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Expression of c-ETS-1 and uPA genes
is associated with mammary epithelial cell tubulogenesis

or neoplastic scattering
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ABSTRACT Although the inductive interactions which trigger epithelial morphogenesis have been
extensively described, little is known about the transcription factors involved in these processes,
During mammary gland morphogenesis, we report the expression of the transcription factor c-ets-'
and one of its target genes uPA in mesenchymal cells during early stages of epithelial invasion, and
later in epithelial cells themselves. In vitro studies show that both c-ets-' and uPA mRNAs can be
induced in cultured normal mammary epithelial cells in response to medium conditioned by MRC.5
fibroblasts, In contrast, invasive tumorigenic cell lines from the mammary epithelium express
constitutively c.ets-l and uPA while non-invasive tumorigenic cells do not. In three dimensional co-
cultures in collagen gels, a preferential expression of these genes is detected in epithelial cells
migrating through the gel either at the tips of normal ducts or in cancerous cells which are scattering.
These genes are also expressed in the neighboring fibroblasts. In MRC-5 fibroblasts, conditioned
media from tumorigenic epithelial cells induce more efficiently c-ets.l and uPA mRNA accumulation
than do conditioned medium from normal cells. These results suggest that epithelial-mesenchymal
interactions trigger c-ets-l and uPA expression in both compartments during mammary gland
morphogenesis. The expression of the genes correlates with invasiveness of epithelial cells irrespective
of their being normal or cancerous.
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Introduction

Organs are complex structures composed of numerous types of
tissues. The precise arrangement of tissues in these organs results
from proximate interactions which direct changes in gene expres-
sion, cell shape and migration. Several transcription factors have
been shown to be involved in the control of gene expression during
these interactions,

Expression of the proto-oncogene c-els-! has been detected
when organogenesis takes place (reviewed in Vandenbunder et
at, 1995). This proto-oncogene is the cellular progenitor of the viral
oncogene v-e/soriginally identifiedinthe avian leukemia retrovirus
E 26 (leprince el a/., 1983; Nunn el a/., 1983). It encodes a
transcription factor (Bosselut et a/" 1990; Gunther el a/" 1990; Ho
at a/., 1990; Wasylyk et a/" 1990) which recognizes specific
nucleotide sequences with a GGANT core sequence. c-ets-1
transcripts have been detected as early as during gastrulation in
the mesodermal layer of the embryo. Throughout the embryonic
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development. c-ets.1 was shown to be expressed in situations
involving cell movement, For example. c.ets.1 transcripts have
been detected in endothelial cells during the formation of new
blood vessels (Vandenbunder et al., 1989; Pardanaud and Dieterlen-
Uevre, 1993), c-ets-1 transcripts are also abundant in mesenchy-
mal cells adjacent to epithelial structures when inductive interac-
tions occur (Queva et at., 1993) before the formation of cutaneous
structures in dermis, limb bud, or during branching morphogenesis
in kidney. In contrast, c-ets-llranscripts are absent in epithelia of
the embryo whether they are derived from endoderm, mesoderm
or ectoderm. The expression pattern of c-ets-! during pathological
or normal development shares the same features, with c-e/s-l
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Fig. 1. c-ets-1. uPA and collagenase Ilcoill expression during mouse mammary gland development. At 74 days of embryonic development, i.e.

E 14, (A-E) the mammary gland IScanst/rueed of an epithelial primary bud which invag:nares Inro the subjacent mesenchyme. Ar birth, DO(F.JI, the first
epithelial mammaryducrs are formed. At the onset of puberty. 025 !K-OJ the mammary gland shows growing and branching ducts with the first termmal
end buds at thelf e\rremlcies. In Situ hybridization performed on mouse mammary gla'1dsecrions at E 14mdicares that the primary buds are nor labeled
by either of the three probes (B.C.DI. The c-€ts-l signal Init/ally clearly derected in t"le mesenchyme (BI decreases In this tIssue and appears in the

mammary epIthelial ducts at blfth IG). c-ets-l e\presslon IS particularly Intense in the terminal end buds at 025 ~l. arrow) Both uPA and collagenase I
e:\presslons are detected at puberry ~M.NI and serial sections performed on adjacenr mammary ducts show a major expression In the terminal part of
the ducts (arrows). E,J.O are enlarged Nomarskl views of 8. G.L respectively (I, lumen of the ducts). Bar, 35 JJm.

transcripts in the endothelium during tumor angiogenesis and in
stromal fibroblasts surrounding invasive tumor formation (Wernert
et al.. 1992). Using in vitro transactivation assays, several genes
encoding proteinase precursors were shown to be Ets target

genes,This is true for genes encoding pro-strome lysin 1 (Wasylyk
et a/" 1991), the precursor of stromelysin 1 which degrades
extracellular matrix (ECM) components (proteoglycans, laminin

and fibronectin), pro-collagenase I (Gutman and Wasylyk, 1990),
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the precursor of collagenase I responsible for cleavage 01 the
collagen triple helix, and pro-urokinase type plasminogen activa-
tor, pro-uPA, (Rorth er al., 1990) the precursor of uPA which

converts plasminogen into plasmin after fixation to its receptor and
activation (Stephens et al., 1989). Plasmin is able not only to
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Fig 2. c-ets-1 and uPA expression in hNMEC in two dimensional
cultures. Cells were starved for 24 h after 3 days of growth. TheV were
subsequently cultured either In starvation medium or In MRC-5 condl.
tloned medium and mRNAs expressIon was analyzed at different rimes of
incubation in these two culture media. In Situ hybridizatIOn (A-LI was
performed either with c-ets-l and uPA ant/sense or with sense probes
IB,DI. In starvation condition, the c--ets.' signal is famt and detected only
Ina few cells IA. arrow). In the same way, whatever the observation time,
uPA IS focally expressed in some cells tCI. In MRC-5 conditioned medium,
cells ex.pressing c-ets-l and uPA mRNAs form a rmg at the periphery of the
epithelial cell clusters IE-LI. This pattern ISparticularly eVident from 2 to 8
h for the two genes IE-KL At 24 h IH,LI the cells have migrated to the
penphery and the signals are widespread with a decreased Imenslty. Bar,

35 J1m For the mdicated times of culture, the cells were lysed. RNA
recovered and analyzed by Northern blot 1M). c-ecs-l mRNA level is QUite
undececcable In scarved cells. In chese condlclons, uPA mRNA e:A.presslon

exhibits a minimum level by 0 to 24 h. In MRC-5 condicioned medium che level ofc-ets-l expression Increases as soon as 2 h and reaches ItS ma~lmum

at 4 to 8 h while uPA mRNA levels also increase as early as 2 h after the beginnmg of scimulacionand peak at 8 h. A GAPDH probe was used as control
for eQual loading.

degrade ECM components but also to activate pro-collagenase
and pro-stromelysin (He ef al., 1989).

It is well established that proteinases ate involved in cellular
movement processes of morphogenesis. During organogenesis,
proteinases would allow the correct development of embryonic
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Fig. 3. c-ets-1 and uPAexpressions in hNMEC

in three dimensional cultures. The cells were
either cultured alone or cocultured with MRC-
5flbroblasts macolfagen gelduflng 7 days ISH
of sefla/ seClions through these gels showed
tharculturedalonefA-CI. hNMEC formasheer
where c-ets-' ICI and uPA (BI are poorly e~-
pressed In coculture ID-I). a network of ducts
IS constltuted_ (F-I) Views correspondmg to oj

adjacent seClions. showmg different parts of
the same duct from Its baSIS IF, arrowhead I to
the termmal end budll. arrowl. The c--ets-' IF-
I) and uPA IE) signals (arrows! areboth located

m the e~rremilies of the ducts penetratmg the
gel. IA. DI Control sections hvbfldlzed with
uPA sense probe Bar:A-C, 35 jlm; 0-1, 70 jlm.

tissues by monitoring the amount of ECM compo-
nents. For example. stromelysin 1. by degrading
basement membrane, allows branching of epithe-
lial ducts during mammary gland morphogenesis
(Sympson el al., 1994). The urokinase-type plas-
minogen activator, uPA is expressed in the mater-
nal vessel walls during uterine neo-vascularization
(Grevin et al., 1993). On the other hand, cancer
cells in invasive carcinomas induce neighboring
stromalcells to express proteinases such as uPA
(Pyke et al., 1991), collagenase I (Palette et al..
1993) as well as the 72 kDa collagenase IV (Ballin
elal., 1991)andstromelysin3(Bassetetal., 1990).
Moreover, in both normal and cancerous rodent
mammary glands, Ossowski el al. (1979) showed
the association of plasminogen activator produc-
tion with tissue remodeling. It has been suggested
that the degradation of ECM components by one or
combinations of these proteinases facilitates either
epithelial or endothelial invasion through the sur-
rounding stroma.

In endothelial cells and in mesenchymal tis-
sues of the uterus colonized by aggressive tro-
phoblastic cells during implantation of the em-
bryo (Grevin et al., 1993) as well as in stromal
fibroblasts adjacent to invasive neoplastic cells
(Wernert el al... 1992, 1994), the expression of
c-ets-1 correlated with the accumulation of uPA
and/or collagenase and stromelysintranscripts.
In contrast, in embryonic tissues during mor-
phogenesis. in endothelial cells during angio-
genesis or in mesenchymal cells expressing c-
ets-I, neither uPA nor collagenase I transcripts
were detected. The fact that uPA transcripts
were not detected in the early stages of devel-
opment agree with the proposal of Carmeliet et
al. (1994) that uPA is not required for normal
embryonic development.

In the present studies. we focused our atten-
tion on the mammary gland whose organogen-
esis takes place in the embryo and resumes
during puberty. Previous results from Heuberger
el a/. (1982) using tissue recombinations have
elegantly demonstrated the primordial role of
epithelial-mesenchymal interactions in this de-
velopment. In order to characterize the migra-
tion processes induced by these interactions.
we set up in vitro reconstitution models in which
normal or cancerous mammary epithelial cells
interact or not with fibroblasts. Our results show
for the first time, that epithelial mammary ce11s
are able to express both c-el.s-l and uPA They
also demonstrate that the expression of these
genes is associated either with organized
tubulogencsis by normal epithelial cells or with
unregulated invasive processes by cancerous
cells. These expressions would lead to a modi-
fication of epithelial organization and allow mes-
enchymal ECM to be degraded.
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Results

c.ets-1 and proteinases are expressed in vivo during morpho.
genesis of mouse mammary gland

Sections of mouse mammary glands at different stages of
development were hybridized with murine c.ets-l. uPA and colla-
genase I probes. At E14, the primary epithelial buds were not
labeled by the c-ets-! probe whereas a signal was detected in the

surrounding mesenchyme (Fig. 1B). Collagenase I and uPA tran-
scripts were not detected, either in epithelial or in mesenchymal
cells (Fig. IC,O). At DO, the c-ets-! signal decreased in the
mesenchyme and clearly appeared in epithelial mammary ducts
(Fig. 1G). Again, proteinase ANAs were not detected (Fig. 1H,I), At
025, the onset of puberty, (and 035, data not shown), epithelial
cells in the tips of growing ducts expressed c-els-t as well as uPA
and collagenase I transcripts (Fig. 1L.M,N). The ISH signals were
higher in these extremities than in epithelial cells forming the more
proximal collecting tubules. For each probe, focal signals were
detected in the loose mesenchyme.

Thus, during mammary gland morphogenesis. c-ets-' was
strongly expressed in the mesonchymal component at the
onset of primary epithelial bud formation. Later, c-ets-' ex-
pression was detected in the epithelial component where it
correlated with proteinase expression, at the tips of the ducts.
The features of these expression patterns prompted us to
investigate whether diffusible signals released by either com-

Fig4. c.ets-7 and uPA expressions in MDA-MB-231 in two dimen-
sional cultures. Cells which e\pressed c--ets-' or uPA are dlstnbuted
in the whole seeded region either in starvation or In MRC-5 cond,-

tlonedmediumandat any rimes of analysis. However, c--ets-l eJlpress-

109 cells (A,B,E,F) appear more numerous than uPA expressing cells
(C,D,G,H). VIews E andG al/owus to observe the distinct aspect of the

two signals While the c-ets-' signal is located In the whole cell, uPA
signal appears more focally focalIzed lust near the nucleus. Moreover,

the uPA signaf decreases in 24 h. cultured cells (compare C and DI.
Bars: A toO,F,H, 3511m; EandG, 17.5pm. Northern blots II) pOint out
that rhe time courses of expression, for each of the two genes, are the
same eIther in starvation or In MRC-5 conditioned medium.

partment could mediate the induction of c-ets-' and uPA
expressions.

c-ets-1 and uPA expressions are inducible in normal mam-
mary epithelial cells (hNMEC)

In a first set of experiments, we tested the eHects of conditioned
medium by MAC-5 fibroblasts on hNMEC in two dimensional
cultures. Northern blot analysis (Fig. 2M) revealed the presence of
low levels of c-ets-' and uPA mANAs in starvation conditions for
each time. As early as 2 hours after stimulation by MAC-5 condi-
tioned medium,c-els-' mANAs levels increased and reached a
maximum from 4 to 8 h. In the same conditions, uPA mANA levels
increased from 2 to 8 h.ln two dimensional cultures, hNMEC grew
as clusters that dissociated upon incubation with MAC-5 condi-
tioned medium. Interestingly, ISH analysis revealed that c-ets-t
and uPA signals were localized at the periphery of the clusters
formed by hNMEC. Cultured in starvation conditions, very few
peripheral cells were weakly labeled by the c-els-l riboprobe for
each time of the experiment (Fig. 2A). In the same way, uPA was
focally expressed in a few peripheral cells (Fig. 2C). In MAC-5
conditioned medium, from 2 to 8 h after stimulation, both the
number of peripheral cells expressing c-ets-' and uPA transcripts,
and the signal intensity, increased (Fig. 2E to G, I to K). After 24 h
of treatment,c-ets-'and uPA transcripts were detected in periph-
eral spread cells which had migrated. At this time, signals ap-
peared lower than those observed after 2 or 8 h (Fig. 2H,L),
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The fact that c-ets-I and uPA were expressed af the periphery
of the epithelial cell clusters suggested a role in morphogenetic
processes. We next set up three dimensional cultures that more
closely mimic physiological situations.

A 10 ~I drop containing 25000 hNMEC was laid between two
collagen gels in absence of fibroblasts. Seven days later the cells
formed a pluristratified compact sheet without lumen formation.
The antisense c-ets-1 or uPA probes detected a weak signal in
these cells (Fig. 3B,C) when compared fo the sense probes (Fig.
3A). When cocultured with MRC-5, hNMEC began to produce
branching tubules after 3-4 days of culture. After 7 days, these
tubules formed a three dimensional network which infiltrated the
gel and extended from the initial center where cells were initially
laid down to the periphery. Sections of these gels clearly revealed
the presence of lumen within the tubules. It is worthy of note that

Fig. 5. c-ets-' and uPA expressions in MDA-MB-231. HBl-100 and MCF.7 in three dimensional collagen gels. Culture conditions were the same
as these used for hNMEC In three dimensional cultures. Cultured alone, MDA-MB-231 cells constitute parallellayers In the center of the seeded zone
and scatter In the peflpheryof this zone IA-CI. When cocultured, they scattered all along the seeded region ID-F). In both cases, the most invasive cells
infiltrating the gel clearly express c-ets-I (B.E) and uPA IC,F), In a fibroblast free gel, HBL-l00 form a compact layer (G-I) where the genes are weakly
expressedfH,II, In coculrure, the cells scattering and invading the gel all along the seeded zone IJ-l) distinctly expressed c-ets-I (KI and uPA Il). Cultured

alone or in coculture, MCF-7 grew as adjacent cysts ~arrowheads in MJ. c-ets-I and uPA signals are never detected(M to OJ. Views A,D, G,J, M are control
sections hybridized by c-ets-1 sense probe. Bar, 70,um.

migrating cells located at the tips of invasive ducts showed particu-
larly intense c-ets-1 and uPA signals before lumen establishment
(Fig. 3E to I ).

These experiments demonstrated that c-ets-1 and uPA gene
expression was associated with migration and morphogenetic
processes in normal mammary epithelial cells and could be in-
duced by cytokines released by neighboring fibroblasts.

Invasive cancerous epithelial cells express high levels of
c~ets~1 and uPA~transcripts in the absence of stimulation

In MDA-MB-231 cancerous cells, incubated either in starvation
medium or in MRC-5 conditioned medium, c-ets-1 transcripts
detected by Northern blot analysis (Fig. 41)were abundant for each
time, and mRNA levels were similar in both culture conditions. In
the same way, the time courses of uPA expression were similar in
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the two conditions. MDA-MB-231 cells did not aggregate and
rather grew as spindle-like cells. In starvation medium as well as in
MRC-5 conditioned medium, ISH showed that the c-ets.1 and uPA
expressing cells were distributed throughout the culture at any time
of treatment. However, while most of the MDA-MB-231 cells
expressed c-els-I (Fig. 4A,B,E,F) only a few dispersed cells
expressed uPA (Fig. 4C,D,G,H). Similar results were obtained with
HBL-100 cells.

We subsequently investigated the behavior of these cells in our
three dimensional assay. After 3 days of culture in a fibroblast-free
gel, MDA-MB-231 began to invade the gel around the initial cell
deposit, in the three dimensions, producing a lot of tight cytoplas-
mic extensions. At the end of the experiment, an anarchic network
of spindle-shaped cells was obtained. Sections revealed that cells
were organized in parallel layers in the center of the seeded zone
but scattered at its periphery (Fig. SA). Cells obviously invading the
surrounding gel expressed c-ets-7 and uPA more conspicuously
than did the cells in the central area (Fig. 5B,C). When MDA-MB-
231 wore co-cultured with fibroblasts, the limits of the initial cell
deposit were rapidly overstepped. Aher 7 days, the area covered
by MDA-MB-231 cells in co-culture was twice as large as the area
covered in fibroblast-free cultures. Cells were scattered all along
the seeded zone but they were unable to form tubules. c-ets-l and
uPA signals were preferentially detected in invasive cells infiltrat-
ing the gel (Fig. 5E,F). When HBL-100 were cullured alone, these
cells migrated only close to the limits of the initial deposit. They
formeda compact layer with poor scattering and showed a weak
c-els-I signal (Fig. 5H). uPA labeling was more evident at the
extremity ot the layer (Fig. 51). Aher one week of co-culture, HBL-
100 extensively colonized the gel with anarchic scattering similar
to that of MDA-MB-231. Invading HBL-100 conspicuously ex-
pressed c-ets-I and uPA (Fig. 5K,L).

Expression of c.ets-1 and uPA is not detected in non-Invasive
cancerous epithelial cells

In two dimensional cultures, MCF-7 grew as little clones and
never showed c.ets-7 or uPA expression. ISH or Northern blot
failed to deteci the transcripts whateverthe culture conditions used
(Fig. 6A to E). These cells cultured with or without fibroblasts in

@ starvation conditioned
medium

I

medium
o 2 4 8 24 2 4 8 24---

c-ets-1 --- --
uPA -

GAPDH -- -'-' - --
-'-.~ -

fig. 6. c-ets.J and uPA expressions in MCF.7 in two dimensional
cultures. Under similar conditions of cell cultures and gene eJlpression
analysIs. ISH (A.D) fails to derect c-ets- 1and uPA expressIon mespectrve
of the conditions used. Bar. 35 }Jm. In the same way. c-ets- 1 and uPA
tranSCf/pts are not detected by Northern blot analysis lEI.

three dimensional cultures grew as individual cysts and never
formed tubular structures. In both conditions, MCF-7 never ex-
pressed c-ets-I and uPA (Fig. 5N,O).

Normal mammary epithelial cells are less efficient than can-
cerous cells in inducing c-ets-l and uPA expression in
fibroblasts

In order to evaluate whether diffusible signals released by
epithelial cells could induce c-ets-1 and uPA expression in
neighboring fibroblasts, we cultured MRC-5 fibroblasts in control
medium or in media conditioned by either hNMEC, MCF-7, MDA-
MB-231 or HBL-100. Aher treatment by hNMEC conditioned
medium, many fibroblasts were labeled by c-ets-I and uPA probes
(Fig. 7C,D). The labeling intensities were slightly higher than that

observed in control cultures (Fig. 7A,B). Most fibroblasts treated
with MCF-7 (Fig. 7E,F), MDA-MB-231 (Fig. 7G,H) or HBL.100
conditioned media contained a higher amount of transcripts for the
two genes than did the cells treated by control or hNMEC condi-
tioned medium, Underthe same conditions, normal breast fibroblasts
showed the same expression than MRC-5 fibroblasts (data not
shown).

Consistent with these results, in three dimensional cultures.
MRC-5 located close to the most invasive epithelial cells
strongly exhibited enhanced c-els-l and uPA expressions
(data not shown).

Discussion

c-ets-1 expression has been widely documented in mesenchy-
mal tissues during invasive processes and under epithelial-mesen-
chymal interactions. Here, we describe for the first time c-ets-l
expression pattern in invasive epithelial cells during normal in vivo
mammary gland development. Using in vitro reconstitution models
we show that c-ets-1 expression is associated either with mesen-
chymal-induced tubulogenesis by normal mammary epithelial cells
or with epithelial scattering by cancerous mammary cells. Further-
more, the expression pattern of uPA. a putative target gene for c-

Ets-', parallels both c-ets-I expression pattern and the morpho-
logical feature of epithelial cell in movement.
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control medium h NMEC c. m. MCF-7 c. m. MDA-MB-231 C.m.

c-ets-1

uPA

Fig. 7. c-ets-1 and uPA expression in MRC-5 fibroblasts treated by epithelial mammary cells conditioned media. Aftergrowth and starvation, MAC-
S were cultured In media conditioned by hNMEC, MCF-7or MQA-MB-231 (c.m.). ISH (A-H) shows that after 24 h of treatment by hNMEC C.m., MRC-
5 cells e>.pressed c-ets-' IC) and uPA (DJ more intensely than in control medium (A,B). Note that, for rhe two genes, the dens!tyof silver grains drastically
increases under cancerous epithelia! cell C.m. The uPA signa! intensity Increases such as cell nuclei are quite invisible IE to HI. Bar, 17.5 pm

Expression of c-ets-1 and uPA in invaded mesenchymal
tissue

During mammary gland morphogenesis, we show that c-ets-1 is
clearly expressed at E14 in the mammary mesenchyme close to
the invaginating epithelial primary bud. Later, at birth and at
puberty, the loose mesenchyme in the vicinity of epithelial ducts
displays focal expression of c-ets-1. Similar features of the expres-
sion patterns have been observed in situations where epithelial
layers invade various mesenchymal compartments such as the
uterine wall during mouse implantation or the stromal part of
invasive carcinomas (reviewed in Vandenbunder et a/., 1995). At
puberty, mesenchymal cells located near the mammary ducts also
expressed uPA and collagenase. The late expression of these
proteinases suggests either that they are not required for embry-
onic tissue remodeling, or that our probes are not suitable to detect
a very low level of expression as previously reported for stromelysin
3 expression (Lefebvre el al., 1995). Indeed, using the same
mouse uPA probe, Grevin et a/. (1993) never observed uPA
expression in the embryo proper at least until day 10.5 of develop-
ment while, as previously demonstrated by Sappino ef al. (1989),
trophoblastic cells strongly expressed this gene as early as day
6.5. In the same way, Mattot el al. (1995) using the same colla-
genase I probe, detected collagenase I mRNAs solely in
chondrocytes in the E 17 mouse fetus. Consistent with our data, the
finding that IPA (tissue type plasminogen activator) and uPA
double-deficient mice appear normal at birth suggests that neither
tPA nor uPA is required for normal embryonic development
(Carmeliet et al., 1994). As previously shown in adult tissues
(Grevin el al., 1993; Wernert ef al., 1994), c-els-l, uPA and
collagenase expressions are detected in mesenchyme facing
invasive epithelial tissue. Taken together, these in vivo observa-
tions suggest that epithelial cells send signals to mesenchymal
cells which react by expressing these genes. According to in vitro
transactivation assays (Gutman and Wasylyk, 1990; Rorth el al.,
1990; Wasylyk el al., 1991; Stacey el al., 1995), it is tempting to

think that, during active growing phases of mammary gland devel-
opment, c-ets-1 expression takes part in events that trigger uPA
and collagenase I expression in the invaded mesenchyme. Thus,
the mesenchyme, under the stimulation of epithelial cells, would be
able to control ECM degradation and to become permissive to
epithelial invasion.

Our in vitro cultures were designed to compare the stromal
reaction triggered either by normal epithelial mammary cells or by
cancerous epithelial cells. Itclearly appears that normal mammary
epithelial cells, which migrate as sprouting ducts, induce c-ets-1
and uPA expression in fibroblasts with a lower efficiency than
cancerous cells. These results provide support for the hypothesis
that instructive inductions monitored by epithelial cells via secreted
factors are specific of epithelial cell status; these factors, in turn,
induce c-ets-1 and the proteinase gene expression. In the same
way, human breast fibroblasts cultured with epithelial MDA-MB-
231 conditioned medium increase their production of collagenase
IV (Noel el al., 1994); stromelysin 3 is specifically expressed by
fibroblasts in the vicinity of neoplasic cells of mammary carcinomas
(Basset el al., 1990). TNFu and bFGF, both potent stimulators of
uPA expression which trigger c-ets-1 expression in fibroblasts,
appear as good candidates for epithelial signaling (Wernert et al.,
1994; Gilles el al., 1996).

Expression of c-ets-1 and uPA in invasive epithelial cells
In addition, our work shows that c-ets-1 can be expressed in

migrating epithelial cells themselves. Indeed, during mammary
gland morphogenesis, at day 0 c-ets-1 expression appears in the
epithelial cells of primary ducts. This observation is the first
evidenceof c-ets-1 expression in an epithelium during develop-
ment. During morphogenetic processes, epithelial cells disrupt
their specific organization to allow local repositioning (Gumbiner,
1992). Therefore, we suggest that c-els-1 plays a role in cell
rearrangement inside an epithelial sheet at this stage. Later, at
puberty, when the growth of the gland is reactivated. epithelial cells
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display a conspicuous signal for c-els-t, uPA and collagenase I. It
is worthy of note that the three signals are particularly intense in the
growing ends of the ducts where cells are probably most invasive.
At this stage epithelial cells have to force their way through the
surrounding mesenchyme. uPA, collagenase Iand c-ets-1 expres-
sions superimpose in the epithelial cells at the invasive extremity
of the ducts during mammary development. These proteinases,
known to be expressed in many migrating cell types, are here

involved in the normal invasive epithelium. In the same way, c-ets-
1, uPA and collagenase were recently detected in lung carcinoma

cells and were suspected to be involved in tumor invasion (Bolon
el al.. 1995).

Northern blot analysis indicates that c-ets-1 and uPA expres-

sion can be induced in hNMEC in response to MRC-S conditioned
medium. Moreover, forthefirsttime, our in vitro experiments on two
dimensional or three dimensional cultures reveal that c-els-1 and
uPA transcripts are expressed in migrating hNMEC stimulated by
soluble factors released by MRC-5 fibroblasts. On the contrary,
HBL.100 and MDA.MB-231 cells expressed high levels of c-els-t
and uPA either constitutively or under MRC-5 stimulation. These
data suggest that hNMEC are dependent upon migrating signals to
significantly express these genes whereas HBL-l00 and MDA-
MB-231 cells, which exhibit a natural invasive power, do not need
such signals to express c-ets-1 and uPA. The correlation betY.een
these gene expressions and the migration process is furthermore
reinforced by MCF-7 behavior. These cells grow tightly aggregated
as clones or cysts, share abundant suriace E cadherin (RevilJion et
al.. 1993) known to act as an invasion suppressor molecule
(Vleminckx el al., 1991), and never express c-efs-) and its putative
target proteinase gene. These cells, when transfected with a
member of the Ets family, E1 AF, strongly express the
metalloproteinase MMP9 and furthermore scatter both in vitro and
in vivo (Kaya ef al., 1996).

Under the influence of both MRC-5 conditioned medium and
three dimensional matrix, hNMEC cells form tubular structures
whereas MDA-MB-231 and HBL-100 scaUer. Irrespective of their
own status, the most invasive cells express both c-ets-1 and uPA.
Recently, involvement of Ets factors, including c-Ets-1 , was con-
firmed in the transactivation of the uPA promoter in vitro (Stacey et
al., 1995). However, our ISH experiments on two dimensional
cultures show that the c-ets-1 signal is rather homogeneously
distributed in cell populations while the uPA labeled cells appear

more focally in the population concerned with c-ets-1 expression.
The distribution of c-ets-1 and uPA signals during placentation
share the same features (Grevin el at.. 1993). Thus, there may exist
a threshold of c-ets-1 expression from which uPA expression
would be triggered. Alternatively, we can also propose that the

activation of uPA expression needs additional Ets family proteins
or, one or several cofactor(s). Ets transcription factors cooperate
with lactors as Jun/Fos (Wasylyk ef al., 1990). Experiments are
currently in progress to go further in the demonstration of the
inductive roJe of c-ets-1 in our model.

Remodeling the ECM
uPA plays a central role in ECM proteolysis as the starter of a

proteinase cascade; it leads to pro-collagenase activation in hu-
man mammary carcinoma cells (Paranjpe et at.. 1980). It can also
activate stromelysin (Wolf el al., 1994), As a consequence, uPA
has been highly correlated with cell invasiveness and metastatic
power tor example in melanoma cells (MignaUi el al., 1986) and in

lung colonies (Hearing et al.. 1988). It has been suggestedthat
epithelial cells can degrade the matrix using uPA linked to its
surtace receptors (Pyke ef at.. 1991). These receptors are
overexpressed in breast cancer cells (Jankun et al., 1993) and this
overexpression has been correlated with the high invasiveness
capacity of the cells. Among cancerous epithelial cells, the most
invasive MDA-MB-231 clearly exhibit the uPA signals whereas the
non-invasive MCF-7 do not show these signals. These results
agree with the finding of Funahashi ef al. (1994): proteinase
activities are proportional to the metastatic potentials of the cells in
culture. Of course, cellular invasion depends on the balance
between the levels of structural proteins and their proteinases.
between the activators and the inhibitors of these proteinases like
PAil, PAI2 and TIMPs. The breakdown of this balance leading to
high levels of plasminogen activator or metalloproteinases may be
responsible for the abnormal tumoral progression. In this view, we
recently performed uPA activity estimations in our three dimen-
sional cultures and the results showed an increased uPA activity in
epithelial cells under MRC-S stimulation while PAI-1 levels were
not affected (Fauquelte el al.. in preparation).

In conclusion, the description of c-ets-1 expression in migrating
epithelial cells is a new finding. Furthermore, we show that in adult
tissues and in our in vitro systems the expression pahern of c-ets-
1 in invasive cells correlates with the expression pahern of uPA.
keeping in mind the fact that the expression and the activity of uPA
have been associated with the invasiveness capacity of epithelial
cells. The comparison between our results concerning the normal
mammary gland tubulogenesis in vivo and in vitro and the scatter-
ing of cancerous mammary epithelial cells suggests that the
transient and inducible expression of c-ets-1 and uPA during
normal development can be constitutively activated under patho-
logical conditions. We now aim at inhibiting c-ets-1 expression with
the expectation to block the mechanism which leads to invasion
and metastasis.

.

Materials and Methods

In vivo model
Mammaryglands of E14 mouse embryos as well as those otyoung mice

at birth (DO) or at puberty (D25 and 035) were collected and prepared for
hybridization: they were fixed at 4'C tor 16 h in 4~o paraformaldehyde in

PBS containing 5 mM MgCI2, washed in PBS. dehydrated. embedded in
paraffin and serially cut (7 ~m). Sections were transferred to 3 amino-
propyl-triethoxysilane (TESPA, Aldrich) coated slides and incubated at
37=C for three days. Slides were stored at 4<>C until use.

In vitro model

Cell types and their maintenance in culture
All cell lines were routinely maintained in plastic flasks (Falcon 75 cm2)

fed with 15 mJ of cell type specific medium containing serum (see below),
and incubated in a humid atmosphere of 5°0 C02 in air, at 3TC. Medium
was changed every three days.

Human Normal Mammary Epithelial Cells (hNMEC) were isolated from
mammary reduction (generous gift from Dr Pellerin) and cultured as
previously described by Berthon et al. (1992). hNMEC were maintained at
low CaH concentration (20 JlM) in DMEM/Ham F12 (Eurobio) with 100 ngl
ml cholera toxin (Sigma). 2 ng/ml EGF (Genzyme), 5x 10-6 M cortisol
(Sigma), 2 mM glutamine (Eurobio). 10 Jlgiml insulin (Endopancrine.

Organon), 40 U/40 ~g/ml penicillin-streptomycin (Eurobio), 4 ~gJml

gentamycin (Sigma), 0,25 ngiml fungizone (Eurobio), 5°0 calcium free Fetal
Calf Serum (FCS, Eurobio). In these conditions, cells produced by mitosis
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stay in suspension, and can be recovered by centrifugation (15 min al1200
rpm). For each experiment, cells were resuspended in the same medium
supplemented with ordinary FCS allowing cell attachment after seeding.

The other epithelial cells were obtained from the American Type Culture
Collection. HBL-1 00 cells were initially reported as non-tumorigenic in nude
mice but. recently some clones including the clones we used in these
studies, exhibited a transformed phenotype and an increased motility (data
not shown). MDA-MB-231 cancerous cells are tumorigenic in nude mice
and are hormone-independent for growth. In contrast, MCF 7 cancerous
cells are hormone-dependent. These cells were cultured in Epithelial cell
Medium (EM) consisting of MEM (Eurobio) supplemented with 10% Fetal
Calf Serum (FCS, Eurobio), 2 mM glutamine (Eurobio), 100 U/100 )lg/ml
penicillin-streptomycin (Eurobio), 1~i:,non essential amino acids (Eurobio)
and 5 )lglml insulin (Endopancrine, Organon),

MRC-5 fibroblasts are derived from normal lung tissue of a 14 week-old
male fetus (Eurobio). Montesano et al. (1991a) showed that these cells
produce HGF/SF capable of inducing tubulogenesis in Madin Darby
Canine Kidney (MDCK) three dimensional cell cultures. MRC-5 were
maintained in Fibroblast Medium (FM) consisting of EM deprived of non-
essential amino acids and insulin.

Two-dimensional cultures

Epithelial cells and fibroblasts were collected either according to stand-
ard conditions with 0.25% trypsin-EDTA or by centrifugation of cell suspen-
sions for hNMEC. The cells were resuspended in appropriate medium,
numbered and seeded at the following densities; MDA-MB-231 were plated
at 10,000 cellslmJ. HBL-1QO at 15,000 cells/ml. MCF-7 and hNMEC at
30,000 cells/ml and fibroblasts at 60,000 cellslml. These densities allowed

us to obtain subconfluent cultures after three days of growth. In order to
perform in situ hybridization, cells were seeded with 250)11 of medium in 8-

well tissue culture chambers of Lab Tech slides (Nunc) previously coated
with collagen to provide the cells with an artificial matrix. For Northern blot
analysis, epithelial cells were plated with 20 ml of medium in 150 mm
dishes. The cells were grown for three days before replacing complete
medium by starvation medium (EM or FM without serum but supplemented
with 2 )..Ig/ml fibronectin and 30 )lg/ml transferrin). After 24 h. cells were
submitted to the following conditions. Epithelial cells were cultured either in
starvation medium (reference culture) or in MRC-5 conditioned medium.
This conditioned medium was recovered from a subconfluent MRC-5
culture after 2 days of growth in serum-free medium. The fibroblasts were
either cultured in complete medium as control, or treated with 50%
complete medium and 50% conditioned media recovered from subconfluent
cultures of each epithelial cell line after 2 days of growth in serum free
medium.

After each culture assay, cells were fixed for ISH in 4% paraformaldehyde
in PBS containing 5 mM MgCI2. washed in PBS and dehydrated. Slides
were stored at 4°C until ISH. To perform Northern blot analysis, total RNAs
of epithelial cells were extracted in guanidium isothiocyanate according to
Chirgwin et al. (1979).

Three~dimensional cultures
Rat tail collagen gels were prepared according to Montesano et al.

(1991 b). Briefly, 8 volumes of a 2 mg/ml collagen solution were melted at
4cC to one volume of 10xMEM and one volume of 22.2 g/l sodium

bicarbonate. We performed either cocultures with epithelial cells and MRC-
S fibroblasts in a way that 'reproduces the in vivo situation of epithelial-
mesenchymal interactions, or control cultures of epithelial cells alone.

In the first case, 300 pi of collagen gel containing 500,000 MRC-5 cellsl
ml were dispensed in 16 mm wells of 24-well plates (Nunc). Then, a 10)..11-
drop containing 25,000 epithelial cells was laid at the center of the collagen
gel surface. In the other case, the 10 Ill-drop was put down onto a fibroblast

free collagen gel. The epithelial cells were allowed to attach to the substrate
during about one hour in the incubator. Then, a cell free collagen gel (300

Ill) was applied to cover the cell deposit. 500 III of complete medium were
added. The cultures were maintained during one week, and subsequently
the gels were prepared for hybridization.

Preparation of the probes
The antisense and sense 35S RNA probes for ISH and the 32p probes

for Northern blot analysis were transcribed from the following cDNA
fragments: the 1.6 Kb Sac I/Kpn I fragment of the mouse c-ets-1 cDNA
(Chen et al., 1990) cloned into the Bluescript KS (Stratagene); the 660 bp

Pst I/Hind III fragment of the mouse uPA cDNA (Belin et al., 1985) cloned
into pSP64 and pSP65 (Promega); the 2.7 Kb Hind 1II/Not I fragment of the
mouse collagenase I cDNA (Henriet et aI., 1992) cloned into the Bluescript
KS; the 825 bp fragment of the human c-ets-1 cDNA (Watson et al., 1988)

cloned into pSP64 and pSP65; the 600 bp Eco R1/Pst I fragment of the
human uPA cDNA (Wernert et aI., 1994) cloned into the Bluescript KS.

In situ hybridization
ISH were performed as previously described (Queva et al., 1992).

Briefly, after deparaffinization (for sections) and hydration, slides were

treated with 1 )..Ig/ml proteinase K (Boehringer, Mannheim) for 15 min at

37°C, post-fixed in 4% para formaldehyde, washed in PBS, acetylated by
0.25% acetic anhydride in 0.1 M triethanolamine, washed in 2xSSC and
dehydrated by ethanol. Probe. in hybridization mixture, was applied to
slides and hybridization was performed at 60°C for 18 h. The slides were
subsequently washed several times and incubated with 20 )..Ig/ml RNase A
(type III A. Sigma) for 1h at 37°C. Final washes were performed for 15 min

at 60°C in 2xSSC and for 15 min at 60°C in 0.1 xSSC. Sections and cells
were dehydrated in ethanol. dried and dipped in a nuclear track emulsion
(Kodak NTB2). The slides were exposed for 2.5 weeks at 4°C. After
development they were stained by the intercalating dye Hoechst 33258,
mounted in glycergel (Dako) and observed under a double illumination
using an Olympus BH2 photo+microscope with epifluorescence for Hoechst
staining and a dark-field condenser for silver grain detection.

Northern blot analysis
RNAs (15 )..Ig)were separated on 1.2% agarose/formaldehyde gels and

transferred overnight onto nitrocellulose membranes (Hybond-C-extra,
Amersham). Membranes were baked at 80~C for 2 h and hybridized at 42°C
with probes prepared by the Megaprime labeling system (Amersham).
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