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TGF-B1 and Ha-Ras collaborate in
modulating the phenotypic plasticity and
invasiveness of epithelial tumor cells
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Metastasis of epithelial tumor cells can be associated with the acquisition of fibroblastoid features and the
ability to invade stroma and blood vessels. Using matched in vivo and in vitro culture systems employing
fully polarized, mammary epithelial cells, we report here that TGF-B1 brings about these changes in
Ras-transformed cells but not in normal cells. When grown in collagen gels in the absence of TGF-$, both
normal and Ras-transformed mammary epithelial cells form organ-like structures in which the cells maintain
their epithelial characteristics. Under these conditions, treatment of normal cells with TGF-8 results in
growth arrest. The same treatment renders Ras-transformed epithelial cells fibroblastoid, invasive, and
resistant to growth inhibition by TGF-B. After this epithelial-fibroblastoid conversion, the Ras-transformed
cells start to secrete TGF-B themselves, leading to autocrine maintenance of the invasive phenotype and
recruitment of additional cells to become fibroblastoid and invasive. More important, this cooperation of
activated Ha-Ras with TGF-B1 is operative during in vivo tumorigenesis and, as in wound healing processes,

is dependent on epithelial-stromal interactions.
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More than 80% of the tumors occurring in man are ep-
ithelial in origin. The generation of epithelial tumors
(carcinomas) is a multistep process, as best exemplified
in human colon cancer {Powell et al. 1993) and mouse
skin tumor progression (Wright et al. 1994). Carcinomas
are thought to originate from small foci of aberrant cells
that develop into areas of benign epithelial hyper- or dys-
plasia. The progression of these hyperplastic areas to a
carcinoma in situ, which may then acquire invasive and
metastatic properties, requires a number of further
changes in the tumor cells. Characteristically, these
cells achieve the ability to proteolytically degrade their
basement membrane, convert from a sessile to a migra-
tory phenotype, survive in the blood stream, and form
metastases at distant sites {Liotta et al. 1991; Liotta and
Stetler-Stevenson 1991).

Although profound changes in gene expression are in-
volved in the multiple alterations in cell architecture
and behavior of malignant transformed cells, none of
these newly acquired properties is unique to invasive
tumor cells alone. Attachment to and proteolysis of
basement membranes as well as the conversion from a
sessile to a migratory phenotype also are important steps
during normal processes such as trophoblast implanta-
tion, embryonic morphogenesis, mammary gland devel-
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opment, and tissue repair (Aznavoorian et al. 1993). The
understanding of how these normal processes are dereg-
ulated in cell invasion and metastasis is crucial for a
better understanding of cancer development and progres-
sion.

Recent work has unraveled molecular mechanisms in-
volved in the modulation of the epithelial phenotype un-
der normal and pathological situations (Reichmann et al.
1992; Birchmeier et al. 1993; Frisch and Francis 1994;
Hartmann et al. 1994; Soriano et al. 1995). Only recently,
transforming growth factor-1 (TGF-B1) has been iden-
tified as another potent modulator of the phenotype of
epithelial cells {Miettinen et al. 1994; Caulin et al. 1995;
Zambruno et al. 1995). The TGF-B superfamily includes
the various TGF-8 genes as well as embryonic morpho-
gens such as the activin family, Miillerian inhibitory
substance, and the bone morphogenic protein (bmp) fam-
ily that play crucial roles in regulating both embryonic
development and tissue repair {Roberts and Sporn 1992).
The TGF-B family itself consists of three highly homol-
ogous genes, TGF-B1, TGF-B2, and TGF-B3. TGF-Bs in-
hibit the growth of many cell types, including epithelial
cells, yet stimulate the proliferation of various mesen-
chymal cell types.

Interestingly, TGF-8 has been found to be abundantly
expressed in many epithelial tumors since its discovery,
frequently acting in an autocrine fashion (Derynck et al.
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1985; Keski-Oja et al. 1987). TGF-Bs inhibit the growth
of normal epithelial cells and relatively differentiated
carcinoma cells, whereas dedifferentiated tumor cells,
lacking many epithelial characteristics, are usually resis-
tant to growth inhibition by TGF-Bs {Houssein et al.
1989; Murthy et al. 1989; Fynan and Reiss 1993). Fur-
thermore, TGF-B1 can increase the invasive and meta-
static potential of a mammary adenoma cell line {Welch
et al. 1990), supporting a role for TGF-B1 in tumor pro-
gression. Finally, long-term treatment with TGF-B1 has
allowed the selection of rare variants derived from epi-
thelial tumor cell that exhibit a fibroblastoid phenotype
(Caulin et al. 1995). Despite these observations, a satis-
factory, mechanistic explanation for these effects of
TGF-B in tumor cells is lacking.

Many human tumors harbor activated ras oncogenes
as one of the multiple changes required for tumorigene-
sis (Bos 1989; Fearon and Vogelstein 1990). In human
breast cancer, ras mutatious are relatively rare (Kraus et
al. 1984}, but overexpression of nonmutated cellular Ras
{Hand et al. 1984; Slamon et al. 1984; De Bortoli et al.
1985) and/or activation of upstream receptors hyperac-
tivating signal transduction pathways, (for example, re-
ceptor tyrosine kinases of the EGF receptor family (De
Bortoli et al. 1985; Kern et al. 1990; Lefeune et al. 1993),
are frequent events (for review, see Clark and Der 1995).
In addition, Ras is a key player in several cellular or
animal models of carcinogenesis, for example, murine
keratinocytes transformed by Ha-Ras (Buchmann et al.
1991; Caulin et al. 1995)

Although the high abundance of TGF-8s in tumor tis-
sues, together with their known morphogenetic effects
on epithelial cells, suggests a key role of these factors
during tumor progression and metastasis, specific evi-
dence for this notion is lacking. A potential clue is pro-
vided by the emerging concept that the events in a grow-
ing tumor closely resemble those in a wound that fails to
heal (Dvorak 1986). TGF-Bs play a pivotal role in wound
healing and tissue repair {for review, see Border and Ru-
oslahti 1992), and it may be the deregulation of these
TGF-B responses that significantly contributes to their
progression toward more malignant stages.

In this paper we demonstrate that the Ha-Ras onco-
protein cooperates with endogenous TGF-B1 to cause an
epithelial-fibroblastoid conversion (EFC) of mammary
epithelial cells, both in vitro and upon tumor formation
in mice. When cultured in type I collagen matrices in the
complete absence of TGF-8, both nontumorigenic mam-
mary epithelial cells (EpH4 cells) and their Ha-Ras-trans-
formed counterparts {EpRas cells) develop into lumen-
forming structures consisting of monolayers of polarized
epithelial cells. In the presence of TGF-B1, however,
EpRas cells form lumenless cords that consist of cells
exhibiting fibroblastoid properties. In contrast, their nor-
mal counterparts are not affected in this fashion by TGF-
B. The converted cells are highly invasive in collagen
matrices, as well as in the chicken heart invasion assay.
Once converted, the fibroblastoid cells themselves pro-
duce high levels of TGF-B1, but they revert to an epithe-
lial phenotype upon exposure to a neutralizing antibody
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to TGF-B1. This indicates that the converted fibroblas-
toid phenotype is maintained by TGF-B1 that acts in an
autocrine loop. Most important, we provide in vivo evi-
dence that TGF-B1 both induces and maintains the in-
vasive phenotype of Ha-Ras-transformed mammary epi-
thelial cells in experimentally induced tumors.

Results

Ras-expressing polarized epithelial cells undergo
EFC during tumor development

The work described here was prompted by our initial
observation that Ras-transformed mouse mammary epi-
thelial cells (EpRas cells) can display two widely differ-
ent cell phenotypes. When grown on plastic substrates,
these cells grow as ordered monolayers forming domes
{hemicysts), indicative of a polarized epithelial pheno-
type {Fig. 1A,B). After injection into mice, however,
these same polarized cells formed tumors consisting of
depolarized, spindle shaped cells capable of invasive
growth (Fig. 1A,C). To gain further insights into the
mechanisms underlying this phenotypic plasticity, we
studied the observed cell conversion in more detail, com-
bining in vivo and in vitro experimental approaches. We
used the cell clone EpH4, derived from a well character-
ized mouse mammary epithelial cell line (Reichmann et
al. 1989, 1992; Strange et al. 1991). These cells exhibit a
stable, polarized epithelial phenotype (Reichmann 1994;
Fialka et al. 1996).

Tumorigenic subclones of EpH4 were generated by sta-
ble expression of the v-Ha-Ras oncogene using suitable
retroviral vectors. After verification of v-Ha-Ras expres-
sion by Western blot analysis (data not shown), cells
from seven clones (referred to as EpRas clones) were in-
jected subcutaneously or directly into the mammary
glands of BALB/c mice. Tumors formed regularly and
were palpable 5-7 days after cell injection.

We compared the phenotype of these converted tumor
cells with that of the original, differentiated clones. Be-
fore injection, all seven EpRas clones tested showed the
expected polarized phenotype (Fig. 1B; Table 1). In con-
trast, when excised from tumors and recultured in the
presence of G418, only converted, fibroblastoid cells
were obtained (Fig. 1C; Table 1). Although fully retain-
ing the expression of cytokeratins, these cells had lost
many of their epithelial characteristics and gained the
expression of various fibroblastoid markers (Fig. 1C; Ta-
ble 1). To demonstrate the donor origin of the tumor
cells and to show that no rearrangement or reintegration
of the Ras-containing retrovirus had occurred during tu-
morigenesis and subsequent in vitro culture, we deter-
mined the integration pattern of the retroviral construct
by Southern blot analysis. For this we analyzed pretumor
cells, cells derived from a 15-day tumor and cells reiso-
lated from a 30-day tumor. Identical integration patterns
were obtained in all three cell types, using probes spe-
cific for the neomycin resistance gene or the ras gene
(Fig. 1D). As expected, the pattern of viral integration
sites was clone specific, whereas control cells showed no
virus-specific signals (data not shown).
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Figure 1. EpRas cells convert into fibro-
blastoid cells during tumor formation in
mice. (A) Scheme illustrating the basic
strategy used to study EFC of EpRas cells
(7 different v-Ha-Ras-expressing cell
clones) in vivo. (B} Before injection, clone
Ep5 cells show dome formation on plastic
. and stain for both E-cadherin (FITC, green
fluorescence) and cytokeratins (Texas
Red). Note costaining of both proteins at
the cell periphery (yellow staining). (C)
- - Ep5 cells isolated from a tumor 28 days
| after cell injection. These cells show a fi-
broblastoid appearance and express cytok-
eratins but no E-cadherin (green fluores-
cence). (D) Southern blot analysis. One

- EpRas clone (Ep5) before injection (Ep5,
plastic}, recovered from the tumor (Ep5, tumor), and recovered from the tumor and recultivated in G418 for 5 days (Ep5, ex-tumor)
shows the same retroviral integration pattern (detected with an NPT probe).

A

U
plela s s

Ep5 ( plastic )
Ep5 ( tumor)
Ep5 ( ex tumor)

Sequence of events during EFC in vivo ter injection, cell scattering was observed at the tumor
periphery (Fig. 2B). In this area the tumor cells inter-
We then examined if and at which stage of tumor devel- mixed with vimentin-positive stromal cells. However,
opment the subcutaneously injected epithelial EpRas the donor cells still expressed epithelial characteristics
cells underwent EFC. Three days after injection, EpRas both in the tumor (Fig. 2B} and upon in vitro cultivation
cells formed smooth nodules in which the cells ex- in G418 (data not shown).
pressed characteristic cytokeratins but no vimentin (Fig. Fifteen days after injection, three different cell types
2A). These epithelial cell nodules were already encapsu- could be distinguished. About 20% of the tumor cells
lated by stromal cells (Fig. 2A). Cells grown out from represented vimentin-positive stromal cells (green cells
these microtumors on plastic and in the presence of in Fig. 2C). Another 20% expressed cytokeratins only,
(G418 still exhibited epithelial properties. Seven days af- indicating EpRas cells retaining an epithelial phenotype

Table 1. Expression of epithelial and mesenchymal markers in polarized and fibroblastoid Ras-transformed mammary
epithelial cells

EpRas EpRas (ex-tumor) EpRas (ex-tumor) EpRas +TGFp
(polarized) {fibroblastoid) (repolarized) {fibroblastoid)
Epithelial markers
Transepithelial ++ - ++ + -
Resistance®
Lumen formation® + 4+ - + 4+ -
Cytokeratin® ++ + + ++ + +
E-cadherin® ++ + - +++ -
Z0-1°¢ ++ - ++ —
Dpp IV© apical random apical n.d.
Mesenchymal markers
Fibronectin® +/- ++ + +/- ++ +
Vimentin® + ++ + + ++ +
Collagen I° - + - n.d.
TGE B production? + ++ + n.d. ++ +

For EpRas- and EpRas ex tumor cells, 3—7 different cell clones were investigated. The parameters analyzed did not vary significantly
for these clones. Two or three independent determinations have been performed. EpRas (ex-tumor) cells were grown under Neo
(Geneticin) selection for > 5 days and then cultivated for a further 9 days before analysis. Repolarized EpRas ex-tumor cells were
analyzed either as a pool of clones after reversion to an epithelial morphology (Fig. 6D) or after derivation of mass cultures from such
pools. Fibroblastoid EpRas cells were analyzed after retrieving these from collagen gels in which they were converted by TGF-1.
+++)>2500 Q x cm; (+ +) >1500 O x ¢cm; (—} <200 & X cm.

5+ + +) >95% of structures acquired lumina; (—) <5% of structures acquired lumina.

(++ +) >98% of cells strongly fluorescence positive; (+ +) >90% distinctly positive; (+} >90% weakly positive; (—) no specific
staining; (n.d.) not determined.

9+ + +) and ( +) relative intensity of bands as judged on two different immunoblots (see also Fig. 7B).
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(red cells in Fig. 2C). The majority {50-60% ) of the tumor
mass, however, consisted of cells coexpressing cytoker-
atin and vimentin. These cells most likely represent con-
verted or converting EpRas cells (yellow cells in Fig. 2C).
Both the epithelial and the converted fibroblastoid cells
were also obtained after G418 selection. Finally, in
5-week-old, fully developed tumors, the epithelial com-
ponent could no longer be detected, neither in situ nor
on plastic (data not shown). In contrast, parental EpH4
cells never formed tumors. When injected subcutane-
ously, EpH4 developed into sheets of epithelial cells that
sometimes formed lumina and expressed cytokeratins 8
and 18 but no vimentin (Fig. 2D). These cells eventually
disappear.

To identify donor cells in the three different tumor
stages, we performed in situ hybridization using a probe
specific to the neomycin phosphotransferase (NPT].
These experiments revealed that all cytokeratin-express-

TGF-f regulates tumor cell plasticity

Figure 2. EFC during tumor development:
time course and cell fate. Cryosections of
EpRas tumors {clone Ep2) at day 3 (A,E), day 7
(B,F), day 15 {C,G), and day 28 {H) after injec-
tion. Cell structures formed by nontumori-
genic EpH4 cells 15 days after injection (D).
Sections were analyzed by immunofluores-
cence (A-D) and in situ hybridization (E-H).
Sections were double-stained with antibodies
to a 46-kD cytokeratin (Texas Red, red fluores-
cence) and vimentin (FITC, green fluores-
cence). Note that in 3-day tumors, injected ep-
ithelial cells (red) and host mesenchymal cells
{green) are clearly separated. In 15-day tumors,
high numbers of cytokeratin/vimentin double
positive cells become visible. These cells have
undergone EFC (yellow cells). RNA in situ hy-
bridization employing an NPT probe confirms
the donor origin of the tumor cells and shows
the increasing density of tumor cells after EFC
(E-H).

ing cells were of donor origin. Donor cell density in-
creased with tumor size and was highest in large, fully
progressed tumors (Fig. 2E—H).

Taken together, these data show that both Ras-ex-
pressing and control epithelial cells initially maintain an
epithelial phenotype. During tumor progression, the
Ras-transformed cells acquire fibroblastoid properties,
whereas the nontumorigenic, parental cells stably main-
tain their epithelial characteristics.

TGF-B1 induces EFC in Ras-expressing but not
in normal epithelial cells in vitro

To identify the mechanism underlying the EFC ob-
served, we sought to use an experimental system to in-
duce EFC in vitro under defined, and physiologically rel-
evant conditions. For this, we grew normal EpH4 and
their Ras-transformed counterparts in reconstituted col-
lagen type I matrices in serum-free media. These condi-
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Figure 3. Lumen formation and epithelial polarity are dis-
rupted by serum and TGF-B1. Nontumorigenic EpH4 cells {A) or
tumorigenic EpRas cells (clone Ep5, B-D) were grown within
collagen type I matrices. Macroscopic structures were photo-
graphed 8 days after plating at low and high magnifications (left
and middle). Cells recovered from gels and cultured on tissue-
culture plastic (right). (A) EpH4 cells form ducts and alveoli-like
structures in serum-free collagen gels and a regular epithelial
monolayer hemicysts on plastic. (B) Large ducts and cysts are
formed by EpRas cells in serum-free collagen gels. (C) Addition
of 10% FCS causes the cells to form invasively growing irregular
cords lacking a lumen. On plastic these cells are spindle shaped.
(D) TGF-B1 alone (5 ng/ml) causes EpRas cells to grow into
invasive cords similar to those induced by FCS.

tions allowed us to use defined polypeptide growth fac-
tors and hormones known to be involved in the modu-
lation of the epithelial phenotype. In such gels, normal
EpH4 cells developed into organ-like ducts and terminal
buds, similar to those formed by primary mammary ep-
ithelial cells {Fig. 3A). These structures could be effi-
ciently induced to produce milk proteins upon addition
of lactogenic hormones (data not shown). The same cells
developed into the expected, regular dome-forming mono-
layers when isolated from the gel and grown on tissue
culture plastic (Fig. 3A, right panel).
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Surprisingly, the EpRas clones showed extensive lu-
men formation in these serum-free collagen gels. Lu-
mina were already visible 2-3 days after seeding. Subse-
quently, >95% of these structures acquired relatively
large cystic cavities (Fig. 3B, left and middle panel). On
plastic these cells exhibited all the epithelial properties
of their nontumorigenic counterparts (Fig. 3B, right
panel).

However, EpRas cells behaved completely different
when exposed to 10% fetal calf serum (FCS). Under these
conditions, they formed elongated, invasively growing
cords that never showed lumen formation. These cords
were composed of nonpolarized cells that had lost many
epithelial properties (Figs. 3C and 4) and behaved re-
markably similar to the ex-vivo fibroblastoid tumor
cells. These findings suggested that a factor (or factors)
present in FCS synergized with the activated Ha-Ras on-
coprotein.

To identify the factors involved, a number of growth
factors (TGF-a, Heregulin, Scatter factor, acidic and
basic FGF, PDGF, and TGF-Bl) were added to Ras-
transformed cells grown in collagen gels. Surprisingly,
TGF-B1 was the only factor inducing striking and long
lasting effects on EpRas cells. Upon TGF-$1 administra-
tion, these cells grew into elongated branching cords
similar to those induced by FCS. On tissue culture plas-
tic, these cells exhibited a clear fibroblastoid phenotype
(Fig. 3D, right panel). In contrast, TGF-B1 did not induce
EFC in EpH4 cells and other nontumorigenic mammary
epithelial cell clones (data not shown). To demonstrate
that the activity in serum promoting EFC was indeed
TGF-B1, we added TGEF-Bl-neutralizing antibodies to
cultures containing 5% FCS. Under these conditions,
EpRas cells again formed cystic cavities closely resem-
bling those shown in Figure 3B. These results clearly
identify TGF-B1 as the cell-converting activity present
in FCS.

We also determined the state of epithelial polarity in
the structures formed by EpRas and EpH4 cells in colla-
gen gels in response to TGF-B1. Ultrastructural and im-
munohistochemical analyses revealed that the tubular
and cystic structures formed by EpH4 and EpRas cells in
absence of TGF-B1 {Fig. 3A,B) consisted of a monolayer
of polarized cells (Fig. 4A). The EpRas monolayers ex-
pressed abundant microvilli at their apical {lumenal) do-
main indicating a polarized organization (Fig. 4A). In ad-
dition, tight junctions, desmosomes {Fig. 4A], and the
cell adhesion molecule E-cadherin (Fig. 4B) could be
demonstrated at their respective locations. Similarly, the
E-cadherin-associated protein B-catenin showed basolat-
eral localization in most cells (Fig. 4C). Similar results
were obtained with the EpH4 structures (data not
shown).

In contrast, the cord-like structures induced in EpRas
cells by TGF-B1 consisted of well-proliferating spindle
shaped cells, which were only loosely attached to each
other (Fig. 4D). None of the aforementioned epithelial
characteristics were detected (Fig. 4D; Table 1), except a
rudimentary and nonpolarized expression of E-cadherin
(Fig. 4E). B-Catenin expression was greatly reduced and
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Figure 4. TGF-B1 disrupts cell polarity in
Ras-transformed mammary epithelial
cells. Cysts formed by EpRas cells {clone
Ep6) in serum free collagen gels (A—C) and
cords formed by the same cells under TGF-
B1-treatment (D-F} were analyzed with re-
spect to their epithelial organization. Sec-
tions through individual structures were
photographed at high or low (insets) mag-
nifications. (A} Transmission electron mi-
croscopy revealed that the cysts obtained
in the absence of TGF-Bl consist of a
monolayer of morphologically polarized
cells, exhibiting apical microvilli exclu-
sively toward the lumen. (D) In contrast,
cords induced in the presence of TGF-B1
consist of loosely attached cells lacking
microvilli, desmosomes, and tight juc-
tions. {B,E} A cyst immunostained for the
cell adhesion molecule E-cadherin shows
lateral staining on individual cells (B). In
cords, E-cadherin is reduced in expression
and randomly distributed on the surface of
fibroblastoid cells (E). {C,F) Lowicryl sec-

TGF-$ regulates tumor cell plasticity

tions through structures similar to those shown in B and E stained by an anti-B-catenin antibody. Note the basolateral expression of
B-catenin in most cells of the cyst (C) and the markedly reduced B-catenin expression that is now predominantly expressed in the

cytoplasm (F).

mainly localized to the cytoplasm (Fig. 4F). In addition,
these cells expressed the expected mesenchymal mark-
ers (Table 1). Interestingly, EpH4 cells retained their po-
lar characteristics when treated with low concentrations
of TGF-B1, whereas they underwent growth arrest and
apoptosis at concentrations that efficiently caused EpRas
cells to convert into a fibroblastoid phenotype (data not
shown; M. Oft, and H. Beug, unpubl.).

These results indicate that Ras-transformed mouse
mammary epithelial cells exhibit an extraordinary plas-
ticity in phenotype ranging from polarized and sessile to
fibroblastoid and migratory. TGF-B largely determines
this phenotype. In nontumorigenic epithelial cells, such
a dramatic TGF-Bl-induced phenotypic plasticity is not
observed.

Fibroblastoid EpRas cells are invasive

EpRas cells that had undergone EFC showed indications
of invasive behavior. To gain conclusive evidence for
this, we took advantage of the embryonic chicken heart
invasion assay, the relevance of which for in vivo me-
tastasis has been documented extensively (Mareel et al.
1979; Mareel 1983). In this assay, the penetration of cells
into embryonic chicken heart fragments (Fig. 5A) was
analyzed. To clearly identify the invading cells, these
were labeled with a fluorescent dye (carboxy dichloro-
fluorescein diacetate). Parental EpH4 cells did not pene-
trate into the chicken heart tissue within the incubation
period of 7 days {Fig. 5A,B). When three different, fully
polarized EpRas clones were tested, only a few cells if

any penetrated the heart tissue (Fig. 5C). The few invad-
ing cells stained strongly for vimentin but no longer for
E-cadherin, confirming their conversion to a fibroblas-
toid phenotype {data not shown). Finally, the fibroblas-
toid cells recovered from tumors (ex-Tu cells), or cells
induced to undergo EFC in vitro by application of TGE-
B1, readily invaded the heart muscle tissue in large num-
bers (Fig. 5D). These results indicate that EpRas cells are
highly invasive after induction of EFC in vivo or in vitro.
In contrast, the nonconverted, epithelial EpRas cells
show little invasiveness.

TGF-B1 maintains the fibroblastoid phenotype of
converted EpRas cells via an autocrine loop

Having demonstrated that TGF-B1 induces EFC in Ras-
transformed mouse mammary epithelial cells, the ques-
tion arose as to whether TGF-B1 was also required for
the maintenance of the converted, fibroblastoid pheno-
type. One possibility to explain the relative stability of
this fibroblastoid phenotype was that the converted cells
produced their own TGF-B1. To examine this, cells re-
covered from EpRas tumors were seeded at very low,
clonal density in low serum media (1%) containing lev-
els of TGF-B1 insufficient to maintain EFC. As shown in
Figure 6A, the early, small clones consisted of cells with
a fibroblastoid morphology. However, as the clones in-
creased in size, the cells in essentially all clones gradu-
ally but synchronously reverted to an epithelial pheno-
type (Fig. 6B-D). Ten days after plating, the reversion to
a polarized epithelial phenotype was essentially com-

GENES & DEVELOPMENT 2467


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

Oft et al.

Figure 5. Fibroblastoid EpRas cells are highly invasive in the
embryonic chicken heart assay. Fluorescently labeled cells to be
tested for invasiveness were brought into contact with embry-
onic chicken heart fragments and sectioned 7 days thereafter.
Nontumorigenic EpH4 cells did not invade the heart fragments
(A,B) and nonconverted, epithelial EpRas cells exhibited only
marginal invasiveness (C). In contrast, converted, fibroblastoid
cells obtained after TGF-B1 treatment readily invaded the heart
fragments (D). (Arrowheads) Edge of the chicken heart frag-
ments.

plete (Fig. 6D; Table 1). This polarized phenotype was
stable upon further subcultivation {Table 1}.

To prove that the absence of TGF-B1 would indeed
cause reversion to a polarized phenotype, freshly isolated
ex-tumor cells were grown in serum-free collagen gels, in
the presence or absence of TGF-B1-neutralizing antibod-
ies. In the absence of antibodies, the fibroblastoid tumor
cells formed the expected thin, invasively growing cords
(Fig. 6E). In contrast, the same cells developed into hol-
low, cystic structures composed of an epithelial cell
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monolayers when treated with the antibodies for 8 days
(Fig. 6F). These results indicate clearly that deprivation
from TGF-B1 induces the converted, fibroblastoid EpRas
cells to revert to an epithelial phenotype. Interestingly.
this reversion proceeded in a synchronous and gradual
fashion and most likely involved several cell divisions.

Finally, we determined whether EFC was indeed ac-
companied by the upregulation of TGF-B1 mRNA and
protein and whether TGF-B1 was released into the cul-
ture medium. In one set of experiments, EpRas cells and
EpH4 control cells were subjected to TGF-B1 treatment
while growing sparsely on plastic. Alternatively, three
different EpRas clones as well as the parental EpH4 clone
were grown in serum-free collagen matrices. When
treated with 5 ng/ml of TGF-B1 for 5-21 days, the EpRas
clones underwent EFC under both conditions, whereas
the nontransformed EpH4 cells maintained their epithe-
lial phenotype.

In vitro converted fibroblastoid cells regularly ex-
pressed elevated levels of TGF-1 mRNA, particularly

A B

Figure 6. TGF-B1 maintains the fibroblastoid phenotype of
converted EpRas cells via an autocrine loop. Fibroblastoid ex-
tumor cells revert to an epithelial morphology at clonal density
(A-D). EpRas cells after EFC were seeded at 500 cells per 100-
mm dish in medium containing 1% FCS. Daily medium
changes were performed to dilute potential autocrine factors.
The same, representative clone was photographed at day 1 (A),
day 3 |B), day 5 {C), and day 10 after plating {D). Note the gradual
reversion of the fibroblastoid cells to an epithelial morphology.
More than 95% of the clones obtained showed an identical be-
havior. (E,F) Fibroblastoid EpRas cells isolated from a tumor
were selected in G418 for 5 days [to remove host-derived cells)
and subsequently seeded into serum-free collagen gels. This was
performed either in the absence (E) or presence (F) of TGF-81-
neutralizing antibodies. Note that the tumor cells develop into
lumen-forming structures in the presence of a TGF-B-neutral-
izing antibody.
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after prolonged TGF-B1 treatment (Fig. 7A). The same
was true for EpRas cells that had undergone EFC in tu-
mors (Fig. 7A). In contrast, epithelial EpRas cells pro-
duced only very low levels of TGF-B1 mRNA (Fig. 7A).
As expected, parental EpH4 cells failed to produce de-
tectable levels of TGF-B1 mRNA, even in response to
prolonged TGF-B1 exposure. In analyzying three-dimen-
sional structures retrieved from collagen gels (which
consisted of relatively low cell numbers), similar results
were obtained by semiquantitative PCR (data not
shown).

Significant upregulation of TGF-B1 protein upon EFC
was also demonstrated by immunoblotting of cell cul-
ture supernatants {Fig. 7B). In contrast, EpH4 cells failed
to produce detectable levels of TGF-g1. Immunoblot
analysis of TGF-B1 receptors revealed that the TGF-Bi1-
receptor subunits I and Il were expressed at similar levels
in EpH4 cells and EpRas cells before or after EFC (Fig.
7C; data not shown).

Finally, we analyzed whether TGF-g1-induced EFC
was accompanied by a release from the growth-inhibi-
tory action of TGF-B1. For this, EpH4 control cells and
both epithelial and converted, fibroblastoid EpRas cells
were treated with TGF-1 for 24 hr and then assayed for
incorporation of tritiated thymidine. As expected, epi-
thelial EpRas cells were inhibited to a similar extent by
TGF-B1 as the parental EpH4 cell line (Fig. 7D). In con-
trast, EpRas cells after EFC were totally resistant to
growth inhibition by TGF-B1 over a wide range of con-
centrations (Fig. 7D).

Taken together, these results suggest a dual role of
TGF-B1 during tumor formation by EpRas cells. First,
TGF-B1 is required for the induction of EFC. Second, an
autocrine loop involving TGF-B1 maintains the con-
verted, fibroblastoid, and TGFb-resistant phenotype and
recruits further nonconverted EpRas cells to undergo
this change.

TGF-B1 triggers EFC and cell invasiveness
in experimentally induced tumors

In a last set of experiments, we investigated whether
TGF-B1 was actually expressed in EpRas tumors and
whether experimentally administered active TGF-g1
could also cause EFC and cell invasiveness in vivo. Tu-
mors at early (4 days) and late (28 days) stages of devel-
opment were analyzed for TGF-B1 expression, using
RNA in situ hybridization and immunohistochemistry.
In the early, 4-day tumors, elevated levels of TGF-g1
mRNA were detected in the outer periphery of the nod-
ules formed by EpRas cells (Fig. 8A). Double immuno-
fluorescence for TGF-B1 and neomycin phosphotrans-
ferase (NPT, which is exclusively expressed by the Ras-
transformed donor cells) revealed that the great majority
of donor cells (indicated by red staining for NPT) failed to
produce TGF-B1 (green staining) at this stage of tumor
development. However, host-derived nonepithelial cells
located in the immediate tumor periphery were clearly

TGF-B regulates tumor cell plasticity

TGFpL
i =
C 5 B
L Fs
FooF ,"‘-f E
»F gy ~FF FF
' F§ FFFP
Fx Gx GF &F
TGFp RII H‘..____

130

3H TdR Incorporation [% CPM]

0.0 0.1 1.0 10.0

TGEFp1 [ng/ml]

Figure 7. Expression of TGF-B1 and its receptor in epithelial
and converted EpRas cells. {A) Nontumorigenic epithelial EpH4
cells, nonconverted epithelial EpRas cells (clone Ep5), and fibro-
blastoid EpRas cells {clone Ep5) {converted either in vivo or in
vitro) were processed for Northern blot analysis. Note the sig-
nificant increase in TGF-B1 mRNA in the fibroblastoid cells. (B}
A dramatic up-regulation of TGF-B1 protein was demonstrated
by Western blot in cell culture supernatants analyzing similar
cell preparations as in A. The data shown in B were confirmed
using two other EpRas clones (Ep2 and Epé). (C) A Western blot
using cell lysates from similar cell preparations as used in B was
probed with an antibody to the TGF-B-receptor type II protein
(TGFBRII). Note that receptor expression does not change dur-
ing EFC. (D) EpH4 cells (M), epithelial EpRas cells (#), and fi-
broblastoid EpRas cells (@) freshly isolated from a tumor were
incubated with serial dilutions of TGF-B1 for 1 day and analyzed
for [*H]thymidine incorporation as described in Materials and
Methods. Data are expressed as percent of the thymidine incor-
poration obtained in the absence of added TGF-B1.
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Figure 8. TGF-BI triggers EFC conversion and
cell invasiveness in experimentally induced tu-
mors. (A-D) Cryosections of day 4 (A,B) and
day 15 tumor stages {C,D). RNA in situ hybrid-
ization reveals that TGF-B1 expression at day 4
occurs at the outer tumor periphery {A) but in
the entire tumor at day 15 (C). Arrowheads in-
dicate the edge of the tumor. (B,D) Cryosec-
tions were stained by a TGF-B1 antibody (green
fluorescence) and an anti-NPT antibody that
recognizes the donor cells {red fluorescence).
(Insets) Areas at higher magnification. Note
that at early tumor stages TGF-B1 is exclu-
sively produced by the tumor-surrounding
stroma (B). In contrast, in 15 day tumors, TGF-
Bl is also expressed in certain donor cells
within the tumor tissue (D, yellow fluores-
cence). (E,F) Epithelial EpRas cells were in-
jected subcutaneously into nude mice without
(E) or together with three Elvax slow release
pellets loaded with recombinant (active) TGF-
B1 (F). Cryosections performed from 4-day tu-
mors were double-stained by antibodies to cy-
tokeratin (red) and vimentin {green). Note the
dramatic cell scattering induced in the vicinity
of the TGF-B1 releasing pellet (indicated by a
white spot).

positive for TGF-B1 {Fig. 8B). In contrast, the 28-day,
tully developed tumors showed a relatively high and uni-
form expression of TGF-B1 mRNA throughout the tu-
mor area (Fig. 8C). In these tumors, the injected EpRas
cells could be shown to produce TGF-B1 themselves, be-
cause they costained for NPT and TGF-B1 (Fig. 8D, yel-
low staining). Significantly, most of the cells producing
TGF-B1 showed reduced cytokeratin expression,
whereas the majority of cells highly expressing cytoker-
atins did not stain for TGF-B1 (data not shown). This
provides additional evidence for the premise that the
converted cells are indeed the ones producing TGF-B.
These findings suggest that host cells surrounding the
tumor tissue initiate the cell conversion. In turn, the
converted tumor cells produce TGF-B themselves, thus
accelerating cell conversion and the subsequent invasion
processes. To obtain direct proof for this notion, slow-
release pellets loaded with recombinant human TGF-B1
were positioned in the vicinity of injected EpRas cells.
Surprisingly, already 4 days after injection, EpRas cells
situated in the close proximity of a TGF-B1 pellet had
converted into irregularly shaped cells, showed exten-
sive scattering and exhibited double positive staining for
cytokeratin and vimentin {yellow cells; Fig. 8F). In con-
trast, the same cells injected in the absence of a TGF-B1
pellet (Fig. 8E) or together with a control pellet loaded
with BSA [not shown) formed smooth homogeneous
nodules of tightly associated, vimentin-negative cells.
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TGF-B1 pellets located near EpH4 cells failed to signifi-
cantly affect the phenotype of these nontumorigenic
cells {data not shown). These in vivo data are consistent
with our in vitro findings and indicate a key role of TGF-
B1 in regulating EFC during tumorigenesis by Ras-trans-
formed mammary epithelial cells.

Discussion

Carcinogenesis involves multiple mutations in proto-on-
cogenes and tumor suppressor genes (Vogelstein and Kin-
zler 1993). Little is known, however, about how distinct
oncogenic mutations correlate with defined changes in
cell phenotype and how these changes contribute to tu-
mor cell invasion and metastasis. In this paper we
present evidence that the presence of TGF-B1 is abso-
lutely required for oncogenic transformation of mam-
mary epithelial cells by activated Ras. This is true both
for in vitro cultures in collagen matrices and for devel-
oping tumors. In the absence of TGF-B1, Ras-expressing
cells are similar to their nontransformed parental cells
with respect to epithelial polarity. In the presence of
TGF-B1, EpRas cells undergo EFC and become resistant
to TGF-B-induced growth arrest, whereas parental EpH4
cells undergo growth inhibition and apoptosis. Most im-
portantly, these converted fibroblastoid cells produce
high levels of TGF-B1 themselves, thus maintaining
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their mesenchymal and invasive characteristics via au-
tocrine TGF-B1 stimulation.

EFC is a relevant mechanism in carcinogenesis

Our work originated from the observation that Ras-
transformed mouse mammary epithelial cells express a
polarized epithelial phenotype in culture but convert
into invasive spindle cells during tumor formation in
mice. Similar spindle cell tumors have been described
that arise in the brain, skin, colon, and breast of both
humans and animals (Guldberg 1923; Sandford et al.,
1961; Sonnenberg et al. 1986; Buchmann et al. 1991;
Stoler et al. 1993). Some investigators believe that spin-
dle cell tumors are of fibroblastic origin, but a growing
body of evidence suggests that these tumors originate
from epithelial cells. In both animal and human tumors,
cytokeratin-positive spindle-shaped cells often occur
next to cytokeratin-positive cuboidal cells, and transi-
tions between these two have been suggested by histo-
logical observations (Mareel 1980; Gabbert et al. 1985).

In our model system, the spindle cell tumors clearly
originate from the donor epithelial cells. Tumor-derived
spindle cells survive selection in G418 and still express
cell and tissue-specific cytokeratins {46 kD and 50 kD),
which confirm their epithelial origin. In addition, South-
ern blot analysis shows that the injected epithelial cells
and the converted fibroblastoid tumor cells are of the
same clonal origin and do not show reintegration of the
retroviral vector into additional sites. Even more impor-
tant, the EFC is not a rare progression event but rather
involves the whole cell population. The fibroblastoid
cells are stable in phenotype under standard culture con-
ditions but can be efficiently reverted to a polarized, ep-
ithelial phenotype upon neutralizing the activity of
TGE-B1. These data rule out a genetic change as being
responsible for the cell conversion.

The question remains as to whether the observed co-
operation of an activated Ras oncoprotein with endoge-
nous TGF-B1 is relevant for human tumors. Overexpres-
sion of either activated or normal Ras has been observed
in a broad range of human carcinomas, including those of
the breast (Hand et al. 1984; Slamon et al. 1984; De Bor-
toli et al. 1985; Macauley and Pawson 1988). Moreover,
autocrine ligand production, overexpression, and/or con-
stitutive activation of receptor tyrosine kinases acting
upstream of c-Ras (e.g., HER-1, HER-2] are frequent al-
terations in breast carcinomas (Kern et al. 1990; LeJeune
et al. 1993; Clark and Der 1995). Because TGF-B1 is also
often highly abundant in human tumors {Derynck et al.
1985; Keski-Oja et al. 1987; Thompson et al. 1991), it is
likely that Ras and TGF-B1-induced signals may act syn-
ergistically not only in our mouse model, but also in
human tumors.

Another important question is whether or not epithe-
lial-mesenchymal transition in breast epithelial cells
can be induced by other oncogenes and/or normal cellu-
lar mechanisms. First, long-term activation of a ¢c-FosER
fusion protein induced epithelial-mesenchymal transi-
tion similar to that seen in Ras-transformed epithelial
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cells (Reichmann et al. 1992). However, these cells were
not tumorigenic in nude mice. In addition, TGF- {Mi-
ettinen et al. 1994) and bFGF (Boyer et al. 1992} induced
epithelial-mesenchymal transition in epithelial cell
lines lacking an exogenous, activated Ras. In contrast to
our system, however, these cell lines did not express a
polarized epithelial phenotype, and the question of
whether they contain an endogenous, activated Ras {or
oncogenic mutations within the Ras pathway) has not
been adressed.

TGF-B and Ras coregulate epithelial cell plasticity

In this paper we show that TGF-B1 induces EFC both in
collagen matrices and during tumor development. Re-
markably, this TGF-B1-induced cell conversion requires
the cooperation of an activated Ras protein, because nei-
ther primary mammary epithelial cells nor the parental
EpH4 cells undergo TGF-Bl-induced EFC. Thus, we pro-
pose that EFC is caused by synergy between TGF-B1 and
Ha-Ras-activated signaling pathways. This idea is sup-
ported by other reports showing that the effects exerted
by activated Ras proteins are similar in action to mem-
bers of the TGF-B family during myogenic differentia-
tion (Payne et al. 1987) and mesoderm formation (Whit-
man and Melton 1992). In the latter process, signaling
downstream of Ras (MAP kinase activation) was shown
to be necessary (LaBonne and Whitman 1994; Umbhauer
et al. 1995). In cardiac muscle, TGF-B1 up-regulates
genes associated with the embryonic heart and with
growth provoked by hemodynamic load. Both effects are
mimicked at least in part by activated Ras (Parker et al.
1990; Thorburn et al. 1993), suggesting that, at least in
certain biological systems, Ras and TGF-B may act syn-
ergistically.

When comparing our experimental mouse tumors to
naturally occurring human tumors, one should keep in
mind that such tumors do not necessarily contain all the
genetic changes typical for immortalized established cell
lines such as used herein (Pereira-Smith and Smith
1988). Whereas an activated Ras oncoprotein is sufficient
to transform immortal fibroblast cell lines, nonimmor-
talized fibroblasts require additional oncogenic events,
such as the cooperation between the Ras and Myc onco-
proteins {Land et al. 1983). Even when such oncogene
combinations are coexpressed, full transformation is still
a rare event, implying that further mutations may be
required (Macauley and Pawson 1988). These findings
suggest that ras is a potent oncogene only in the presence
of other critical changes, which may already have oc-
curred in our Ras-transformed epithelial cells. However,
these additional mutations are present in both control
and Ras-transformed clones. On this defined, genetic
background, we investigate late events in tumor progres-
sion such as dedifferentiation and invasiveness. Thus,
our conclusions are probably not affected by the genetic
differences between our model system and naturally oc-
curring human tumor cells. In addition, our Ras-induced
experimental tumors show many features of naturally
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occurring tumors. These are VEGF expression in hypoxic
areas and vascularization (G. Breier, S. Blum, J. Peli, W.
Risau, and E. Reichmann, in prep.), TGF-B expression,
recruitment of tumor stroma, changes in extracellular
matrix composition and deposition, altered protease and
protease inhibitor expression (C. Rudaz and E. Reich-
mann, unpubl.), and cell invasiveness. Interestingly, all
these processes also occur during wound healing and are
dependent on the expression and efficient activation of
TGF-B (Roberts et al. 1986; Edwards et al. 1987; Laiho
etal. 1987; Kim et al. 1989). Taken together, we postulate
that tumor cell invasiveness is not just a result of spe-
cific mutations in individual cells, but rather a combi-
nation of these together with an aberrant response of the
growing tumor cells to normal regulatory mechanisms
such as those occurring in wound healing and tissue re-
pair.

Ras alters the TGF-B reponsiveness of mammary
epithelial cells: loss of epithelial polarity and
gain of invasiveness and phenotypic plasticity

In serum-free or TGF-B-deprived collagen matrices,
EpRas cells develop into dilated ducts and cystic cavi-
ties, whereas parental EpH4 cells or primary mammary
epithelial cells form narrow, branching ducts and end-
buds. In other systems, more dramatic effects of acti-
vated Ras on epithelial polarity have been described (for
review, see Eaton and Simons 1995). Here, Ras transfor-
mation interferes with the establishment of apical polar-
ity, while leaving the basolateral domain intact {Schoe-
nenberger et al. 1994). However, because these experi-
ments have been performed in the presence of serum
(which itself contains TGF-B1), they are difficult to com-
pare with our results in which we failed to observe ob-
vious polarity defects. Because exogenous TGF-B1 com-
pletely disrupts cell polarity, it is possible that the par-
tial loss of epithelial polarity in the Ras-transformed cell
systems mentioned above may be attributable to the
TGEF-B1 levels present in serum.

In our system, TGF-B1 completely disrupted cell—cell
adhesions and epithelial cell polarity, causing the cells to
become spindle shaped and invasive. These changes are
dependent on the continuous presence of TGF-B1, be-
cause the spindle cells revert into polarized epithelial
cells upon addition of TGF-Bl-neutralizing antibodies.
The major, novel conclusion from these findings is that
by addition or removal of TGF-B1, Ras-transformed cells
can be switched back and forth between a noninvasive
(polarized epithelial) and a highly invasive (fibroblastoid)
phenotype. This phenotypic plasticity may be character-
istic for invasively growing cells in general and may ex-
plain why invasive tumor cells often exhibit the migra-
tory properties of fibroblasts. The reversibility of EFC
shown here is also in accord with the possibility that the
new environment of a distant organ may trigger the fi-
broblastoid, migratory cells to reaquire epithelial fea-
tures after extravasation. This would explain why me-
tastases of human carcinomas are often well differenti-
ated.
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Autocrine TGF-B1 production maintains the
fibroblastoid phenotype

Another major, novel finding of this study is that EpRas
cells had to undergo EFC to produce significant amounts
of TGF-Bl themselves both in vitro and in vivo. Our
work shows that tumor cells can maintain their fibro-
blastoid phenotype via the autocrine production of TGF-
B1 and that this autocrine TGF-B loop had to be inter-
rupted to allow the phenotypic reversion of the cells in
vitro. The fact that once converted the fibroblastoid cells
efficiently produce TGF-B1 themselves may also explain
why the Ras-transformed cells in the tumors observed
can convert so uniformly into spindle cells.

Polarized Ras-transformed epithelial cells did not ex-
press or release significant amounts of TGF-B1 shortly
after their injection into mice. This raises the question
as to how the conversion process may have been initi-
ated. As seen by in situ hybridization and immunostain-
ing, the stromal cells surrounding a 3- to 4-day-old mi-
crotumor produced the cytokine. These cells could be
identified as fibrocytes and endothelial cells, but other
cell types such as macrophages and lymphocytes are
likely to have been present as well. All these cell types
are known to produce and release TGF-B. Primary regu-
lation of TGE-B action occurs through factors that con-
trol processing of the latent to the biologically active
molecule. However, TGF-B activation in vivo is not well
understood. In coculture systems, plasmin has been
shown to activate latent TGF-B1 in a fashion that re-
quires direct contact or close apposition of two different
cell types (Antonelli-Orlidge et al. 1989; Sato et al. 1990).
In our system, such cell-cell interactions causing TGF-3
activation may include the encapsulation of the micro-
tumor by stromal fibroblasts and, more important, the
intermixing of donor tumor cells and host stromal cells
during tumor development (see Fig. 2B). Latent TGF-p is
apparently also activated by the extracellular matrix pro-
tein thrombospondin (TSP). In this case activation oc-
curs in the soluble phase and does not require proteolytic
activity (Schultz-Cherry et al. 1994). In fact, a supportive
role for thrombospondin in cancer and increased throm-
bospondin levels in malignant breast cancers have been
reported (Castle et al. 1991; Wong et al. 1992).

Our combined in vitro and in vivo results have led us
to formulate the hypothetical model shown in Figure 9.
TGF-B1 is initially provided by infiltrating nontumor
cells, such as fibrocytes, endothelial cells, lymphocytes,
and macrophages. The interaction of these different cell
types with the tumor cells may trigger the efficient ac-
tivation of TGE-B1. This in turn causes the epithelial
tumor cells to lose polarized features and to dedifferen-
tiate into migrating fibroblastoid cells. These cells gain
invasive properties, become resistant to TGF-p-induced
growth arrest, and begin to produce TGF-B1 themselves.
The autocrine loop thus generated facilitates the main-
tenance of the fibroblastoid phenotype and the recruit-
ment of additional cells into EFC (Fig. 9; see above). Our
model agrees with findings of Thompson et al. (1992,
1993) who provide evidence that elevated TGF-Bl ex-
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Figure 9. Model for TGF-B1 action in tumor development. In
this hypothetical model, we postulate that TGF-B1 is initially
provided by tumor-infiltrating cells, such as fibrocytes, endo-
thelial cells, lymphocytes, and macrophages. The interaction of
these different cell types with the (epithelial} tumor cells may
trigger the efficient activation of TGF-g1. This in turn may
cause certain epithelial tumor cells to convert to the fibroblas-
toid and invasive phenotype. These fibroblastoid cells then be-
gin to produce TGF-B1 themselves, thus generating an auto-
crine loop that facilitates the maintenance of the fibroblastoid
phenotype and the recruitment of additional cells into EFC and
invasiveness.

pression is involved in the progression to malignancy in
a mouse model for prostate cancer.

Since its discovery, TGF-B1 was found to be overex-
pressed and was postulated to act in an autocrine fashion
in many different epithelial tumors (Derynck et al. 1985,
Roberts et al. 1986). Our data reveal a clear functional
role for such autocrine loops involving TGF-. For in-
stance, tumor cells of rather similar phenotype can pro-
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duce high or low levels of TGF-8 and can be either sub-
ject or resistant to growth inhibition by TGF-B. This
otherwise puzzling observation makes sense if seen as a
characteristic feature of tumor cell plasticity, allowing
the cell to proliferate and migrate in widely different
environments. Under certain conditions favoring EFC,
autocrine TGF-Bl production would confer invasive
properties to a transformed epithelial cell and maintain
them until different environmental conditions favor re-
version to a more differentiated phenotype. In such a
scenario, tumor cells able to activate autocrine TGF-g1
production would even have a distinctly selective advan-
tage in tumor progression.

Materials and methods
Cell culture

EpRas cells were generated by infecting the parental mammary
epithelial cell line EpH4 (Fialka et al. 1996) with a helper-free
retroviral vector expressing v-Ha-ras (Redmond et al. 1988). Se-
lection and expansion of polarized epithelial clones were per-
formed as described earlier {Reichmann et al. 1992). Briefly,
cells were cultured on plastic dishes in growth medium [Dul-
becco’s modified Eagle medium {DMEM) containing 10% FCS
(Boehringer Mannheim) and 20 mM HEPES] and subcultured at
a 1:3 ratio twice a week. For induction of hemicyst {dome) for-
mation, EpRas cells and the parental line EpH4 were cultured at
high density for 1 week without subculturing.

Assay for TGF-B-dependent growth inhibition

Exponentially growing EpH4 cells, EpRas cells, and fibroblas-
toid EpRas cells after EFC were trypsinized, washed, and seeded
in triplicate into the wells of 96-well tissue culture plates at
1 x 10* cells per well, using DMEM containing 5% FCS. Vari-
ous concentrations (0.1 ng/ml-10 ng/ml) of TGF-Bl were
added, and the cells were incubated for 24 hr. Cells were labeled
for 3 hr with 0.8 mCi [®*H| thymidine per well ([*H]-TdR, Am-
ersham; ~30 Ci/mmole). Labeled cells were harvested onto
glass fiber filters using an automated cell harvester TOMTEC].
The cell-bound radioactivity was determined in a 96-well scin-
tillation counter (Wallac, Microbeta 1450).

Growth of organotypic cell structures in collagen gels

Semiconfluent cultures of the cells to be analyzed were
trypsinized and adjusted to a final concentration of 4 x 10*
cells/ml with ice-cold growth medium. Equal volumes of cell
suspension and of a solution of acidified rat collagen type I
(Sigma) were mixed at 4°C, dispensed on 35-mm tissue culture
dishes, and allowed to solidify into a gel for 30 min at 37°C. To
generate organotypic structures, the collagen gels were over-
layed with a serum-free medium [MEGM (Promocell), contain-
ing bovine pituitary extract (BPE), recombinant epidermal
growth factor (EGF), hydrocortisone, and insulin at concentra-
tions suggested by the supplier]. When indicated, 5% or 10%
fetal calf serum (FCS) or 5 ng/ml of recombinant TGF-B1 (a kind
gift from Genentech, Inc., South San Francisco, CA) was added.
The medium overlaying the collagen gels was changed every
second day. To neutralize the TGF-g1 produced by the cells or
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structures in the gel, a neutralizing, anti-TGF-B monoclonal
antibody (Genzyme] or control antibodies were used at concen-
trations up to 50 ng/ml.

Tumor induction and reisolation of cells from tumors
or collagen gels

Confluent EpRas or EpH4 cells were trypsinized and counted.
Then, 1 x 10° cells suspended in 0.1 ml of phosphate-buffered
saline (PBS) were injected subcutaneously or into the mammary
gland of 5-week-old BALB/c or nude mice. The recipient mice
were sacrificed after various time periods ranging from 3 to 28
days, and the tumors (or tissue areas containing the injected
cells) were excised. For subsequent histological analysis, the
tissue was immediately snap frozen in liquid nitrogen. To 1e-
isolate the tumor cells for further growth in tissue culture, the
tissue was cut into small pieces under sterile conditions using
opposing scalpel blades and digested with 2 mg/ml of collage-
nase type IA (Clostridiopeptidase A; Sigma) for 1 hr at 37°C. To
remove remaining host cells lacking the retroviral neomycin or
hygromycin resistance markers contained in the donor cells,
the cells retrieved from the tumors were cultured for the first 5
days in the presence of G418 or hygromycin, respectively. Col-
lagen gels were similarly digested with collagenase to reisolate
cells for subsequent tissue culture.

Antibodies

Rabbit antisera to cytokeratin were described earlier {Reich-
mann et al. 1992). Rabbit antiserum and rat monoclonal anti-
bodies against E-cadherin were a gift from Dr. Rolf Kemler (Max
Planck Institut fiir Immunbiologie, Freiburg, Germany). Rab-
bit antiserum recognizing NPT was kindly provided by E.F.
Wagner (Forschungsinstitut fiir Molekulare Pathologie, Vienna,
Austria). The mouse monoclonal antibody against Vimentin
V3B (Boehringer Mannheim), the rat monoclonal antibody
against ZO-1 (Chemicon), the mouse monoclonal antibody
against TGF-8 1-3 (Genzyme), the TGF-B 2,3 antibody (Gen-
zyme), the polyclonal antiserum against activated TGF-B
(Promega), the neutralizing rabbit polyclonal (R&D), and the
mouse monoclonal antibodies {Genzyme) directed against
TGEF-B were purchased from the respective sources. Antibodies
against the TGF-Bl-receptor proteins TGF-8 R1 (Alk-5) and
TGF-B RII were obtained from Santa Cruz Biotech., Inc. and
Upstate Biotech., Inc., respectively.

Sectioning and immunofluorescence

To retain optimal biological activity of RNA and proteins in the
excised tissues and collagen gels, tumor material and collagen
type 1 gels containing cell structures were snap-frozen in liquid
nitrogen immediately after isolation. Prior to freezing, collagen
gels were soaked for 2 min in medium containing 5% DMSO to
prevent cell damage due to ice crystal formation. Cells grown on
plastic or cryosections prepared from tumors or collagen gels
were fixed and permeabilized for 15 min at —20°C using ace-
tone/methanol mixed at a ratio of 1:1, air-dried, and stored at
4°C. First antibodies were applied for 1 hr at 37°C in PBS, usu-
ally containing gelatin, bovine serum albumin (BSAJ, and
Tween 20 (0.2% each) to block unspecific antibody staining.
The second antibodies, conjugated to FITC or Texas Red, were
applied for 30 min at 37°C. The cells or sections were then
mounted in Moviol 1-88 {Hoechst) and examined with a Zeiss
Axiophot fluorescence microscope. Photographs were either
taken conventionally or computer assisted, using a Kaf 1400
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CCD camera (Photometrics) and the Adobe Photoshop 3.0 im-
age processing program.

RNA in situ hybridization

For RNA in situ hybridization, cryosections were fixed in 4%
paraformaldehyde in PBS, washed twice in PBS, prehybridized
for 2 hr, and hybridized overnight to the respective 3*S-labeled
riboprobe at 52°C in 50% formamide, 0.6 M NaCl. After washing
under stringent conditions (T, —20°C) the sections were
dipped in Kodak NTB liquid emulsion and exposed for 2 weeks.
The slides were counterstained with hematoxylin/eosin and an-
alyzed in bright- and dark-field illumination using a Zeiss Ax-
iophot microscope.

To generate 3°S-labeled riboprobes, the hTGF-p1 ¢cDNA
(R&D) and the cDNA for NTP (exised from a suitable retroviral
vector) were cloned into T5-T;, expression plasmids and tran-
scribed in vitro in the presence of [>**S|UTP for antisense ribo-
probe and sense control probe.

Electron microscopy

Cells grown in collagen I gels were prefixed for 10 min in 3%
paraformaldehyde in 0.2 M HEPES (pH 7.3) at room temperature.
Cells were further fixed in 8% paraformaldehyde, 0.2 m HEPES
(pH 7.3} for 30—60 min on ice. For immunocytochemistry, sam-
ples were dehydrated in ethanol at progressively lower temper-
atures, embedded in Lowicryl HM20 or K4M, and polymerized
at —35°C by UV light (Schwarz et al. 1993) For ultrastructural
studies, cells were postfixed with 1% osmium tetroxide in PBS
{pH 7.2} for 1 hr on ice, block stained with 1% agueous uranyl
acetate for 1 hr, dehydrated in ethanol at room temperature, and
finally, embedded in Epon. For immunocytochemistry, ul-
trathin sections were mounted on coverslips (Schwarz 1994)
After blocking unspecific binding sites with 0.5% BSA and 0.2%
gelatin in PBS, sections were incubated with rabbit anti-B-cat-
enin antibodies and subsequently with Cy3-labeled goat anti-
rabbit IgG. The labeled sections were stained with 4',6-di-
amino-2-phenylindole (DAPI) to visualize nuclei in immunoflu-
orescence microscopy.

Southern blot analysis

Total DNA of cells or tumor material was isolated and pro-
cessed using standard procedures (Maniatis et al. 1982). DNA
was extracted from cells before injection, from freshly excised
tumor tissue (day 15 after injection), and from tumor tissue
recultured in vitro in the presence of G418 for 5 days, digested
with EcoRI (which cuts the retroviral vector only once), blotted
onto a GeneScreen membrane, and hybridized with cDNAs en-
coding either the NPT or the v-Ha-ras gene.

Northern blot analysis

Northemn blot analysis was performed as described elsewhere
{Chomczynski and Sacchi 1987; Reichmann et al. 1992). Total
RNA (10 pg per lane) was run on formaldehyde-containing de-
naturing gels, blotted to GeneScreen membranes, and hy-
bridyzed with the entire coding region of hTGF-1 cDNA
(R&D) that displayed enough homology to mTGF-1, mTGF-
B2, and mTGF-B3 to recognize all three murine TGF-B isoforms.

Semiquantitative PCR

Total RNA from cells grown on plastic, in collagen gels, or from
tumors was isolated and processed for semiquantitative PCR. A
TGEF-B1-specific fragment was amplified by RT-PCR under
semiquantitative conditions, using B-actin primers as an inter-
nal control, as described by Leonard et al. (1993). Briefly, DNA
was denatured at 94°C for 1 min, primers were annealed at 65°C
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for 1 min, and the polymerase reactions were continued at 72°C
for 1 min. The amplification was continued for 20 and 30 cycles.
TGF-B-specific primers 5-TGGACCGCAACAACGCCATC-
TATGAGAAAACC-3' (upstream) and 5-TGGAGCTGAAG-
CAATAGTTGGTATCCAGGGCT-3' (downstream) (Clontech,
Inc.} were used. The resuits of the PCR were quantitated on an
ImageQuant Phosphorlmager. The values were normalized to
the respective control product (B-actin) and subsequently set in
relation to the value from control 3T3 fibroblasts.

Immunoblotting

To analyze TGF-B1 in tissue culture supernatants, 2 ml of se-
rum-free cell supernatants were concentrated to a final volume
of 0.1 ml by ultrafiltration {Centricon 10, Amicon). The con-
centrated supernatants were mixed with fivefold concentrated
SDS—polyacrylamide gel electrophoresis [PAGE) (sample buffer
lacking mercaptoethanol and analyzed by SDS-PAGE (nonre-
ducing conditions). Equal aliquots of protein (50 pg) were sub-
jected to SDS-PAGE, and immunoblot analysis was performed
as described previously (Hayman et al. 1993).

Embryonic chicken heart invasion assay

The embryonic chicken heart invasiveness assay was performed
as described elsewhere (Behrens et al. 1993). To unambiguously
discriminate invasive donor cells from chicken heart cells, the
test cells were loaded with a vital, fluorescent dye before test-
ing. For this, the cells were incubated for 1 hr in glucose-con-
taining Hanks balanced salt solution containing 10 mMm 5,6-
carboxy-2',7'-dichlorofluorescein diacetate-succinimidyl ester
(Molecular Probes) and 0.2 x 10° M pluronic F127 {Hoechst). By
this procedure, the fluorescent dye is covalently coupled to in-
tracellular proteins without affecting cell viability or behavior,
as judged by various differentiation and proliferation assays. Af-
ter labeling, the cells were washed 3x in PBS for 5 min and
twice in complete medium for 4 hr to remove uncoupled dye.
The labeled cells were cultured for 24 hr at high density, scraped
off the plastic dish, and brought into contact with precultured
heart fragments from 9-day-old chicken embryos on top of a soft
agar layer. The fragments with attached cells were collected
after 7 days in culture, snap frozen in liquid nitrogen, cryosec-
tioned, fixed in methanol/acetone, and fluorescent cells were
determined by epifluorescence microscopy (Axiophot, Zeiss).

Implantation of TGF-B-loaded slow-release pellets into mice

To expose Ras-transformed mammary epithelial cells to acti-
vated TGF-B1 very early in tumor development, TGF-B1-loaded
slow-release Elvax pellets and either EpRas epithelial cells or
normal EpH4 cells were coinjected subcutaneously into mice.
For control purposes, pellets loaded with BSA only were coin-
jected. The pellets were prepared and loaded according to the
manufacturer’s instructions.
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TGF-beta1 and Ha-Ras collaborate in modulating the phenotypic
plasticity and invasiveness of epithelial tumor cells.
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