I CORE Metadata, citation and similar papers at core.ac.uk

Provided by Elsevier - Publisher Connector

Available online at www.sciencedirect.com

DEVELOPMENTAL

SCIENCE DIRECT?® BIOLOGY

ACADEMIC _—
PRESS Developmental Biology 259 (2003) 241-257 www.elsevier.com/locatelydbio

PEAS3 transcription factors are expressed in tissues undergoing
branching morphogenesis and promote formation of duct-like structures
by mammary epithelial cells in vitro

Anne Chotteau-Lelievre,®P* Roberto Montesano,® Jesus Soriano,® Priscilla Soulie,®
Xavier Desbiens,” and Yvan de Launoit?®

2UMR 8117—CNRS Ingtitut de Biologie de Lille, Institut Pasteur de Lille, Université des Sciences et Technologies de Lille,
1 rue Calmette, BP 447, 59021 Lille Cedex, France
b Laboratoire de Biologie du Développement, UPRES EA 1033, IFR 118, Université des Sciences et Technologies de Lille,
Batiment SN3, 59655 Villeneuve d' Ascq Cedex, France
¢ Département de Morphologie, Centre Médical Universitaire, 1 rue Michel-Servet, CH-1211 Geneve 4, Switzerland
d Laboratoire de Virologie Moléculaire, Faculté de Médecine, ULB, CP 614, 808 route de Lennik, 1070 Brussels, Belgium

Received for publication 17 January 2003, revised 7 March 2003, accepted 10 March 2003

Abstract

The genetic program that controls reciprocal tissue interactions during epithelial organogenesisis still poorly understood. Erm, Er81 and
Pea3 are three highly related transcription factors belonging to the Ets family, within which they form the PEA3 group. Little information
is yet available regarding the function of these transcription factors. We have previously used in situ hybridization to compare their
expression pattern during critical stages of murine embryogenesis [Oncogene 15 (1997), 937; Mech. Dev. 108 (2001), 191]. In this study,
we have examined the expression of PEA3 group members during organogenesis of the lung, salivary gland, kidney, and mammary gland.
In all of these developmental settings, we observed a tight correlation between branching morphogenesis and the expression of specific
members of the PEA3 group. To assess the functional relevance of these findings, Erm and Pea3 were overexpressed in the TAC-2.1
mammary epithelial cell line, which has the ability to form branching duct-like structures when grown in collagen gels. We found that
overexpression of Erm and Pea3 markedly enhances branching tubulogenesis of TAC-2.1 cells and also promotes their invasion into a
collagen matrix. Collectively, these findings suggest that the differential expression of PEA3 group transcription factors has an important
role in the regulation of branching morphogenesis and raise the question of their implication in branching signaling.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction structures. It has long been known that, in most developing
organs, branching morphogenesis is dependent on continu-
ous interactions between an epithelia anlage and the adja-

cent mesenchyme (Grobstein, 1956). However, the under-

The development of epithelial organs, including lung,
kidney, sadlivary glands, and mammary gland, is orches-

trated by sequential and reciprocal tissue interactions. An
essential event in organogenesis is branching morphogene-
sis, the process by which a primitive epithelial bud bifur-
cates and extends to form arborized ducts and/or acinar
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lying molecular mechanisms have only recently begun to be
elucidated. Thus, a number of studies have led to the iden-
tification of mesenchyme-derived diffusible messengers that
promote the elongation and branching of epithelial tubes
(see, for example, Bellusci et al., 1997; Montesano et al.,
1991; Sakurai et al., 2001; Vegaet al., 1996). An additional,
crucia determinant of branching morphogenesisis the spa-
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Fig. 1. Expression of erm (B), er81 (D), and pea3 (F) in sections of lung from a 15.5-day embryo. Darkfield views and Hoechst staining. (A, C, E): Hoechst
staining (control). Bar, 200 um. Erm is expressed in the distal growing epithelium (ge) but not in differentiated stalks (ds). Er81 expression is observed in
the mesenchymal compartment (m). Pea3 is selectively expressed in the distal growing part of the ducts (dge).

tially and temporally coordinated expression of tissue-spe-
cific transcription factors (Ekblom, 1996; Keijzer et dl.,
2001; Thedleff et al., 1995).

Transcription factors belonging to the Ets family are
thought to play an important role in the regulation of epi-
thelial-mesenchymal interactions (Neve et al., 1998;
Maroulakou and Bowe, 2000). Ets transcription factors are
characterized by a conserved region of approximately 85
amino acids, named the ETS domain, which defines a se-
quence-specific  helix—turn—helix DNA-binding motif

(Graves and Petersen, 1998; Wasylyk et a., 1993). Diver-
gence rate analysis of the different ETS domains indicates
that the ets gene family can be subdivided into different
groups (Graves and Petersen, 1998). Within the Ets family,
the transcription factors Pea3/E1AF, Er8L/ETV 1, and Erm/
ETV5 have been assigned to the same PEA3 group accord-
ing to the divergence rate analysis of the ETS domain.
These proteins are very closely related, as they share more
than 95% sequenceidentity in the DNA binding domain and
more than 60% in the amino- and carboxy-terminal regions
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Fig. 2. Expression of erm (B), er81 (D), and pea3 (F) in sections of salivary glands from a 15.5-day embryo. Darkfield views and Hoechst staining. (A, C,
E): Hoechst staining (control). Bar, 200 um. Erm and pea3 are expressed in the distal part of the growing epithelial lobules (el), whereas er81 is expressed
in the condensed mesenchymal cells around growing epithelial buds.

known to be transcriptional activating domains (de Launoit
et a., 2000; Laget et a., 1996).

In situ hybridization studies performed at various
stages of murine embryogenesis have shown that pea3,
er81, and erm genes exhibit both patterns of coexpression
and patterns of differential expression in developing pa-
renchymal organs, which suggests that their protein prod-
ucts fulfill overlapping as well as specific roles in epi-
thelial morphogenesis (Chotteau-Lelievre et al., 1997,

2001). Interestingly, Pea3 is overexpressed in oncogene-
induced mouse mammary tumors (Trimble et al., 1993)
and metastatic human breast cancer cells (Baert et al.,
1997). In addition, overexpression of Pea3 in the MCF-7
breast cancer cell line induces the transcription of
MMP-9 and promotes the formation of metastases in
nude mice (Kaya et al., 1996). These findings suggest
that, when aberrantly regulated, PEA3 group transcrip-
tion factors can also contribute to tumorigenesis.
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The objective of the present study was twofold. The first
objective was to comparatively assess the spatiotemporal
expression patterns of erm, er81, and pea3 genes during
branching morphogenesis of lung, kidney, salivary glands,
and mammary gland. The second objective was to deter-
mine, using an in vitro assay of branching morphogenesis,
whether overexpression of PEA3 group members in mam-
mary epithelial cells promotes the formation of arborized
duct-like structures. We report here that PEA3 group tran-
scription factors present a characteristic expression pattern
associated with processes of branching morphogenesis and
that this pattern is similar in different epithelial organs. In
addition, we show that overexpression of Erm and Pea3
promotes the formation of duct-like structures by mammary
epithelial cells in vitro. Collectively, these findings support
the involvement of Pea3 transcription factors in the regula
tion of branching morphogenesis.

Materials and methods
In situ hybridization

Embryos were obtained from natural matings of OF1
mice. Embryonic day 0.5 (E 0.5) was assigned the day the
vaginal plug was found.

In situ hybridization was performed on tissue sections of
mouse embryos or mammary gland at various developmen-
tal stages using murine erm, er81, and pea3 riboprobes as
previously reported (Chotteau-Lelievre et al., 1997).

Northern blot analysis

Cells were washed in 1X PBS and then lysed in RNA
plus (Quantum) as described by the manufacturer. Total
RNA (10 wng) was loaded and separated on 1.2% agarose/
formal dehyde/MOPS gels and then transferred onto nitro-
cellulose membranes (Hybond C extra, Amersham, Phar-
macia Biotech). cDNA fragments of erm, er81, and pea3
(Chotteau-Lelievre et a., 1997) were used as probes after
[*?P]CTP labeling using the Megaprime DNA labeling sys-
tem (Amersham, Pharmacia Biotech). Prehybridization and
hybridization were carried out at 42°C in a solution of 3X
SSC, 5X Denhardt's solution, 50% formamide, and 20
ng/ml of denatured salmon sperm DNA. Washes were per-
formed at 50°C using 2X SSC and 0.1% SDS.

Plasmids

pcDNA3.1 vector (InVitrogen) containing full-lengh
cDNA of erm and pea3 was used to generate stable cell
lines. For the transactivation assays, the promoting regions
of human ICAM-1 gene (de Launoit et al., 1998; Vora-
berger et a., 1991) and the TORU element (Wasylyk et al.,
1990) cloned upstream to the luciferase gene were used.

Cell culture

Wild type TAC-2.1 cells (Soriano et al., 1996), a clonal
subpopulation of the TAC-2 murine mammary epithelia
cell line (Soriano et al., 1995), and their derivatives (see
below) were cultured on collagen-coated tissue culture
flasks (Falcon, Becton-Dickinson and Co., San Jose, CA) in
high glucose DMEM (GIBCO BRL, Life Technologies,
Basel, Switzerland) supplemented with 10% fetal calf se-
rum (FCS, GIBCO), penicillin (110 1U/ml), and streptomy-
cin (110 pg/ml).

Transient transfection

TAC 2.1 cells were seeded at 70% confluence and trans-
fected by incubating with a DNA polyethylenimine (PEI 10
M, Euromedex) complex (500 ng DNA: 2 ul PEI) for 6 h
in serum-free medium (OptiMEM, Life Technologies). Sev-
eral independent experiments were performed in triplicate.
Cell lysates were prepared 36 h later for the luciferase
(Promega) and B-galactosidase (Tropix Inc, Galactolight)
activities by following the manufacturer’s instructions and
using a monolight 2010 Luminometer (Turner Designs,
Sunnyvale, CA). The measured luciferase activity levels
were corrected by using the cotransfected pSG5 LacZ ac-
tivity as an interna control.

Establishment of stable cell lines

TAC 2.1 cels were transfected with pcDNA-erm,
pcDNA-pea3, or pcDNA3.1 vectors under the same condi-
tions used for transient transfection (see above). Transfected
cells were selected for resistance to active Geneticin (G418,
Boehringer Mannheim) at 0.4 mg/ml. Resistant clones were
isolated and screened for erm and pea3 expression, respec-
tively, by Northern blot and transactivation activity.

In vitro assay of branching morphogenesis

Wild type TAC-2.1 cells and their derivatives were sus-
pended at 1 X 10* cellsml in 2 ml collagen gels cast in
35-mm dishes (Becton Dickinson Labware) as described
(Soriano et a., 1995). After the collagen had gelled, 2 ml
complete medium (high glucose DMEM + 10% FCS) with
or without 20 ng/ml recombinant human hepatocyte growth
factor (HGF; a generous gift of Dr. Ralph Schwall, Genen-
tech, South San Francisco, CA) was added. Media and
treatments were renewed every 2 or 3 days. After 9 days, the
cultures were fixed in 2.5% glutaraldehydein 0.1 M sodium
cacodylate buffer and three randomly selected fields (mea-
suring 2.2 mm X 3.4 mm) per experimental condition in
each of three separate experiments were photographed un-
der bright-field illumination with a Nikon Diaphot TMD
inverted photomicroscope. The total length of cordsin each
colony was measured with a Qmet 500 image analyser
(Leica, Cambridge, UK). Values for cord length obtained
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from the largest colonies are an underestimate, since in
these colonies, a considerable proportion of cords were out
of focus and therefore could not be measured. The median
value of total cord length per photographic field was deter-
mined in each of three separate experiments per condition.

Assay of lumen formation

The ability of TAC-2.1 cell lines to form widely patent
lumina was evaluated under conditions that promote the
formation of cyst-like structures, i.e.,, in hydrocortisone-
supplemented cultures (Soriano et al., 1995). The cells were
suspended in collagen gels at 2 X 10* cells/ml in serum-free
DMEM/F12 (1:1) medium with ITS+ supplement (Becton
Dickinson), 1 wg/ml hydrocortisone, and 50 ng/ml cholera
toxin. After 9 days, the cultures were fixed as above and 150
randomly selected colonies per experimental condition were
examined in each of 3 separate experiments by using a
Nikon Diaphot TMD inverted photomicroscope and scored
as cysts when containing a single wide lumen (Soriano et
a., 1995). Datawere expressed as mean percentage of cysts,
and statistical significance was determined by using the
Student’s unpaired t test.

Collagen gel invasion assay

TAC-2.1 cédll lines were seeded onto the surface of col-
lagen gels cast in 35-mm dishes (4 X 10° cellg/dish) and
incubated in 2 ml complete medium (high glucose DMEM
+ 10% FCS) supplemented with 20 ng/ml epidermal
growth factor (EGF). After 9 days, the cultures were fixed
as above, and 3 randomly selected fields (measuring 1.0 X
1.4 mm) per experimental condition in each of 3 separate
experiments were photographed at a focal level of 20 um
beneath the surface monolayer using the 10X phase contrast
objective of a Nikon Diaphot TMD inverted photomicro-
scope. Invasion was quantified as described previously
(Pepper et al., 1992; Soriano et al., 2000) by determining the
total length of al cellular structures that had penetrated
beneath the surface monolayer. Data are expressed as mean
total cord length = S.E.M. (in mm), and statistical signifi-
cance was determined by using the Student’ s unpaired t test.

Processing for light and electron microscopy

Collagen gel cultures were fixed as described above,
extensively rinsed in cacodylate buffer, and cut into 3 X
3-mm fragments. These were postfixed in 1% osmium tet-
roxide in Verona acetate buffer for 45 min and further
processed as described (Montesano et al., 1991). Two-di-
mensional culturesin collagen-coated dishes were postfixed
in 1% osmium tetroxide for 20 min, dehydrated, and em-
bedded in situ in a thin layer of Epon 812. After polymer-
ization, the Epon disk was removed from the plastic dish
and cut into small blocks, which were reembedded in the
same resin in flat Teflon moulds to obtain sections perpen-

dicular to the culture plane. Semithin (1-pum-thick) sections
were cut with an LKB ultramicrotome (LKB Instruments,
Gaithersburg, MD), stained with 1% methylene blue, and
photographed under transmitted light using an Axiophot
photomicroscope (Carl Zeiss, Oberkaden, Germany). Thin
sections were stained with uranyl acetate and lead citrate
and examined with a Philips CM10 electron microscope
(Philips, Eindhoven, The Netherlands).

Results

Expression of erm, er81, and pea3 during the
development of glandular organs

We have previously shown that PEA3 group transcrip-
tion factors are expressed in restricted areas of the devel-
oping embryo where morphogenetic tissue interactions are
occurring (Chotteau-Lelievre et a., 1997). The objective of
the present study was to carry out a detailed comparative
analysis of the expression patterns of the PEA3 group tran-
scription factors in a number of organogenetic processes
that are dependent on different types of tissue interactions.

Endodermal—mesodermal interactions

At E9.5, there is the first evidence of emergence of the
laryngotracheal groove that forms an anteriorly directed
diverticulum of the pharyngeal region of the primitive fore-
gut. This entoblastic diverticulum subsequently givesrise to
the epithelium of the upper and lower respiratory airways.
Lung development is initiated when bilateral epithelia tra-
cheal buds sprout from the primitive gut endoderm into
surrounding mesoderm. The tracheal bud elongates until it
penetrates the splanchnic mesoderm, where it is induced to
branch repeatedly. The pseudoglandular stage of lung de-
velopment is characterized by branching morphogenesis,
which results from combined growth of epithelial ducts and
cleft formation. Then, the devel oping lung undergoes repet-
itive dichotomous branching to form the primitive bronchial
tree. This stage is followed by further ramification of the
tubules and their differentiation into two different morpho-
logical entities: the proximal part develops into the bron-
chial portion of the adult lung, while the distal part evolves
into tubules and termina sacs. The epithelium forms the
conducting and respiratory airways of the adult lung,
whereas the mesoderm becomes the lung stroma. Erm and
pea3 genes were expressed in the lung bud epithelium from
E10.5to E17.5. During the branching process that generates
the bronchi, erm was expressed in the distal growing epi-
thelium but not in differentiated stalks. At the same stages,
er81 expression was observed in the mesenchymal compart-
ment, whereas pea3 was selectively expressed in the distal
growing part of the ducts (Fig. 1). At E17.5-E18, the bron-
chi are considerably distended and display numerous ram-
ifications. The lung structure suddenly changes. The aveo-
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Fig. 3. Expression of erm (B), er81 (C), and pea3 (D) in sections of mesonephros from a 9.5-day embryo. Darkfield views and Hoechst staining. (A) Hoechst
staining (control). Bar, 200 wm. Erm and pea3 are expressed at the tip of the epithelial duct (ed) of the collecting Wollfian' s duct. Er81 expression is observed

in the mesenchymal compartment.

lar-lining cells, which were initially cuboidal in shape, ac-
quire a squamous morphology. During this evolution, the
expression of erm became restricted to the mesenchyme,
er8l remained expressed in the mesenchyme, and pea3
displayed a weak level of expression in this compartment
(data not shown).

Salivary glands emerge at E11 of gestation as an invag-
ination of part of the mouth floor epithelium into the man-
dible mesenchyme. The epithelia bud then gives rise to
bulbous epithelial lobules. Narrow internal clefts provide a
support for elongation of separated lobules tightly wrapped
up by mesenchymal cells. Erm and pea3 genes were highly
expressed in the bulbous epithelia lobules (Fig. 2). As
branching occurred, the expression was restricted to the
distal part of these growing lobules. No labeling was ob-
served in the more differentiated epithelia stalks. Er81 was
evenly expressed in the condensed mesenchymal cells
around growing epithelial buds (Fig. 2). By E17.5, tubule
formation is clearly apparent. Asfor lung development, erm
and pea3 were expressed in the distal part of the branching
epithelium and also in the flanking mesenchyme (data not
shown). At later stages, the expression of the three genes
became restricted to the mesenchymal compartment (data
not shown).

Mesoder mal—-mesodermal interactions

The urogenital system derives from the intermediate me-
soderm and undergoes extensive transformation to generate
the epithelial ducts and tubules that take part in the mor-
phogenesis of the successive kidneys. At E9.5, the proneph-
ric duct arises in the rostral intermediate mesoderm, mi-
grates caudally, and induces the formation of nephric
tubules. pea3 and erm were expressed in the collecting
Wolffian duct (Fig. 3). At E10 p.c., mesonephric differen-
tiation takes place and ducts growing in the mesonephric
blastema connect to the Wolffian duct that protrudes at the
surface of the genital ridge. During the initial step of meso-
nephric differentiation under Wolffian duct control, meso-
nephric tubules emerge from the intermediate mesoderm.
Both ermand pea3 were expressed at the tip of the epithelial
ducts. Er81 was never expressed in the tubules but lightly in
the mesenchyme (Fig. 3). The metanephros, i.e., the defin-
itive kidney, results from the invasion of metanephric blast-
ema by ureters. The ureters bud out from the posterior
Wolffian duct, contact the metanephric mesenchyme, and
increase in length. The mesenchymal and ureteric compo-
nents interact in a reciprocal induction: the mesenchyme
induces the ureteric buds to branch and grow. At the tips of
these branches, the ureteric buds induce the loose mesen-
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Fig. 4. Expression of erm (B, H), er81 (D, ), and pea3 (F, J) in sections of kidney from a 12.5 (A—F)- and 15.5 (G-J)-day embryos. Darkfield views and
Hoechst staining. (A, C, E, G) Hoechst staining (control). Bars, 200 um. Erm and pea3 are expressed in the growing epithelial ureteric tubules (eut) of a
12.5-day embryo (B, F). During subsequent differentiation of the kidney, erm and pea3 are expressed in the metanephric vesicles (mv), first in the cortical
(C) and medullary (M) regions and later only in the cortex (H, J). Er81 expression is slightly observed in the mesenchymal compartment (D, I).
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chyme to condense into epithelium-like cell aggregates. A
connection is established between the ureteric bud and
newly formed epithelial vesicles. Ducts of mesenchymal
origin will yield the secretory part of the nephrons (includ-
ing glomeruli), while the branched ureteric buds will evolve
into collecting ducts. The branching of ureteric buds occurs
a E115 so that E12.5 embryos display some growing
ureteric tubules within metanephrogenic mesenchyme. Erm
and pea3 were expressed both in growing epithelial ureteric
tubules and in the adjacent mesenchyme, whereas er81 was
dlightly expressed in the mesenchyme (Fig. 4A—F).

During subsequent differentiation of the kidney (E13.5—
E16.5), the primitive glomeruli are initialy dispersed
throughout the cortical as well as the medullary region, but
later, tend to be concentrated in the outer region of the
kidney, the future cortex. During these stages, the expres-
sion of PEA3 group transcription factors exhibited a more
restricted distribution. Specifically, erm and pea3 were ex-
pressed at sites of interactions between metanephrogenic
mesenchyme and epithelial tubules, first in the cortical and
medullary regions and later only in the cortex. The expres-
sion corresponded to the formation of the metanephric ves-
icles, which represent theinitial step in glomeruli formation,
and was present in the epithelium and the surrounding
mesenchymal condensation. The mesenchymal expression
of er81 decreased progressively until E17.5. Later, undif-
ferentiated mesenchyme disappeared from the medullar re-
gion, and er81 expression was dramatically reduced in this
region (Fig. 4G-J).

From E18 until birth, expression of erm and pea3 de-
creased concomitantly with the differentiation of the glo-
meruli and was restricted to the subcapsular region of the
cortex, where poorly differentiated metanephrogenic cap
tissue is still abundant. At later stages, erm and pea3 were
expressed weakly and homogeneously in the mesenchymal
compartment (data not shown).

Ectodermal—mesodermal interactions

The mammary gland is composed of two main compo-
nents: the parenchymal epithelium, which originates from
ectodermal cells, and the stroma (adipose and connective
tissue), which derives from the mesoderm. Mammary gland
development begins in the embryo with the emergence of
the mammary anlage that gives rise to primary and second-
ary ducts. We have previously reported that erm, er81, and
pea3 are expressed in 15.5-day female embryo in the epi-
thelial buds of the mammary gland (Chotteau-Lelievre et
a., 1997). In this study, we characterize the expression of
these genes during the postnatal development of the gland,
i.e., during the phases of pregnancy, lactation, and involu-
tion.

At birth, mammary gland consists of a primary duct
connected to the nipple and 15-20 branching ducts embed-
ded in the fat pad. From approximately 4 weeks postpartum,
the ducts grow and ramify under the influence of ovarian
hormones, forming an arborized tree. Following the onset of

pregnancy, in response to the sustained elevated levels of
estrogen and progesterone, ductal elongation and branching
resume, and clusters of alveoli bud off from the growing
ducts. During the second half of gestation, alveolar mor-
phogenesis is followed by the structural and functiona
differentiation of alveolar epithelial cellsin preparation for
milk fat and protein secretion, which takes place during
lactation. After weaning, the mammary gland involutes rap-
idly, ultimately leaving only a rudimentary ductal system
and a few remaining alveoli (reviewed by Daniel and Sil-
berstein, 1987). Expression of the 3 PEA3 members was
assessed by Northern blot, RT-PCR, and in situ hybridiza-
tion analysis of mammary gland tissue during puberty (D26-
28-32-35-45), pregnancy (D2-6-15), lactation (D6), and in-
volution (D1-3). No signal was observed by Northern blot,
probably due to the sensitivity level of this technique. Mul-
tiplex RT-PCR showed expression of the 3 genes, and
particularly erm and pea3, throughout all stages of mam-
mary gland development. Er81 was only slightly detected in
the pubescent gland (data not shown). In situ hybridization
reveals expression of erm and pea3, but not of er81, in
epithelial ducts (particularly in the terminal end buds) from
the onset of puberty (D26, Fig. 5) until D35, that is, during
stages in which extensive branching occurs. No signal was
detected for the 3 genes in the other stages studied (i.e.,
pregnancy, lactation, and involution), possibly because of
the low sensitivity of in situ hybridization. Because of this
limitation, we have been unable to assess the expression of
erm and pea3 in the lateral (aveolar) buds that develop
during pregnancy (in glands of pubescent mice, only a few
lateral buds are transiently formed during each oestrous

cycle).

TAC-2.1 mammary epithelial cells overexpressing Erm or
Pea3 have an enhanced capacity to form branching duct-
like structures and to invade collagen gels

The in situ hybridization studies described above sug-
gested the involvement of PEA3 group transcription factors
in the control of branching morphogenesis. To test this
hypothesis directly, we stably overexpressed Erm and Pea3
in a murine mammary epithelial cell line (TAC-2.1 célls)
that has the ability to form branching duct-like structures in
collagen gels (Soriano et a., 1995). For each construction,
severa cloneswere selected for overexpression of the trans-
gene by Northern blot analysis (Fig. 6). As negative con-
trols, 10 cell lines that had been transfected with pcDNA3.1
containing no insert were isolated and the clone named
TAC/pc7 was used as a control. The function of overex-
pressed genes was assessed by the capacity of the selected
clones (TAC/Erm1; TAC/Erm14; TAC/Pea3/8; and TAC/
Pea3/48) to activate the transcription of aluciferase reporter
gene cloned upstream to the human ICAM-1 promoter (de
Launoit et al., 1998; Voraberger et a., 1991) or the TORU
element (Wasylyk et al., 1990). These promoters are known
to be actively transactivated by these Ets family members
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(Defossez et d., 1997). As shown in Fig. 7, TAC/Erm1,
TAC/Erm14, TAC/Pea3/8, and TAC/Pea3/48 presented a
significant capacity of transactivation compared with either
wild type TAC-2.1 or mock-transfected TAC/pc7 cells.

The ability of transfected TAC-2.1 cells to form branch-
ing duct-like structures was assessed both in the absence
and in the presence of hepatocyte growth factor (HGF), a
potent tubulogenic stimulus for these cells (Soriano et d.,
1995). When suspended in collagen gels in the absence of
HGF, TAC-2.1 cdlls transfected with the empty pcDNA3.1
plasmid (TAC/pc7 cells) formed small, poorly branched
colonies (Fig. 8A). Addition of 20 ng/ml HGF induced the
development of elongated cords with multiple branch points
(Fig. 8B). The behavior of TAC/pc7 cells was therefore
similar to that observed previously with wild type TAC-2
cells (Soriano et a., 1995). Strikingly, TAC-2.1 clones
overexpressing Erm (TAC/Erm1 and TAC/Erm14 cells) in-
stead formed long branched cords, even in the absence of
exogenous HGF (Fig. 8C and E). In addition, cord elonga-
tion and branching in cultures of Erm-transfected cells was
further enhanced by treatment with HGF (Fig. 8D and E).
As a result, following incubation with HGF, cultures of
Erm-expressing cells contained a considerably more exten-
sive system of arborized duct-like structures than cultures of
TAC/pc7 cells (Fig. 8B, D, and E). A similar increase in
both spontaneous and HGF-induced cord formation was
observed in TAC-2.1 clones overexpressing Pea3 (Fig. 8F).
In contrast, ectopic expression of Er81 (which is expressed
predominantly in the mesenchymal compartment), did not
dicit significant changes in the tubulogenic properties of
TAC-2.1 célls (data not shown).

Having found that TAC/Erm and TAC/Pea3 cells form
long branching cords extending into the collagen matrix, we
wished to determine whether these cells are endowed with
invasive properties. To this end, we cultured wild-type and
transfected TAC-2.1 cells on the surface of three-dimen-
sional collagen gels and subsequently evaluated their ability
to penetrate into the underlying matrix by focusing below
the surface of the gel. When grown on a collagen gel for 9
days, TAC/pc7 cells formed a cobblestone-like monolayer
and remained exclusively confined to the surface of the gel
(Fig. 9A). In contrast, under the same experimental condi-
tions, TAC/Erm1 and TAC/Erm14 cells invaded the under-
lying collagen matrix as branched cord-like structures (Fig.
9B-E). A comparatively less conspicuous invasion of col-
lagen gels was qualitatively observed in clones TAC/Pea3/8
and TAC/Pea3/48 (results not shown).

TAC-2.1 cells overexpressing Erm or Pea3 exhibit a
partially transformed phenotype

The finding that Erm-expressing TAC-2.1 cells (and to a
lesser extent Pea3-expressing TAC-2.1 cells) possess inva-
sive properties prompted us to investigate whether these
cells exhibited phenotypic traits (such as loss of contact-
mediated inhibition of proliferation) that are characteristic

of transformed cells. When seeded in tissue culture dishes at
saturation density and grown for 7 days, TAC/pc7 cells
formed a contact-inhibited cobblestone-like monolayer
(Fig. 10A and C). In marked contrast, under the same
culture conditions, TAC/Erm1 and TAC/Erm14 cells ac-
quired an elongated shape and grew in a disordered criss-
cross pattern resulting in cell multilayering, as confirmed by
examination of thin sections perpendicular to the bottom of
the dishes (Fig. 10B and D). Cellular overlapping was aso
observed in postconfluent cultures of TAC/Pea3/8 and
TAC/Pea3/48 cells. To determine whether cell multilayer-
ing was associated with the ability to proliferate under
anchorage-independent conditions, TAC-2.1 cell lines were
grown in agarose gels for 2 weeks. Under these conditions,
none of the cell lineswas able to form multicellular colonies
(results not shown). These findings show that, although
TAC-2.1 cells overexpressing Erm or Pea3 are less sensitive
to contact-mediated inhibition of cell growth, they remain
dependent on cell-substratum adhesion for proliferation.

Finally, since loss of normal tissue organisation is a
halmark of malignant transformation, we examined
whether overexpression of PEA3 group transcription factors
could affect the ability of TAC-2.1 cells to form well-
organized alveolar-like structures in hydrocortisone-supple-
mented cultures (Soriano et a., 1995). When grown in
collagen gels in the presence of hydrocortisone and cholera
toxin, TAC/pc7 cells formed spheroidal cysts enclosing a
widely patent lumen (Fig. 11A) delimited by a palisade of
cubic epithelial cells (Fig. 11B), as previously observed
with nontransfected TAC-2.1 cells (Soriano et a., 1995). In
contrast, the vast majority of colonies formed by Erm-
transfected cells consisted of compact cell aggregates con-
taining only focal lumen-like spaces (Fig. 11C-E). A com-
paratively less marked impairment of lumen formation was
qualitatively observed in cells overexpressing Pea3 (not
shown).

Discussion

Epithelial-mesenchymal interactions are inducive inter-
actions (also called secondary inductions) occurring be-
tween cells or tissues of the same or different embryonic
origin. These interactions govern the development of glan-
dular organs, such as lung, salivary glands, pancreas, mam-
mary glands, and kidney. Although the fate of the epithe-
lium is autonomously determined, the epithelial cells cannot
undergo a normal development in the absence of a mesen-
chymal signal. While the importance of epithelial—mesen-
chymal interactionsin organogenesisiswell established, the
molecular mechanisms involved in the mediation of indu-
cive signals are poorly understood.

We report here that the PEA3 group members are highly
expressed during the development of glandular epithelia,
and particularly during processes of branching morphogen-
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Fig. 5. Expression of erm (B), er81 (D), and pea3 (F) in sections of mammary gland from pubescent mice (26 days old). Darkfield views and Hoechst staining.
(A, C, E) Hoechst staining (control). Bar, 200 um. Erm and pea3 are expressed in epithelia ducts (ed).

esis. Interestingly, while individual members of the PEA3
group are differentially expressed during these events, the
overall pattern of expression of PEA3 group members is
very similar in the different organs examined, i.e., lung,
sdlivary glands, kidney, and mammary gland. Specifically,
irrespective of the context in which branching morphogen-
esis takes place, a recurrent pattern of expression was ob-
served for each of the pea3-related genes. Thus, erm is
consistently expressed in the distal portions of epithelia
buds, where branching morphogenesis occurs and DNA
synthesis is highest (Goldin and Opperman, 1980). Erm is

also expressed, abeit less strongly, in the adjacent mesen-
chyme. Pea3 localizes in a more restricted region of the
growing epithelium and is also expressed at a lesser extent
in the surrounding mesenchyme. These PEA3 members are
expressed not only during mesenchyme-induced branching
morphogenesis, but also during the conversion of mesen-
chyme to epithelium, as observed during kidney develop-
ment. A signa originating from the ureteric epithelium
instructs the condensed mesenchyme to convert into an
epithelium, which eventually gives rise to the glomeruli as
well as to proximal and distal tubules. We observed a
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Fig. 6. Northern analysis of erm (A) and pea3 (B) transgene expression in
TAC/pc7, TAC/Erml, TAC/Erm14, TAC/Pea3/8, TAC/Pea3/48, and pa-
rental TAC-2.1 cells. The lower panel shows ethidium bromide staining of
18S RNA. In (A), the signals at 4 and 1.7 kb represent endogenous and
transgenic erm mRNA expression, respectively. In (B), endogenous and
exogenous pea3 mMRNA expressions are not distinguishable and generate a
signal at approximately 2.4 kb. The overexpression of exogenous pea3 is
demonstrated by a comparatively higher signal.

7

correlation between the conversion phenomenon and the
expression of erm and pea3 genes. The highest level of
expression isfirst seen throughout the undifferentiated con-
densed mesenchyme of the metanephric vesiclesand later in
the cap tissue (just subjacent to the capsule of the kidney),
as well as in the epithelium of developing glomeruli. In
these different organs, er81 is exclusively expressed at a
uniform level in mesenchymal cells. The expression of erm
and pea3 decreases dramatically in parallel with epithelia
differentiation. The expression pattern of erm and pea3
genes therefore closely correlates with the occurrence of
branching morphogenesis and islikely to control underlying
cellular processes, such as extracellular matrix remodeling,
migration, and proliferation.

A large number of reports have evidenced the transcrip-
tional regulation of MMP encoding genes by members of
the ETS family (Gutman and Wasylyk, 1990; Sato and
Seiki, 1993; Trojanowska, 2000; Wasylyk et al., 1991). Of
special relevance to our field of investigations is the report
that E1AF, the human homologue of Pea3, upregulates the
expression of different MMP: MMP-1, MMP-3, MMP-9/
gelatinase B (Higashino et a., 1995), and MT1-MMP (Ha-
belhah et al., 1999). This probably accounts for the meta-
static potential of Pea3-expressing cell lines (Shindoh et al.,
1996) (Habelhah et al., 1999; Hida et al., 1997a,b; Kaya et
a., 1996). In addition, it was shown using different models
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Fig. 7. Transactivation assays of TORU element and human ICAM-1 promoter in parental and transfected TAC-2.1 cells. Cells were transiently transfected
with 3XTORU-LUC (Wasylyk et al., 1990) or ICAM-LUC (de Launoit et al., 1998; Voraberger et al., 1991) reporter vectors and pSG-LacZ vector to
normalize for transfection efficiency. Luciferase relative activity was indicated after normalization with the B-gaactosidase activity.
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Fig. 9. Overexpression of Erm confers an invasive phenotype to TAC-2.1 cells. Cells were seeded onto the surface of a collagen gel and grown for 9 days
in the presence of 20 ng/ml EGF. TAC/pc7 cells form a monolayer on the surface of the gel (A). In contrast, TAC/Erml cells invade the underlying matrix
as branching cords (B) oriented either parallel (C) or perpendicular (D) to the gel surface. (A, B) Phase-contrast microscopy; bars, 200 um. (C, D) Semithin
sections perpendicular to the surface of the gel; bars, 50 um. (E) Quantitative analysis of collagen matrix invasion. Invasion was quantitated as described
in Materials and methods by determining the mean total length = S.E.M. (in mm) of al invading structures present in a photographic field 20 um beneath
the surface monolayer.

that uPA expression is upregulated through PEA3/APL sites PEA3 transcription factors facilitate branching morphogen-
located in its promoter (Eandi et a., 2001; Fafeur et al., esis, at least in part, by inducing the expression of MMP and
1997; Ried et al., 1999). It is therefore conceivable that the uPA, which in turn remodel the extracellular matrix. An

Fig. 8. Overexpression of Erm and Pea3 promotes branching tubulogenesis by TAC-2.1 cells. Cells were grown in collagen gels for 9 days in the absence
(A, C) or the presence (B, D) of 20 ng/ml HGF. In the absence of exogenously added growth factor, TAC/pc7 cells form small irregularly shaped colonies
with minimal branching (A). Addition of HGF induces the formation of numerous branching cords (B). Untreated TAC/Erm1 cells form long branching cords
similar to those formed by HGF-treated TAC/pc7 cells (C). When incubated with HGF, TAC/Erm1 cells form a system of arborized duct-like structures that
is considerably more extensive than that seen in HGF-treated TAC/pc7 cells (D). Bar, 500um. (E, F) Quantitative analysis of tubulogenesis in Erm- and
Pea3-transfected TAC-2.1 clones. Columns represent the median values of cord length per photographic field (three fields per conditions in each of three

separate experiments).



254 A. Chotteau-Lelievre et al. / Developmental Biology 259 (2003) 241-257

TAC/pc

TAC/pc7

TAC/Erm14

Y%
WA

TAC/Erml

Fig. 10. Loss of contact-mediated inhibition of cell proliferation in Erm-overexpressing TAC-2.1 cells. Cells seeded in collagen-coated dishes at saturating
cell density (3 X 10° cells/ml) were incubated with 20 ng/ml EGF for 7 days. Whereas TAC/pc7 cells form a contact-inhibited cobblestone-like monolayer
(A, C), TAC/Erm1 and TAC/Erm14 cells grow in a criss-cross pattern and pile up forming multiple layers (B, D). (C, D) Thin sections perpendicular to the

bottom of the dishes. Bars: (A, B) 100 um; (C, D) 10 wm.

additional mechanism of action of PEA3 group members
could involve the modulation of cell adhesion molecules,
which are essential determinants of epithelial morphogene-
sis. In this respect, it is highly relevant that Ets proteins
(Erm and Etsl) have been reported to modulate the expres-
sion of the cell adhesion molecule ICAM-1 (de Launoit et
al., 1998) and that Ets Binding Sites are important in reg-
ulation of ICAM-1 promoter (Roebuck et al., 1995).
Having established that PEA3 group transcription factors
are preferentially expressed at sites of epithelial—-mesenchy-
mal interactions associated with the branching of epithelia
buds, we next investigated whether their overexpression
aters the morphogenetic properties of mammary epithelia
cells grown in a three-dimensional extracellular matrix en-
vironment. We found that expression of Erm and Pea3 in
TAC-2.1 mammary epithelial cellsinduces the formation of
branching duct-like structures to an extent comparable to
that observed following incubation with the tubulogenic

factor HGF (Soriano et al., 1995). Notably, addition of HGF
to collagen gel cultures of TAC-2.1 cell lines expressing
Erm or Pea3 results in the development of a network of
duct-like structures that is considerably more extensive than
that found in mock-transfected TAC-2.1 cells. These find-
ings are consistent with the increased mobility observed in
Pea3 transfected lung cancer cells upon HGF treatment
(Hiroumi et al., 2001) and raise the intriguing possibility
that Erm and Pea3 cooperate with HGF in the induction of
mammary gland ductal morphogenesis. Interestingly, Pea3
has recently been shown to be upregulated in murine mam-
mary epithelial cells in response to Wnt-1 (Howe et al.,
2001), which we have found previously promotes branching
morphogenesis of TAC-2.1 cells (Uyttendaele et a., 1998).
It istherefore conceivable that the branching morphogenetic
activity of Wnt-1 is mediated in part through the induction
of Pea3. The mechanisms whereby Erm and Pea3 promote
the formation of branching duct-like structures by TAC-2.1
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Fig. 11. Overexpression of Erm disturbs hydrocortisone-induced lumen formation by TAC-2.1 cells. Cells were suspended in collagen gels in serum-free
medium and incubated with 1 wg/ml hydrocortisone and 50 ng/ml cholera toxin for 9 days. Under these conditions, TAC/pc7 cells form spheroidal cysts
containing a widely patent lumen (A) delimited by a palisade of cubic epithelial cells (B). In contrast, TAC/Erm1 and TAC/Erm14 cells form solid colonies
containing small focal lumina(C, D). (A, C) Bright field microscopy. Bars, 50 um; (B, D) Semithin sections. Bars, 25 um. (E) Quantitative analysis of lumen
formation. A total of 150 randomly selected colonies per experimental condition were examined in each of 3 separate experiments and scored as cysts when
containing asingle wide lumen. Data were expressed as mean percentage of cysts = S.E.M., and statistical significance was determined by using the Student’s

unpaired t test.

cells are not known, but may involve the release of mor-
phogenetic factors, the production/activation of extracellu-
lar proteinases, the deposition of specific extracellular ma-
trix components or altered expression of their receptors, and
increased cell survival or proliferation. With respect to the
latter possibility, however, it is relevant to underscore that
the vast magjority of colonies which form in long-term col-
lagen gel cultures of wild type TAC-2 cells consist of
irregularly shaped cell aggregates devoid of tubular exten-
sions (Soriano et a., 1995). This finding indicates that an
increase in cell number, while likely contributing to the
extension of existing tubes, is not by itself sufficient to
promote epithelial branching. Studies are in progress to
identify the target genes that may mediate the observed
effects of PEA3 group transcription factors.

The findings that erm and pea3 are strongly expressed in
epithelial cells undergoing morphogenesisin vivo and stim-
ulate the formation of branching cords by TAC-2.1 mam-
mary epithelia cells in vitro supports the involvement of
these transcription factors in the development of parenchy-
mal organs. However, we have aso shown that Erm, and to
a lesser extent Pea3, confer on TAC-2.1 cells certain char-
acteristics of transformed cells. These include the capacity
to invade the underlying matrix when seeded on the surface
of a collagen gel, the loss of contact-mediated inhibition of
cell proliferation, as well as an impaired ability to form
polarized, lumen-containing multicellular structures.

How can these apparently paradoxical findings be rec-
onciled? It is highly relevant in this context to recall that a
number of biological processes required for norma mor-
phogenesis can also contribute to tumorigenesis when inap-
propriately reactivated during postnatal life. Thus, morpho-
genetic cell rearrangements involve transient down-
modulation of cell adhesion and polarity, increased cell
motility, and expression of balanced proteolytic activity,
allowing spatialy and temporally restricted extracellular
matrix invasion. When disregulated, however, these pro-
cesses may facilitate tumor progression by disrupting nor-
mal epithelial architecture and promoting uncontrolled in-
vasion of surrounding tissues (Birchmeier et al., 1996;
Thiery, 2002). In accord with these notions, we propose that
PEA3 group transcription factors play a dual role in the
regulation of epithelial cell behavior. Transient expression
of Erm and Pea3 in developing glandular tissues may facil-
itate branching tubulogenesis, owing in part to their ability
to induce matrix-degrading proteinases. On the other hand,
sustained high level expression of these transcription factors
may endow epithelial cells with pronounced invasive prop-
erties and interfere with the physiological mechanisms re-
sponsible for cell polarization and differentiation, thereby
contributing to tumorigenesis. It will be important to deter-
mine in future studies whether Erm- and Pea3-overexpress-
ing TAC-2.1 cells are tumorigenic in vivo.



256 A. Chotteau-Lelievre et al. / Developmental Biology 259 (2003) 241-257

Acknowledgments

We thank |I. Damour, V. Firlgj, B. Bocquet, F. Doffey-
Lazeyras, and M. Eissler for skillful technical assistance,
and Dr. R. Schwall (Genentech, South San Francisco, CA)
for generously providing recombinant human HGF. This
study was supported by the “Ligue Nationale contre le
Cancer,” the “Association contre le Cancer,” the “Institut
Pasteur de Lille (France),” the grant 31-61446.00 from the
Swiss National Science Foundation (to R.M.), the “Action
de Recherche Concertée #98/03-224, Communauté Fran-
caise (Belgium),” and by the “Centre National de la Re-
cherche Scientifique (France).” This paper is dedicated to
the late Dr. Marie-Pierre Laget.

References

Baert, JL., Monte, D., Musgrove, E.A., Albagli, O., Sutherland, R.L., de
Launoit, Y., 1997. Expression of the PEA3 group of ETS-related
transcription factors in human breast-cancer cells. Int. J. Cancer 70,
590-597.

Bellusci, S., Grindley, J., Emoto, H., Itoh, N., Hogan, B.L., 1997. Fibro-
blast growth factor 10 (FGF10) and branching morphogenesis in the
embryonic mouse lung. Development 124, 4867-4878.

Birchmeier, C., Birchmeier, W., Brand-Saberi, B., 1996. Epithelial-mes-
enchymal transitions in cancer progression. Acta Anat. (Basel) 156,
217-226.

Chotteau-Lelievre, A., Deshiens, X., Pelczar, H., Defossez, P.A., de
Launoait, Y., 1997. Differential expression patterns of the PEA3 group
transcription factors through murine embryonic development. Onco-
gene 15, 937-952.

Chotteau-Lelievre, A., Dolle, P., Peronne, V., Coutte, L., de Launait, Y.,
Desbiens, X., 2001. Expression patterns of the Ets transcription factors
from the PEA3 group during early stages of mouse development.
Mech. Dev. 108, 191-195.

Daniel, C.W., Silberstein, G.B., 1987. Postnatal development of the rodent
mammary gland, in: Neville, M.C., Daniel, C.W. (Eds.), The Mammary
Gland: Development, Regulation and Function, Plenum Press, New
York, pp. 3-36.

de Launoit, Y., Audette, M., Pelczar, H., Plaza, S., Baert, J.L., 1998. The
transcription of the intercellular adhesion molecule-1 is regulated by
Ets transcription factors. Oncogene 16, 2065-2073.

de Launoit, Y., Chotteau-Lelievre, A., Beaudoin, C., Couitte, L., Netzer, S,,
Brenner, C., Huvent, |., Baert, JL., 2000. The PEA3 group of ETS-
related transcription factors. Role in breast cancer metastasis. Adv.
Exp. Med. Biol. 480, 107-116.

Defossez, P.A., Baert, JL., Monnot, M., de Launoit, Y., 1997. The ETS
family member ERM contains an alpha-helical acidic activation do-
main that contacts TAFI160. Nucleic Acids Res. 25, 4455—-4463.

Eandi, JA., Yang, J.C., Evans, C.P., 2001. Signal transduction-mediated
regulation of urokinase gene expression in human prostate cancer.
Biochem. Biophys. Res. Commun. 288, 521-527.

Ekblom, P., 1996. Genetics of kidney development. Curr. Opin. Nephrol.
Hypertens. 5, 282-287.

Fafeur, V., Tulasne, D., Queva, C., Vercamer, C., Dimster, V., Mattot, V.,
Stehelin, D., Deshiens, X., Vandenbunder, B., 1997. The ETSL tran-
scription factor is expressed during epithelial-mesenchymal transitions
in the chick embryo and is activated in scatter factor-stimulated MDCK
epithelial cells. Cell Growth Differ. 8, 655—-665.

Goldin, G.V., Opperman, L.A., 1980. Induction of supernumerary tracheal
buds and the stimulation of DNA synthesisin the embryonic chick lung
and trachea by epidermal growth factor. J. Embryol. Exp. Morphoal. 60,
235-243.

Graves, B.J., Petersen, JM., 1998. Specificity within the ets family of
transcription factors. Adv. Cancer Res. 75, 1-55.

Grobstein, C., 1956. Inducive tissue interactions in development. Adv.
Cancer Res. 4, 187-263.

Gutman, A., Wasylyk, B., 1990. The collagenase gene promoter contains
a TPA and oncogene-responsive unit encompassing the PEA3 and
AP-1 binding sites. EMBO J. 9, 2241-2246.

Habelhah, H., Okada, F., Kobayashi, M., Nakai, K., Choai, S., Hamada, J.,
Moriuchi, T., Kaya, M., Yoshida, K., Fujinaga, K., Hosokawa, M.,
1999. Increased E1AF expression in mouse fibrosarcoma promotes
metastasis through induction of MT1-MMP expression. Oncogene 18,
1771-1776.

Hida, K., Shindoh, M., Yasuda, M., Hanzawa, M., Funaoka, K., Kohgo, T.,
Amemiya, A., Totsuka, Y., Yoshida, K., Fujinaga, K., 1997a. Antisense
E1AF transfection restrains oral cancer invasion by reducing matrix
metalloproteinase activities. Am. J. Pathol. 150, 2125-2132.

Hida, K., Shindoh, M., Yoshida, K., Kudoh, A., Furaoka, K., Kohgo, T.,
Fujinaga, K., Totsuka, Y., 1997b. Expression of E1AF, an ets-family
transcription factor, is correlated with the invasive phenotype of ora
squamous cell carcinoma. Oral. Oncol. 33, 426—430.

Higashino, F., Yoshida, K., Noumi, T., Seiki, M., Fujinaga, K., 1995.
Ets-related protein E1A-F can activate three different matrix metallo-
proteinase gene promoters. Oncogene 10, 1461-1463.

Hiroumi, H., Dosaka-Akita, H., Yoshida, K., Shindoh, M., Ohbuchi, T.,
Fujinaga, K., Nishimura, M., 2001. Expression of E1IAF/PEA3, an
Ets-related transcription factor in human non-small-cell lung cancers:
its relevance in cell motility and invasion. Int. J. Cancer 93, 786—791.

Howe, L.R., Crawford, H.C., Subbaramaiah, K., Hassell, JA., Dannen-
berg, A.J., Brown, A.M., 2001. PEAS3 is up-regulated in response to
Whntl and activates the expression of cyclooxygenase-2. J. Biol. Chem.
276, 20108—20115.

Kaya, M., Yoshida, K., Higashino, F., Mitaka, T., Ishii, S., Fujinaga, K.,
1996. A single ets-related transcription factor, ELAF, confers invasive
phenotype on human cancer cells. Oncogene 12, 221-227.

Keijzer, R., van Tuyl, M., Meijers, C., Post, M., Tibboel, D., Grosveld, F.,
Koutsourakis, M., 2001. The transcription factor GATAG is essential
for branching morphogenesis and epithelial cell differentiation during
fetal pulmonary development. Development 128, 503-511.

Laget, M.P., Defossez, P.A., Albagli, O., Baert, J.L., Dewitte, F., Stehelin,
D., de Launoait, Y., 1996. Two functionally distinct domains responsi-
ble for transactivation by the Ets family member ERM. Oncogene 12,
1325-1336.

Maroulakou, |.G., Bowe, D.B., 2000. Expression and function of Ets
transcription factors in mammalian development: aregulatory network.
Oncogene 19, 6432—6442.

Montesano, R., Matsumoto, K., Nakamura, T., Orci, L., 1991. |dentifica-
tion of afibroblast- derived epithelial morphogen as hepatocyte growth
factor. Cell 67, 901-908.

Neve, R., Chang, C.H., Scott, G.K., Wong, A., Friis, R.R., Hynes, N.E.,
Benz, C.C., 1998. The epithelium-specific ets transcription factor ESX
is associated with mammary gland development and involution.
FASEB J. 12, 1541-1550.

Pepper, M.S,, Ferrara, N., Orci, L., Montesano, R., 1992. Potent synergism
between vascular endothelial growth factor and basic fibroblast growth
factor in the induction of angiogenesisin vitro. Biochem. Biophys. Res.
Commun. 189, 824—-831.

Ried, S, Jager, C., Jeffers, M., Vande Woude, G.F., Graeff, H., Schmitt,
M., Lengyel, E., 1999. Activation mechanisms of the urokinase-type
plasminogen activator promoter by hepatocyte growth factor/scatter
factor. J. Biol. Chem. 274, 16377-16386.

Roebuck, K.A., Rahman, A., Lakshminarayanan, V., Janakidevi, K.,
Malik, A.B., 1995. H202 and tumor necrosis factor-alpha activate
intercellular adhesion molecule 1 (ICAM-1) gene transcription through
distinct cis-regulatory elements within the ICAM-1 promoter. J. Biol.
Chem. 270, 18966-18974.



A. Chotteau-Lelievre et al. / Developmental Biology 259 (2003) 241-257 257

Sakurai, H., Bush, K.T., Nigam, S.K., 2001. Identification of pleiotrophin
as a mesenchymal factor involved in ureteric bud branching morpho-
genesis. Development 128, 3283-3293.

Sato, H., Seiki, M., 1993. Regulatory mechanism of 92 kDa type IV
collagenase gene expression which is associated with invasiveness of
tumor cells. Oncogene 8, 395-405.

Shindoh, M., Higashino, F., Kaya, M., Yasuda, M., Funaoka, K., Hanzawa,
M., Hida, K., Kohgo, T., Amemiya, A., Yoshida, K., Fujinaga, K.,
1996. Correlated expression of matrix metalloproteinases and ets fam-
ily transcription factor E1A-F in invasive oral sguamous-cell-carci-
noma-derived cell lines. Am. J. Pathol. 148, 693-700.

Soriano, J.V., Orci, L., Montesano, R., 1996. TGF-beta induces morphogen-
esis of branching cords by cloned mammary epithelid cells a subpico-
molar concentrations. Biochem. Biophys. Res. Commun. 220, 879—885.

Soriano, J.V., Pepper, M.S., Nakamura, T., Orci, L., Montesano, R., 1995.
Hepatocyte growth factor stimulates extensive development of branch-
ing duct-like structures by cloned mammary gland epithelial cells.
J. Cell Sci. 108, 413-430.

Soriano, J.V., Uyttendaele, H., Kitgjewski, J., Montesano, R., 2000. Ex-
pression of an activated Notch4(int-3) oncoprotein disrupts morpho-
genesis and induces an invasive phenotype in mammary epithelia cells
in vitro. Int. J. Cancer 86, 652—659.

Thesleff, I., Vaahtokari, A., Partanen, A.M., 1995. Regulation of organo-
genesis. Common molecular mechanisms regulating the development
of teeth and other organs. Int. J. Dev. Biol. 39, 35-50.

Thiery, J.P., 2002. Epithelial-mesenchymal transitions in tumour progres-
sion. Nat. Rev. Cancer 2, 442—-454.

Trimble, M.S,, Xin, JH., Guy, C.T., Muller, W.J., Hassell, JA., 1993.
PEA3 is overexpressed in mouse metastatic mammary adenocarcino-
mas. Oncogene 8, 3037-3042.

Trojanowska, M., 2000. Ets factors and regulation of the extracellular
matrix. Oncogene 19, 6464—6471.

Uyttendaele, H., Soriano, J.V., Montesano, R., Kitgjewski, J., 1998.
Notch4 and Wnt-1 proteins function to regulate branching morphogen-
esis of mammary epithelial cells in an opposing fashion. Dev. Bial.
196, 204-217.

Vega, Q.C., Worby, C.A., Lechner, M.S,, Dixon, JE., Dressler, G.R,,
1996. Glial cell line-derived neurotrophic factor activates the receptor
tyrosine kinase RET and promotes kidney morphogenesis. Proc. Natl.
Acad. Sci. USA 93, 10657-10661.

Voraberger, G., Schafer, R., Stratowa, C., 1991. Cloning of the human
gene for intercellular adhesion molecule 1 and anaysis of its 5'-
regulatory region. Induction by cytokines and phorbol ester. J. Immu-
nol. 147, 2777-2786.

Wasylyk, B., Hahn, S.L., Giovane, A., 1993. The Ets family of transcrip-
tion factors. Eur. J. Biochem. 211, 7-18.

Wasylyk, B., Wasylyk, C., Flores, P., Begue, A., Leprince, D., Stehelin, D.,
1990. The c-ets proto-oncogenes encode transcription factors that co-
operate with c-Fos and c¢-Jun for transcriptional activation. Nature 346,
191-193.

Wasylyk, C., Gutman, A., Nicholson, R., Wasylyk, B., 1991. The c-Ets
oncoprotein activates the stromelysin promoter through the same
elements as several non-nuclear oncoproteins. EMBO J. 10, 1127—
1134.



	PEA3 transcription factors are expressed in tissues undergoing branching morphogenesis and promote formation of duct-like structures by mammary
	Introduction
	Materials and methods
	In situ hybridization
	Northern blot analysis
	Plasmids
	Cell culture
	Transient transfection
	Establishment of stable cell lines
	In vitro assay of branching morphogenesis
	Assay of lumen formation
	Collagen gel invasion assay
	Processing for light and electron microscopy
	Results
	Expression of erm, er81, and pea3 during the development of glandular organs
	Endodermal–mesodermal interactions
	Mesodermal–mesodermal interactions
	Ectodermal–mesodermal interactions
	TAC-2.1 mammary epithelial cells overexpressing Erm or Pea3 have an enhanced capacity to form branching duct-like structures and to invade collage
	TAC-2.1 cells overexpressing Erm or Pea3 exhibit a partially transformed phenotype
	Discussion
	Acknowledgments
	References

