and the
bars are the SEM.

from NBT-II cells in that 3.5 x 106 cells induced large tumors
of 2-3 cm3 within 2 weeks after injection. As mentioned for
control NBT-II cells, a threshold cell number to be injected
efficiently was observed. Again, subcutaneous inoculation of
<3.5 x 106 cells was not efficient for tumor grafting in this
system, no matter what amount of growth factor was pro-
duced, at least in the range tested. Tumor growth was not a
function ofgrowth factor production per se since NSF14 and
other aFGF-producing clones gave rise to the same prolifer-
ative tumors with identical growth rates, although their levels
ofaFGF synthesis varied from 4.5 to 166 ng per 107 cells (Fig.
1). Analysis of 14-day-old tumor sections clearly indicated
that the rapidly growing tumors obtained with the aFGF-
producing cells were very deficient in host stromal cells
compared to 9-week-old control NBT-II carcinomas (data not
shown). Micrometastases were detected in the lymph nodes
as early as 2 weeks after inoculation ofthe NSF14 cells (Table
1), and all the animals were sacrificed at 14-16 days.
aFGF-Producing Cells Confer Their Advantage to the Whole

Carcinoma. We next questioned whether NSF14 cells can
confer their advantage to a whole carcinoma. To do so, we
simulated tumor heterogeneity by mixing growth-factor-
producing cells with autocrine-negative counterparts. Tumor
formation and metastatic spread were induced in nude mice
by s.c. inoculation ofNBT-II/NSF14 mixed cell populations.
To define the cell origin within the primary tumor and the
corresponding metastases, NBT-II cells transfected with the
reporter (-galactosidase gene (3-gal-NBT-II cells) were
coinjected with NSF14 cells identifiable by the presence of
the human aFGF sequence. Swiss nude mice were coinocu-
lated with a constant number of a 3.5 x 106 cells as a cell
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mixture consisting of f-gal-NBTII cells with decreasing
amounts of NSF14 cells at ratios from 1:7 (14.3%) to 1:3500
(0.028%). Results illustrated in Fig. 2 show that latency for
tumor appearance (200 mm3) is 5 days for NSF14 cells, 35
days for NBT-II cells, and 20 days for a tumor cell mixture
containing NSF14/NBT-II cells at a 1:3500 ratio. Tumor
growth curve slopes were very similar for tumor obtained
with all the cell mixtures (Fig. 2A) and the latency period was
significantly dependent on the NSF14 cell ratio in the mixture
(Fig. 2B), suggesting that the main effect of the presence of
aFGF-producing cells is the shortening of the lag time before
tumor appearance rather than the effect on tumor growth by
itself. Within 2-3 weeks, micrometastases in the lymph nodes
were identified by growth in vitro. Micrometastases have
been detected for the different carcinoma cell mixtures when
the tumor size reached -200 mm3, in agreement with the
generally accepted notion that occurrence of metastasis
correlates with tumor size. Therefore, our data suggest that
the early appearance of micrometastases correlates with the
ratio of aFGF-producing cells in the inoculate (Fig. 2).
Are Growth-Factor-Producing Cells Dominant in Vivo for

Tumor Progression? To address the possibility of dominance
by the growth-factor-producing cells, the phenotype and
genotype of the tumor cells and of the lymph nodes obtained
after injection of the various cell mixtures were analyzed.
3-galactosidase activity was detected in all tumors obtained
after injection of mixed cells in an amount that reflected the
percentage of 3gal-NBT-II cells injected: 86-90% of the
primary-tumor-derived cells grown in culture were 3-galac-
tosidase-positive, when nude mice were injected with a
mixture containing 0.5 x 106 NSF14 cells and 3 x 106
(-gal-NBT-II control cells. Twenty-five days after inocula-

tion, the axillary lymph nodes of the mice injected with
NSF14/NBT-II cells in a 1:3500 ratio contained tumor cells
that were almost entirely positive for 3galactosidase activ-
ity. In vitro-growth explants of the tumor and of the lymph
node-invading cells gave similar results, demonstrating that
the metastases are not monoclonal in that they contain both
NBT-II and NSF14 cells. Staining for ,B-galactosidase activ-
ity in the sections of lymph nodes indicated that numerous
j-gal-NBT-II cells developed independent foci; similar re-
sults were obtained in 80% of the animals sacrificed 35 days
after inoculation of a mixture containing 103 aFGF-producing
cells, leading to the same conclusion (Fig. 3). Southern blot
analyses revealed the presence of both f3galactosidase and
aFGF sequences in the tumor and the corresponding metas-
tases (data not shown).

DISCUSSION
We have shown (12, 13) that NBT-II carcinoma cells de-
signed to produce aFGF after transfection acquired invasive
properties in in vitro experiments. We here demonstrate that
the tumorigenicity ofNBT-II carcinoma cells increases when
they produce aFGF, and we further tested the hypothesis that
even where only a minority oftumor cells become committed
to produce their own growth/dissociating factor, the tumor
will progress to acquire invasive and metastatic potential.
Furthermore, if this does occur within a carcinoma, the
questions are, do the aFGF (or another growth/dissociating
factor)-producing cells escape from the tumor mass and
become the invasive and metastatic subpopulation or do they
confer metastatic capacity on cells that do not produce the
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FIG. 2. Tumor proliferation after injection of mixed cell populations. (A) Proliferation of tumors obtained after coinjection into nude mice
of a constant number of cells (3.5 x 106 cells) consisting of a decreasing percentage of NSF14 cells relative to NBT-II cells. NBT-II cells were
injected s.c. into 6-week-old female Swiss nude mice (nu/nu). Each coordinate corresponds to the mean of the tumor volume of five mice; for
NBT-II cells alone (O%o) and NSF14 alone (100%o), the coordinate is the mean of two experiments, each with five animals. Coordinates
corresponding to 0.001% are extrapolated (extrap.). Extrapolation was obtained by taking into account the shortening of lag time for a tumor
volume of 250 mm3, 1000 mm3, and 2000 mm3 vs. the ratio of NSF14 cells in the mixture injected: 14.3%, 500,000 NSF14 cells; 2.8%, 100,000
cells; 0.28%, 10,000 cells; 0.028%, 1000 cells; extrapolation 0.001%, 35 cells. (B) Reduction in the delay of tumor appearance as a function of
proportion of aFGF-producing cells. Coordinates represent the percentage of time reduction for tumor formation deduced from A of 200mm3
(curve a), 500-mm3 (curve b), and 1000-mm3 (curve c) tumors. Extrapolation of these curves indicates a shortening of 20-26% for 0.001% of
NSF14 cells (i.e., 35 of 3.5 x 106 cells) in the mixture.
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FIG. 3. 1-Galactosidase staining of a lymph node section. Axil-
lary lymph node of a nude mouse 35 days after injection of a cell
mixture containing 0.028% of aFGF-producing cells was fixed with
paraformaldehyde/glutaraldehyde, stained for ,-galactosidase, and
counterstained with eosin. Control staining experiments with lymph
node sections of a normal nude mouse or of nude mice injected with
cells that do not express ,B-galactosidase are negative (data not
shown). (x155.)

Our data unambiguously show that various cell mixtures
mimicking heterogeneous cancer cell populations, including
potentially "committed" aFGF-producing cells, are globally
highly tumorigenic and subsequently metastatic in nude
mice. Cells producing aFGF do not have an in vivo prolifer-
ative advantage nor an enhanced metastatic behavior over

the nonproducing cells in the primary tumor, and the mixed
populations behave more like the aFGF-producing cells alone
than like the nonproducing cells. We exclude the possibility
that clonal dominance may arise later in this system as the
animals have developed large heterogeneous tumors (-2
cm3) and display lymph nodes invaded with both cell types.
These results suggest that aFGF-producing cells do not drive
tumor progression by dominance but rather confer their
potential to neighboring cells by autocrine or juxtacrine
cooperativity. In this model aFGF-producing cells appear to
have a leader effect for tumor proliferation and, conse-

quently, for metastatic behavior. The autocrine orjuxtacrine
effect ofaFGF has to be considered as acting directly through
signaling or indirectly through the induction of other factors
that remain to be identified. In any event, all tumor cells

adopt an en bloc behavior.
Extrapolation to the in vivo growth of a tumor cell popu-

lation containing as few as 0.001% of aFGF-producing cells
(Fig. 2) indicates a significant reduction of 20-26% for the
delay of appearance of a 200-, a 500-, or a 1000-mm3 tumor
(26 days vs. 35, 32 days vs. 41, or 36 days vs. 46, respec-

tively); shortening this delay is a function of the ratio of
NSF14 cells and likely of the quantity ofaFGF produced. In
vitro NSF14 cells produce a large amount ofaFGF (166 ng per
107 cells) and part of it can be sequestered in the extracellular
matrix (12). The possible mechanism of release of the growth
factor in vivo is not yet elucidated but recently several
hypotheses have been proposed, including cell leakage, cell
death, sublethal cell injury, or a still unknown secretory
pathway; it remains an open question whether FGF needs to
be released to be functional or can act intracellularly or in a

membrane-bound form (17).

Tumor-cell interactions between genetically distinct sub-
populations existing within tumors have begun to be inves-
tigated (18). It has been shown with experimental in vitro or
in vivo models that these interactions could take place
through diffusible mediators, such as growth factors (19-21)
or proteases and their inhibitors (22), or through cell-contact-
mediated mechanisms (23, 24). More, tumor-cell interactions
with the host cells are of crucial importance and stromal
influences are documented (25-28).
Another type of intimate tumor-host interaction is the

setting up of the tumor neovascularization that can be in-
duced through soluble factors (29, 30) such as aFGF and basic
FGF (30, 31). It is thus tempting to postulate that in addition
to its already mentioned activities, aFGF produced by the
NSF14 cells may account for the rapid proliferation of
carcinoma cells by facilitating the prompt neovascularization
in nude mice.
The in vivo model system described here shows that among

two cell populations of the same origin, both populations
expressing the corresponding high-affinity receptors but only
one population producing aFGF, there is no clonal domi-
nance either for tumor proliferation or for metastatic spread-
ing but rather a community effect as reported for biological
situations other than neoplasia (32) via direct or indirect
aFGF signaling.

We thank G. Heppner and M. Bissell for critical review of the
manuscript, G. C. TuckerandA. Delouvee forthe P-gal-NBT-H cells,
and D. Morineau for the photographs. This work was supported by
grants from the Centre National de la Recherche Scientifique, the
Association pour la Recherche sur le Cancer, the Groupement des
Entreprises Frangaises contre le Cancer, the Ligue Nationale
Franqaise contre le Cancer(Comite de Paris), and the National Cancer
Institute, National Institutes of Health Grant 2R01 CA49417-04.

1. Mareel, M. M., De Baetselier, P. & Van Roy, F. M. (1991)
Mechanisms of Invasion and Metastasis (CRC, Boca Raton,
FL).

2. Heppner, G. (1984) Cancer Res. 44, 2259-2266.
3. Nowell, P. C. (1976) Science 194, 23-28.
4. Kerbel, R. S. (1990) Adv. Cancer Res. 55, 87-132.
5. Theodorescu, D., Cornil, I., Sheehan, C., Man, S. & Kerbel,

R. S. (1991) Int. J. Cancer 47, 118-123.
6. Miller, B. E., Miller, F. R., Wilburn, D. & Heppner, G. H.

(1988) Cancer Res. 48, 5747-5753.
7. Leith, J. T., Michelson, S., Faulkner, L. E. & Bliven, S. F.

(1987) Cancer Res. 47, 1045-1051.
8. Aaronson, S. A. (1991) Science 254, 1146-1152.
9. Boyer, B., Tucker, G. C., Valles, A. M., Franke, W. W. &

Thiery, J. P. (1989) J. Cell Biol. 109, 1495-1509.
10. Valles, A. M., Boyer, B., Badet, J., Tucker, G. C., Barritault,

D. & Thiery, J. P. (1990) Proc. Natl. Acad. Sci. USA 87,
1124-1128.

11. Valles, A. M., Tucker, G. C., Thiery, J. P. & Boyer, B. (1990)
Cell Regul. 1, 975-988.

12. Jouanneau, J., Gavrilovic, J., Caruelle, D., Jaye, M., Moens,
G., Caruelle, J. P. & Thiery, J. P. (1991) Proc. Natl. Acad. Sci.
USA 88, 2893-2897.

13. Tucker, G. C., Delouvee, A., Jouanneau, J., Gavrilovic, J.,
Moens, G., Valles, A. M. & Thiery, J. P. (1991) Invasion
Metastasis 11, 297-309.

14. Toyoshima, K., Ito, N., Hiasa, Y., Kamamoto, Y. & Makiura,
S. (1971) J. Natl. Cancer Inst. 47, 979-985.

15. Colbere-Garapin, F., Horodniceau, F., Kourilsky, P. & Gara-
pin, A. C. (1981) J. Mol. Biol. 105, 1-14.

16. Sharkey, F. E. & Vogh, J. (1984) Cancer Metastasis Rev. 3,
341-360.

17. D'Amore, P. A. (1990) Cancer Metastasis Rev. 9, 227-238.
18. Miller, F. R. & Miller, B. E. (1992) Adv. Mol. Cell. Biol. 8, in

press.
19. Welch, D. R., Fabra, A. & Nakajima, M. (1990) Proc. Natl.

Acad. Sci. USA 87, 7678-7682.
20. Chen,S. C.,Chou,C. K., Wong, F. H.,Chang,C.&Hu,C. P.

(1991) Cancer Res. 51, 1898-1903.

Cell Biology: Jouanneau et al.



290 Cell Biology: Jouanneau et al.

21. Ohmura, E., Okada, M., Onada, N. i Kamiya, H., Tsushima, T.
& Shizume, K. (1990) Cancer Res. 50, 103-107.

22. Korczak, B., Kerbel, R. S. & Dennis, J. W. (1991) Cell Growth
DiJffer. 2, 335-341.

23. Nicolson, G. L., Dulski, K. M. & Trosko, J. E. (1988) Proc.
Natl. Acad. Sci. USA 85, 473-476.

24. Miller, F. R. & Heppner, G. H. (1990) Cancer Metastasis Rev.
9, 21-34.

25. Picard, O., Rolland, Y. & Poupon, M. F. (1986) Cancer Res.
46, 3290-3294.

26. Pritchett, T. R., Wang, J. K. M. & Jones, P. A. (1989) Cancer
Res. 49, 2750-2754.

Proc. Natl. Acad. Sci. USA 91 (1994)

27. Mukaida, H., Hirabayashi, N., Hirai, T., Iwata, T., Saeki, S.
& Toge, T. (1991) Int. J. Cancer 48, 423-427.

28. Camps, J. L., Chang, S. M., Hsu, T. C., Freeman, M. R.,
Hong, S. J., Zhau, H. E., Von Eschenbach, A. C. & Chung,
L. W. K. (1990) Proc. Natl. Acad. Sci. USA 87, 73-79.

29. Folkman, J. (1990) J. Natl. Cancer. Inst. 82, 4-6.
30. Folkman, J. & Klagsbrun, M. (1987) Science 235, 442-447.
31. Montesano, R., Vassalli, J. D., Baird, A., Guillemin, R. &

Orci, L. (1986) Proc. Natl. Acad. Sci. USA 83, 7297-7301.
32. Gurdon, J. B., Tiller, E., Roberts, J. & Kato, K. (1993) Curr.

Biol. 3, 1-11.


