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ABSTRACT

Several observations correlate increased expression of transforming
growth factor (TGF) /!! with tumorigenesis, suggesting that expression of
this multifunctional growth factor may provide an advantage in tumor
formation. However, many tumor cells are inhibited in their proliferation
by TGF-ÃŸin vitro, thus suggesting that TGF-ÃŸsynthesis could exert an

antiproliferative effect on tumor formation. To evaluate the physiological
relevance of increased TGF-ÃŸl synthesis in such tumor cells which are
strongly inhibited in their proliferation by TGF-ÃŸ, we chose Meth A

sarcoma cells as a model system. We established cell clones overexpressing
TGF-ÃŸl and determined its effect on tumor formation in mice that are not

immunocompromised.
Increased expression of biologically active TGF-ÃŸl resulted in a pro

found growth inhibition in the transfected clones and increased adhesive
ness in vitro. However, these cells were much more tumorigenic than Meth
A cells that did not overexpress TGF-ÃŸl, as assessed by both tumor

incidence and tumor growth. In addition, parental Meth A cells were
inhibited in their tumor formation by neutralizing TGF-ÃŸantibodies and
stimulated by exogenous TGF-ÃŸ. Our results thus provide evidence that
increased TGF-ÃŸsynthesis provides a major advantage for tumorigenesis,
even if the cells are growth inhibited by their endogenous TGF-ÃŸsynthesis
in culture. These results suggest that, in vivo, direct effects of TGF-ÃŸon

the tumor environment, such as increased extracellular matrix formation
and cell-matrix interactions, and local suppression of the immune surveil

lance may provide a growth advantage which overrules any direct anti
proliferative effects of TGF-ÃŸ,as suggested by the effects in culture.

INTRODUCTION

A variety of growth factors have been proposed to he involved in
tumor development and in the increased proliferation of tumor cells in
vivo. Increased synthesis of specific growth factors and the resulting
autocrine stimulation has been shown to provide a growth advantage
to tumor cells and to convert untransformed and nontumorigenic cells
into malignant and tumorigenic cells (1-3). Accordingly, it is not

surprising that many tumors naturally display an enhanced synthesis
of mitogenic polypeptide factors and/or their receptors (3).

One of the growth factors which seems to be frequently expressed
in tumors at a higher level than in normal cells is transforming growth
factor ÃŸ.Among the three known isoforms of TGF-ÃŸ,1TGF-ÃŸl spe

cifically displays an increased expression in many tumor cells in vivo
(4â€”8).TGF-ÃŸl expression is also frequently up-regulated following

injury and during wound repair (9, 31). suggesting that it may play a
role in proliferation in vivo. Whereas the normal interaction of the cell
with the extracellular matrix or the basement membrane keeps the
TGF-ÃŸl gene in a repressed state, local disruption of these cellular
interactions with the extracellular matrix induces TGF-ÃŸlexpression
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(10). The up-regulation of TGF-ÃŸl expression which is frequently

observed in tumor cells in vivo may be mechanistically related to the
increased TGF-ÃŸl expression following injury, since the "uncon
trolled" growth during tumor formation is to some extent related to the

repair process gone awry.
An up-regulated expression of some growth factors by tumor cells

can be easily conceptualized as providing a growth advantage during
tumor development, since the autocrine and paracrine stimulation by
mitogenic factors is expected to result in increased cell proliferation.
This concept is much harder to justify in the case of TGF-ÃŸ,due to its

multiplicity of biological effects and especially its well documented
antiproliferative effect (11). Whereas TGF-ÃŸstimulates proliferation

of select mesenchymal cell types in vitro, it exerts potent antiprolif
erative effects on many other cell types, such as epithelial and endo-

theliul cells and various cell types of hcmatopoietic origin (11, 12).
Thus, an antiproliferative effect of TGF-ÃŸon tumor cells and an
increased endogenous TGF-ÃŸsynthesis would be predicted to result in
decreased tumor growth. In addition, TGF-ÃŸexerts several immuno-
suppressive effects (13-15) and increased TGF-ÃŸcould result in lo

calized immunosuppression and thus could provide an advantage (16).
Finally, TGF-ÃŸstimulates the synthesis and deposition of several

extracellular matrix proteins and increases their adhesiveness to the
substrate, presumably in part due to enhanced integrin synthesis (II).
Thus, the complexity of biological effects of TGF-ÃŸmakes a predic
tion of the i/i vivo effects of increased autocrine TGF-ÃŸeffects on

tumorigenicity and tumor growth difficult.
This complexity is further enhanced by the fact that TGF-ÃŸis

normally made in a latent, biologically inactive form. This latency is
a result of a complex formation between the mature, active TGF-ÃŸ
dimer and two identical TGF-ÃŸprecursor segments (17, 18). A spe
cific proteolytic activation is required to release TGF-ÃŸfrom this

complex in an active form (19). Whereas tumor cells in vitro usually
secrete latent TGF-ÃŸ,several tumor cell lines and cell types are known
to secrete active TGF-ÃŸ(20-22). A final aspect of the complexity

arises from the observation that many tumor cells have lost their
responsiveness to TGF-ÃŸ,and it has been proposed that a loss of the
autocrine antiproliferative effects of TGF-ÃŸmay be a necessary step

for progression to malignancy (23). However, it should be stressed
that this lack of responsiveness is usually evaluated only in cell
proliferation assays and, thus, at least in principle, these cells still
could undergo several other TGF-ÃŸinduced effects, such as enhanced

cell matrix interactions (24, 25).
To delineate the role of TGF-ÃŸin tumor formation, we and others

have either overexpressed TGF-ÃŸlor inhibited TGF-ÃŸlexpression by

antisense RNA expression in tumor cells and evaluated the conse
quences for tumor cell growth in vitro and tumor formation in vivo
(25-27). Consequent alterations in tumor growth suggested that
TGF-ÃŸcould function as a growth regulator either in a positive or

negative way, depending on the study and model system used. Be
cause many tumor cell lines are affected in their proliferation by
TGF-ÃŸ,we previously evaluated the effects of overexpression of
latent or active TGF-ÃŸl in tumor cells that are not responsive to the
proliferation modulatory effects of TGF-ÃŸ(25). Our findings led to
several conclusions. First, overexpression of latent or active TGF-ÃŸ
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resulted in similar biological changes in cell culture, suggesting that
tumor cells expressing latent TGF-ÃŸhave a sufficient capability to
activate their latent TGF-ÃŸ,presumably in a cell-associated way.
Second, whereas the proliferation rate of active or latent TGF-ÃŸ

overexpressing cells was not affected, the transfected cells displayed
increased fibronectin and integrin synthesis, indicating that they do
exhibit a responsiveness to TGF-ÃŸinduced increase in cell-matrix

interaction. These changes resulted in increased adhesiveness and
allowed the cells to proliferate in culture under conditions which
normally do not allow substrate adhesion of the parent cells and lead
to cell death. Finally, even though there was no effect on cell prolif
eration in culture, increased expression of active TGF-ÃŸresulted in

enhanced tumor incidence and tumor growth. Thus, overexpression of
TGF-ÃŸin these cells conveyed an advantage presumably related to
increased cell-matrix interactions and adhesiveness and to a paracrine
effect of TGF-ÃŸon the surrounding tissues leading to a more hospi

table environment.
In the current study we carried this work one step further. Since

many tumor cells are strongly inhibited in their proliferation by
TGF-ÃŸ,we wondered what effect overexpression of active TGF-ÃŸ
would have on the tumorigenicity of such cells. Based on the anti-
proliferative effect of TGF-ÃŸon these cells, one would expect a strong

inhibition of tumor growth in vivo. On the other hand, the beneficial
effect of increased expression of active TGF-ÃŸon the environment of

the tumor (25) and its possible effect on localized immunosuppression
(16) could counteract the antiproliferative effect. Thus, to evaluate
which effect of TGF-ÃŸoverexpression is most dominant in the context

of tumor growth, we transfected an expression vector for active
TGF-ÃŸ1 into Meth A sarcoma cells. These cells were potently inhib
ited in their proliferation by TGF-ÃŸand allowed us to evaluate their

tumorigenicity in normal syngeneic mice. Our results illustrate that
tumor cells that are strongly growth inhibited by autocrine TGF-ÃŸ,
still have a distinct advantage from their increased TGF-ÃŸlexpression

in vivo, and display a strongly increased tumor formation in compari
son with the parent cells.

MATERIALS AND METHODS

Cell Culture. Meth A sarcoma cells, u methylcholantrcne-induced fibro

sarcoma originally derived from a BALB/c mouse, were obtained from Dr. L.
Old (Memorial Sloan Kettering Institute, New York, NY). The cells were
grown in MEM containing 10% heat-inactivated fetal calf serum (Hyclone
Laboratories, Logan, UT), 2 mvi i-glutaminc, 1 HIMsodium pyruvate. 0.1 HIM
MEM nonessential amino acids, and 100 units penicillin/steplomycin (GIBCO-
BRL) (C'MEM). To measure TGF-ÃŸsecretion. Meth A cell clones were washed

twice with phosphate-buffered saline and replated in 24-well plates (1 X IO6
cells/ml) in PHFM-I1 protein-free medium (GIBC'O). Twenty-four h later, the

conditioned media were collected.
Reagents. Rccomhinant human TGF-ÃŸl was purified from transfected Chi

nese hamster ovary cell lines. The pure TGF-ÃŸl contained only 1 pg

endotoxin/mg protein. The monoclonal antibody 2G7 was obtained and puri
fied as described (28). This IgG, class antibody neutralixes TGF-ÃŸl. -ÃŸ2,and

-ÃŸ.3.
Transfections of Meth A Sarcoma Cells with the TGF-ÃŸl Expression

Plasmid. The TGF-ÃŸl expression plasmid pRK5-ÃŸlEC2S2 has previously
been described (25). It contains the human TGF-ÃŸl cDNA, which is tran

scribed from a cytomegalovirus promoter. The two cysteine residues at posi
tions 223 and 225 in the precursor segment have been mutated into serines,
resulting in the synthesis of TGF-ÃŸthat is largely activated instead of latent
TGF-ÃŸ.Exponentially growing Meth A cells were transfected with the Cell-

Porator Electroporation System I (BRL, Life Technologies Inc., Gaithersburg,
MD). Brietly. 1 ml of serum-free MEM containing 2X10" cells and 20 fig

pRK5-ÃŸlC2S2 DNA and I jug pRK5-Nco DNA were transferred into the

electroporation chamber, and the electroporation was conducted at 250 V. After
transfection. the cells were left at room temperature for 15 min before transfer

into 15 ml CMEM at 37Â°C.Twenty-four h later, the cells were pelleted,

resuspended into selective medium containing 400 ng/ml Geneticin (GIBCO
BRL), and aliquoted into four 48-well plates. After 2-3 weeks, the antibiotic-

resistant colonies became visible and were picked directly with a pipe! tip.
After expansion, the colonies were screened for TGF-ÃŸproduction by ELISA

and bioassay.
TGF-ÃŸ Bioassay. The concentration of secreted TGF-ÃŸ in conditioned

medium was quantitated by TGF-ÃŸbioassay (29) or by ELISA (2S). Before

bioassay, the samples were either left untreated to measure only the active
TGF-ÃŸor were acid treated with 0.12 N HC1 for 20 min at room temperature
followed by neutralization with 0.1 M4-(2-hydroxyethyl)-l-piperazincethane-

sulfonic acid, 0.144 M NaOH. The range of sensitivity for the bioassay was
between 0.04 and 0.4 ng/ml, whereas the ELISA had a detection range between
1 and 30 ng/ml.

DNA Synthesis Assay. Meth A cells were collected, resuspended at 5 X IO4

cells/ml in CMEM, and aliquoted into %-well plates. The cells were then
labeled with 1 nCi/well |'H]thymidine (6.7 Ci/mmol; Amcrsham Corp., Ar

lington Heights. IL) for 4 h. The cell samples were then harvested at 24,48, and
72 h using a PHD Cell Harvester (Cambridge Technology, Inc., Waterlown,
MA) and |'H]thymidine incorporation was measured with a Beckman liquid

scintillation counter (Beckman Instruments. Inc., Palo Alto, CA).
In Vivo "Himor Formation Studies. CB6F1 (BALB/c X C57BL/n) female

mice (Charles River Laboratories. Wilmington. MD) were used at 8 to 12
weeks of age for all tumor formation assays. Mice were given s.c. injections on
day zero. Every 3 or 4 days until days 21 or 28. the width and length of each
tumor was measured in millimeters. To evaluate the effect of the neutralizing
TGF-ÃŸantibody on tumor growth, mice inoculated with the untransfected

Meth A cells received by Â¡.p.injection 200 fig of the antibody 2G7 on days 0,
3. 7, 10, 12. and 15, while the control mice received phosphate-buffered saline.

The effect of exogenous TGF-ÃŸl on tumor growth was assayed by i.p. injection
of l ftg TGF-ÃŸI on day zero. The spleens were removed following termination

of the animals on day 28.
In some experiments, part of the tumors were minced into single cell

suspensions and were cultured in G4l8-containg selective medium to kill the
G418-sensitive host cells. However, the untransfected Meth A tumor cells were

cultured in regular CMEM, since they were not resistant to G418. After 10
days, the live cells wore separated from the dead ones by centrifugation
through fetal bovine serum gradients at 50 g for 5 min. The harvested cells
were then resuspended in PHFM-II protein-free medium and prepared for
TGF-ÃŸassay.

Histology. Representative sections from large tumors obtained after inocu
lation with 5 X 10s cells and from spleens of tumor-bearing animals were fixed

in 10% neutral buffer formalin. Histological sections were embedded in par
affin, processed and stained with hematoxylin and eosin according to standard
procedures, and evaluated by light microscopy.

In Situ Hybridization. Tumors from mice inoculated with 5 X \(f cells

were divided into two parts. One part was frozen for RNA extraction and
subsequent Northern hybridization, whereas the other portion was fixed in 4%
paraformaldehyde at 4Â°Cfor 1 h. followed by immersion in 15% sterile sucrose
for 1 h at 4Â°Cand then embedded in optimal cutting temperature compound
(OCT; Miles Scientific) frozen in 2-methyl butane, and stored at -7(>Â°C.

Tissues were sectioned at 10 /urn using a cryostat and the sections were
mounted on Vectabond coated slides (Vector Laboratories. Burlingame CA)
and stored at -70Â°C until use. Hybridizations were performed using an [Â«-

"P]UTP-labeled numan TGF-ÃŸl cDNA probe. Sections were treated sequen

tially with 4% paraformaldehyde and proteinase K (l fig/ml), followed by
prehybridization with 50 /xl hybridization buffer (50% formamide, 0.03 M
NaCl, 20 imi Tris-HCI, 5 mw EDTA. 1 x Denhardt solution, 5% dextran
sulfate. 10 imi dilhiothreitol) for 2 h at 42Â°C.Hybridization probes were then

added at a final concentration of 8 X IO6 cpm/ml and hybridization proceded
for 12 h at 55Â°C.Posthyhridization washes were at 37Â°Cin 2 X SSC-IO mM

ÃŸmcrcaptoethanol-1 ITIMEDTA, before and after a ribonuclease A (20 fig/ml)

treatment. Finally, a high stringency wash was carried out in a large volume of
0.1 x SSC-10 imi ÃŸmcrcaptoethanol-1 mm EDTA at 55Â°Cfor 2 h. Slides were

then washed in 0.5 x SSC, dehydrated in increasing concentrations of ethanol.
desiccated under reduced pressure, dipped in NTB2 nuclear emulsion (Kodak),

and exposed for up to 4 weeks. Slides were developed, counlerstained with
hematoxylin-eosin, and evaluated with epiluminescence microscopy.
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RESULTS

1\imor Growth of Meth A Cells Is Inhibited by TGF-ÃŸNeu

tralizing Antibodies. To verify the tumorigenicity of Meth A sar
coma cells in CB6F1 (BALB/c X C57BL/6) mice, different doses of
cells were injected s.c. into mice of this strain. Consistent tumor
formation was seen using an inoculum of 5 X IO5 cells/injection.

These tumors were visible starting at days 7 to 10 and could easily be
measured because of their compact nature. The tumor formation ex
periments were routinely terminated at day 21 or 28. To evaluate
whether TGF-ÃŸproduction either by the tumor cells themselves or in

the tissue surrounding the tumor could play a role in tumor formation,
we administered i.p. injections of a neutralizing TGF-ÃŸantibody into

the mice inoculated with the Meth A tumor cells at regular intervals
(days 0, 3, 7, 10, 12, 15). As can be seen in Fig. 1, the TGF-ÃŸl

neutralizing antibody inhibited the growth of the Meth A tumors when
compared with the control animals, suggesting that TGF-ÃŸplays a role

in tumor formation.
Exogenous TGF-ÃŸl Stimulated Meth A Tumor Development in

Vivo. Because of the inhibitory effect of TGF-ÃŸantibodies on Meth

A tumor growth, we performed a complementary experiment and
examined the effects of exogenously administered TGF-ÃŸl on tumor
development. Mice were given s.c. injections of 5 X IO5 Meth A cells

at 1 side, whereas a single dose of 1 fig of TGF-ÃŸlwas at the same

time also s.c. injected at the opposite side. Control mice did not
receive TGF-ÃŸl. Tumor incidence and size was recorded at regular
intervals (Fig. 2). The mice receiving TGF-ÃŸl showed detectable
tumor formation at an earlier stage than in the absence of TGF-ÃŸl.

Also, there was an increase of tumor incidence compared to the
control group. However, there was no difference in the final tumor
sizes between the TGF-ÃŸl treated group and the control mice. These

data thus confirm the conclusions from the antibody experiments
suggesting that TGF-ÃŸl may play a positive role in tumor develop
ment. Moreover, the ability of a single TGF-ÃŸl administration to
enhance tumorigenesis suggests that the involvement of TGF-ÃŸlmay

be important in the very early stage of tumor development and may
provide an advantage to the tumor cells in their survival and incor
poration at the site of injection.

Generation of Meth A Cells Overexpressing Active TGF-ÃŸl.
Since many tumor cells show increased TGF-ÃŸl expression, we de
cided to further explore the role of endogenous TGF-ÃŸl synthesis
using Meth A cells that overexpress biologically active TGF-ÃŸl. It has
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Fig. 1. Effect of TGF-ÃŸneutralizing monoclonal antibodies on tumor growth of Meth
A sarcoma cells. Mice in both control (â€¢)and test (D) were s.c. inoculated with 5 X IO5

Meth A cells/mouse. On days 0. 3. 7, It), 12, and 15, the test group received an i.p.
injection with 200 mg of the purified monoclonal antibody 2G7. The size of the tumor is
shown as the average product of width and length. Bars, SD.
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Fig. 2. Effect of exogenous TGF-ÃŸl on Meth A sarcoma tumor growth. On day O, I2
mice were s.c. inoculated with 5 X 10s Meth A cells/mouse. On the same day h mice

received l (ig TGF-ÃŸl (â€¢),whereas the other six mice received phosphate-buffered saline

(O). The tumors incidences were recorded every 3 or 4 days as shown.

Table l TGF-ÃŸproduction by Mi'lh A clones"

ClonesMeth

AMeth
AneoCMV-10CMV-18CMV-24Active

form(ng/ml)<1<110811Active
andlatent

forms(ng/ml)<1"<\c242130

" Meth A clones were harvested, washed 3 times with I X phosphate-buffered saline,
and resuspended (1 X 106/ml) in PHFM-II protein-free medium (GIBCO). Twenty-four h

later, the culture supernatants were collected. For the assay for active TGF-ÃŸ.supernatants
were assayed by enzyme-linked immunosorbent assay with no further treatment. For
active and latent forms, supernatants were acidified for 21) min with 0.12 N HC1 and
neutralized with 0.144 NNaOH plus 0.1 M4-(2-hydroxyethyl)-1 -piperÃ /ineethancsulfonie
acid before assay.

'' About 400 pg/ml based on TGF-ÃŸbioassay.
<'About 450 pg/ml based on TGF-ÃŸbioassay.

previously been shown that recombinant expression in mammalian
cells of a TGF-ÃŸlprecursor that has the two cysteines at positions 223

and 225 in the precursor segment replaced by serines results in the
generation of TGF-ÃŸl that is 40-70% activated instead of the nor
mally latent TGF-ÃŸl (25, 30). Plasmid pRK5-ÃŸlEC2S2 which con
tains such modified TGF-ÃŸlprecursor cDNA and has been shown to
direct the synthesis of active TGF-ÃŸl (25) was transfected together
with a neomycin-resistance plasmid into Meth A sarcoma cells and
stably transfected neomycin-resistant clones, overexpressingTGF-ÃŸl,
were established. In addition, neomycin-resistant clones were estab
lished that were not transfected with the TGF-ÃŸlexpression plasmid.
Three TGF-ÃŸl high producer clones, CMV-10, -18 and -24, were

chosen for subsequent studies. As shown in Table 1, these clones
secreted between 21 and 30 ng/ml/24 h/10" cells and about 40% of the

secreted TGF-ÃŸlis biologically active without any treatment. In con

trast, the parental untransfected cells (Meth A par) and the cells
transfected with the neomycin-resistance plasmid alone (Meth A neo)
did not secrete any detectable TGF-ÃŸunder these conditions.

Altered Proliferation Rate and Characteristics of TGF-ÃŸl-over
producing Cells. The Meth A sarcoma cells are normally nonadher-

ent cells in cell culture and grow in suspension. The Meth A neo cells
behaved similarly to the Meth A par cells in this respect. In contrast,
the TGF-ÃŸloverexpressing cells were largely adhesive to the plastic-

surface. Their morphology was very distinct from the control cells and
they exhibited dendritic processes (Fig. 3).

Because exogenous TGF-ÃŸl inhibits the proliferation of Meth A

sarcoma cells (data not shown), we evaluated the growth rate of the
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Fig. 3. Morphological differences between
TGF-ÃŸl-overproducing and control Meth A cells.
Phase contrast photomicrograph (x 860) of the
parental Meth A cells (a) and the TGF-ÃŸl-overpro
ducing CMV-10 cells (b). Note the protruding pro

cesses in the latter cells.
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Fig. 4. In vitro DNA synthesis rates of parental, control transfected, and TGF-ÃŸl-
ovcrproducing Meth A sarcoma cells in culture. Meth A cells were harvested and resus-
pended in growth medium at 5 X IO4 cells/ml. The suspension was then aliquoted into
%-well plates (100 /il/well) and the growth rates were measured at 24. 48, and 72 h by
[3H]thymidine incorporation assay. TGF-ÃŸl-overproducing cells grew slower than the

parent or mock transfected Meth A cells. â€¢¿�parental Meth A cells; D, Meth A neo control
transfected cells; â€¢¿�.TGF-ÃŸl-overproducing cells CMV-10; O. CMV-18; A. CMV-24. SD

(bars) were very small and are therefore visible for only some of the values.

TGF-ÃŸl-overproducing and the control Meth A sarcoma cells by
measuring [3H]thymidine incorporation. The control Meth A par and

Meth A neo cells had a very similar level of DNA synthesis. In
contrast, the TGF-ÃŸl overproducers had a 3-5-fold lower growth
rate (Fig. 4). Thus, overexpression of TGF-ÃŸl strongly inhibits cell

proliferation, providing them with a distinct disadvantage in this
assay.

Endogenous TGF-ÃŸl Overexpression Stimulates Tumorigenesis

and Tumor Growth. To evaluate the consequences of increased en
dogenous TGF-ÃŸl in tumor formation, we inoculated CB6F1 mice

with three different doses of the different Meth A cell lines. The
parental Meth A cells caused about a 50% tumor incidence when
inoculated at 5 X 10s cells/mouse, whereas an inoculum of only 1 X
10s cells resulted in only a marginal tumor incidence of no or 1 tumor

per group of 5 mice. The tumor incidence pattern of Meth A neo cells
was similar to Meth A par cells (Table 2). The sizes of the tumors were
also very similar for the Meth A par and Meth A neo cells (Fig. 5). In
contrast, the tumor incidence and tumor sizes were considerably dif
ferent for all three TGF-ÃŸl-overproducing Meth Aciones. Whereas all

three clones behaved very similarly, their tumorigenesis was drasti
cally increased compared to the control cells. As seen in Table 2, all
animals in all groups with the different inocula had already detectable
tumors at day 7. Thus, the tumor incidence was dramatically increased

and TGF-ÃŸl overexpression resulted in accelerated and increased

tumor formation using inocula that did not result in significant tumor
formation of the control cells. Besides this dramatic difference in
tumor incidence, the sizes of the tumors derived from TGF-ÃŸl-over

producing cells were considerably greater than the tumors derived
from the parental or control Meth A cells (Fig. 5). As an average, the
sizes expressed as the product of length and width were at least
three-fold larger in the TGF-ÃŸl-overproducing cell tumors than in the

control tumors. Thus the differences in the actual volumes of these
tumors is presumably even much greater.

Increased TGF-ÃŸl Expression in the Transfected Cells Is Main
tained i/i Vivo. To furtherverify that TGF-ÃŸloverexpression resulted
in increased tumor formation, we evaluated whether increased
TGF-ÃŸl was maintained in vivo, i.e., in the tumor itself. Increased
TGF-ÃŸlexpression was evaluated using in situ hybridization using a
human TGF-ÃŸlcDNA fragment as probe. As shown in Fig. 6, human
TGF-ÃŸlmRNAwas not detectable in tumors derived from Meth Apar
or Meth A neo cells. In contrast, all tumors derived from TGF-ÃŸl-

overproducing Meth A cells displayed a high level of specific cell
labeling. The intensity of hybridization was very heterogeneous
throughout the tumor tissue. This may be explained at least in part by
the expected presence of host cells in the tumor tissue.

We also evaluated the expression of TGF-ÃŸl in cells derived from

the tumors. Tumor tissue was retrieved from the animals and was
processed into single cell suspensions. These cells were then cultured

co

o

10 20

Day After Tumor Inoculation

30

Fig. 5. Differences in tumor growth and tumor sizes between tumors derived from
TGF-ÃŸl-overexpressing and control Meth A sarcoma cells. The tumors were formed by
inoculating the mice with 5 X 10s cells/mouse. The size of the tumor is shown as the

average product of width and length. D, parental Meth A cells; â€¢¿�Meth A neo control
transfected cells; â€¢¿�,TGF-ÃŸl-overproducing cells CMV-10; O. CMV-18; A, CMV-24.
Bars, SD.
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Table 2 Tumor incidence in euch group of mice inoculated with Mclli A Honor cells

Group "

No.123456789ID1112131415Days

after tumorinoculationClonesMethA

parMethA
parMcthA
parMethA

neoMethA
neoMethA
neoCMV-10CMV-10CMV-10CMV-18CMV-IKCMV-18CMV-24CMV-24CMV-24Doses5.02.51.05.02.51.05.02.51.05.02.51.05.02.5L.OXXXXXXXXXXXXXXXIO5IO5IO510sIO510s10s10s10sIO510sIO5IO510sLflS7200200555555555930031055555355513310210555554555163112205555545552033142(I5555545552323142155555455528231520555554555

" CB6F1 mice were inoculated on day 0 with Meth A clones al the doses as specified and the number of mice bearing tumors in each group (5 mice) was recorded at times indicated.

Table 3 TGF-ÃŸlsecretion by Meth A clones"

ClonesMeth

A par
Meth AneoCMV-10CMV-18CMV-24ActiveCells

invitro*<;4.03.03.8form

(ng/ml)Cellsfrom

tumors'<;3.03.44.0Active

and latent form(ng/ml)Cells

invitro*<}19.213.221.0Cellsfromtumors4<|13.013.014.6

" Meth A cells were harvested, washed 3 times with phosphate-buffered saline, and
resuspended ( 1 X 106/ml) in PHFM-II protein-free medium (GIBCO). Twenty four h later,
the culture supernatants were collected and assayed by enzyme-linked immunosorbent

assay.
'' Cells maintained in the tissue culture flasks.
4 Cells recovered from the lumors and then grown in G418 (4(H) /Ag/ml) containing

medium for 10 days.

for 10 days in G418-containing medium, thus allowing a selection for
the neomycin-resistant cells and thereby killing the host cells. Cells

from tumors derived from the untransfccted Meth A par cells were

cultured in the absence of G418. The TGF-ÃŸsecretion levels were

measured in the conditioned medium derived from these cultured
tumor cells. As shown in Table 3, the Meth A par and Meth A neo cells
obtained from the tumors had nondetectable TGF-ÃŸexpression levels,

whereas the cells isolated from the tumors obtained after inoculation
of TGF-ÃŸloverexpressing Meth A cells had a high level of TGF-ÃŸl
expression. Their TGF-ÃŸexpression level and the relative ratio of
active versus latent TGF-ÃŸwas similar to the expression of the trans-

fected cells which were contimuously maintained in culture.
Increased Cellular Anaplasia in TGF-ÃŸl-overproducing Tu

mors. Histological sections of the tumors were subjected to patho
logical analysis. Tumors derived from control and TGF-ÃŸl overex

pressing Meth A cells were classified as poorly differentiated
malignant neoplasms. A marked degree of cellular anaplasia was
apparent in the tumors from the TGF-ÃŸl-overproducing Meth A cell

lines (Fig. 7). The mitotic index was greater, an increased number of
syncytial giant cells was present, and cellular dysplasia was more
prominent. The increased anaplasia and mitotic index was consistent

Fig. 6 Detection of human TGF-ÃŸl mRNA expression in tumor tissue by in situ hybridizaton using a [3:1P]UTP-labeled human TGF-ÃŸl probe. Section from a tumor derived from

Meth A neo cells, lacks detectable TGF-ÃŸl mRNA expresiÃ³n (a). In contrast, marked diffuse hybridization was seen in the majority of the cells in a tumor derived from
TGF-ÃŸl-overproducing CMV-18 cells (fc) (X 265).
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Fig. 7. Differences in pathology between control
Meth A tumors and TGF-ÃŸloverexpressing Meth A
tumors. Photomicrograph of sections from Meth A
neo- (a) and CMV-18- (/>) derived tumors. Both

tumors were classified as undifferenttated malig
nant neoplasms. However, the tumors derived from
TGF-ÃŸl-overproducing cells such as CMV-18 ex
hibited a greater degree of cellular anaplasia, as
typified by numerous mitotic figures, bizarre
nuclear forms, and high nuclear/cytoplasmic ratios
(X 150).
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Table 4 Tumor and spleen weights of mice bearing Meth A tumors"

Group'1

No.1

2
345

67

8
910111213

1415ClonesMethA

par
MethA par
MethAparMethA

neo
MethA neo
MethAneoCMV-10

CMV-10
CMV-10CMV-18

CMV-18
CMV-18CMV-24

CMV-24
CMV-24Doses5.0

X 10s
2.5 X IO5
1.0 XIO55.0

X 10s
2.5 X IO5
1.0 XIO55.0

x IO5
2.5 X 10s
1.0 X10s5.0

X 10s
2.5 X 10s
1.0 X10s5.0

X IO5
2.5 XIO51.0

x io5Tumor

sizes
(mm)14.4

Â±2.9
13.4 Â±9.4
14.2 Â±010.4

Â±5.2
10.1 Â±1.3
0.027.1

Â±2.7
24.1 Â±4.4
22.1 Â±3.527.9

Â±1.2
19.2 Â±4.4
21.0 Â±6.127.1

Â±2.1
23.0 Â±4.3
24.0 Â±1.8Spleen

weights
(gm)0.10

0.11
0.100.10

0.10
0.091.16

0.920.681.030.66

0.611.010.88

0.73
" At the end of the study (day 28), mice were sacrificed and the spleens were collected

and weighed. The average spleen weight of the mice (17 total) without tumors is 0.08 g
(data not shown).

* 5 Mice per group.

with the greater tumor size of the TGF-ÃŸloverexpressing tumors in

comparison with the tumors from control cells. Finally, a greater
degree of necrosis was observed in the tumors from the TGF-ÃŸl-

overproducing cells, which may be an indirect consequence of their
bigger size.

Mice Inoculated with TGF-ÃŸl-overproducing Tumor Cells Had

Severe Splenomegaly. There was a major difference in the spleen
size for each study group as illustrated in Table 4. The average spleen
weight of untreated animals without tumors was 0.08 g. Animals
carrying tumors from control Meth A par or Meth A neo cells had a
spleen of similar size with an average weight of 0.1 g. In contrast, the
spleens from animals carrying the TGF-ÃŸl-overproducing tumors
were 6 to 12 times larger, i.e., 0.6-1.2 g. HistolÃ³gica! analysis re
vealed that the splenomegaly was associated with massive extramed-
ullary hematopoiesis of myeloid cells, primarily of immature granu-

locytes (Fig. 8). A moderate lymphoid depletion was also observed in
the spleens of animals with the TGF-ÃŸloverexpressing tumors. It is

unclear whether the splenomegaly and altered histology is a reaction
to the large size of the tumors and their necrotic areas or whether this
is a specific consequence of the high level TGF-ÃŸlsecretion by these

tumor cells.

DISCUSSION

There is now considerable evidence that tumor cells have increased
synthesis of TGF-ÃŸin comparison to their normal counterpart (4-8),
suggesting that secreting higher levels of TGF-ÃŸmay provide an

advantage to tumor cells in some way. In principle, several established
activities of TGF-ÃŸcould provide an advantage to the establishment

of the tumor or the tumor growth in vivo. First, a direct stimulation of
cell proliferation by TGF-ÃŸcould result in increased cell proliferation,

although relatively few tumor cell lines are known to be mitogenically
stimulated by TGF-ÃŸ.A second possibility is that increased extracel

lular matrix formation and increased cellular adhesiveness to the
matrix could provide a more hospitable local environment for the
initial establishment of the tumor cells and for subsequent tumor
growth. This is presumably the basis of the increased tumor incidence
and tumor growth, which we have previously observed in TGF-ÃŸ

overexpressing tumor cells that are not mitogenically modulated by
TGF-ÃŸin culture. A third possible advantage of increased TGF-ÃŸ
synthesis could be that the local release of active TGF-ÃŸresults in a

local immunosuppressive effect, thus allowing the tumor to exert an
inhibition of the local immune surveillance.

Several studies have evaluated the role of endogenous synthesis of
TGF-ÃŸsynthesis in tumor cells either by overexpressing latent or
active TGF-ÃŸl (25, 26) or, in one case, by inhibiting TGF-ÃŸl syn
thesis using antisense TGF-ÃŸl RNA (27). The results of these studies

may seem rather confusing in part due to the difference in cell systems
used, the lack of uniformity in the parameters evaluated, and the
complexity of the different activities of TGF-ÃŸ.Overexpression of
TGF-ÃŸshowed a clear increase in tumor incidence and growth in two
tumor cell systems (25, 26). In both studies, increased TGF-ÃŸexpres

sion did not have any or had only a minimal effect on cell proliferation
in culture, suggesting that the advantageous effect of increased TGF-ÃŸ

synthesis on tumor effects is due to autocrine or paracrine activities of
the TGF-ÃŸresulting in increased cell matrix interactions or inhibited

immune surveillance. To place in perspective the possible advantages
of these latter activities with respect to the direct inhibitory effect of
TGF-ÃŸon the proliferation of many tumor cells, we evaluated the
effect of overexpression of active TGF-ÃŸin tumor cells which are
strongly growth inhibited by TGF-ÃŸ.The in vivo tumor experiments

were done in mice that were not immunocompromised, thus more
closely resembling a normal tumor context than when nude mice are
used as recipients. Our data showed that TGF-ÃŸoverexpression had a

strong inhibitory effect on cell proliferation in vitro and made these
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Fig. 8. Histological appearance of the spleens from mice carrying parental Meth A tumors (a and c) or TGF-ÃŸl overcxpressing Meth A (CMV-18) tumors (b and d). The lower
magnifications demonstrate marked splenomegaly in the mice with tumors derived from TGF-ÃŸl-overproducing CMV-18 cells (b) compared to the mice with tumors from parental
Meth A cells (a). The higher magnification shows in the spleen of the mice with the parental Meth A cells (c) the rim of the lymphoid follicle (closed arrows, white pulp). Open arrow.
red pulp. The spleen from the mice given injections of CMV-18 cells (d) shows marked extramedullary hematopoiesis. Closed arrows, megakaryocyles; open arrows, cells of mycluid
origin (a and b. X 9; c and d, X 180).

cells which normally grow in suspension adhesive to the plastic sur
face of a cell culture plate. This acquired adhesiveness is presumably
accompanied by increased integrin expression (25). Our preliminary
data suggest that the transfected cells display increased binding to
vitronectin as substrate, suggesting upregulated expression of avÃŸl
and/or avÃŸ3integrin. In spite of the strongly decreased proliferative
behavior, TGF-ÃŸoverexpressing cells had a dramatic increase both in

tumor incidence and tumor growth. The stimulatory effect of endog
enous TGF-ÃŸexpression on the tumorigenicity is also confirmed by
the inhibition of tumorigenicity by TGF-ÃŸantibodies and the stimu
lation of tumor growth by exogenous TGF-ÃŸ.These results thus show
that the growth inhibitory effect of TGF-ÃŸin vitro is subordinate to the
advantages of TGF-ÃŸsecretion in the in vivo environment. It is likely

that the increased adhesiveness plays a major role in improving the
initial establishment of the tumor and, as as consequence, the tumor
incidence, but other effects such as increased matrix formation and
local immunosuppressive activities of TGF-ÃŸmay provide a major

advantage as well.
The mice containing the TGF-ÃŸl overexpressing tumors showed

severe splenomegaly in comparison with the mice with the control
tumors. It is unclear whether this results from a reaction against the

high tumor load and the necrotic areas in the tumors or whether this
is specifically associated with the increase in TGF-ÃŸl release. In the

enlarged spleens, a much larger number of cells of the megakaryocytic
and myelocytic lineages than in the normal spleen is apparent, raising
the possibility that this could be the result of a direct effect of TGF-ÃŸ

in vivo. Finally, we did not evaluate whether the increase in tumor size
as a result of TGF-ÃŸl overexpression was accompanied by an alter

ation in dissemination of metastatic cells. However, close inspection
of many organs and tissues in the tumor harboring mice, containing
the control and TGF-ÃŸl overexpressing Meth A cells, did not reveal

any metastatic nodules.
The observed increased tumorigenicity by Meth A cells overex

pressing active TGF-ÃŸare in agreement with previous studies by

Arrick et al. (25) and Steiner and Barrack (26) but seem to be incon
sistent the results of Wu et al. (27). In the latter study, a colon
carcinoma cell line transfected with an antisense mRNA expression
vector for TGF-ÃŸldecreased endogenous TGF-ÃŸl mRNA levels and

caused a higher tumor incidence in nude mice. It should be stressed,
however, that in these cells the expression of only one TGF-ÃŸmRNA

species was abolished and that the tumorigenicity assays were per
formed in nude mice, which have an impaired immune surveillance
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system. Obviously, the balance of the different effects of TGF-ÃŸon

the tumorigenicity will depend on the cell system and animal model
used. On the other hand, our results, together with the other previous
studies, strongly suggest that, in a normal in vivo environment,
increased TGF-ÃŸsynthesis provides a major advantage for tumor

formation.
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