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Summary

Lumen formation is a fundamental step in the development
of the structural and functional units of glandular organs,

such as alveoli and ducts. In an attempt to elucidate the
molecular signals that govern this morphogenetic event, we
set up an in vitro system in which cloned mammary
epithelial cells grown in collagen gels under serum-free
conditions form solid, lumen-less colonies. Addition of as
little as 0.1% donor calf serum (DCS) was sufficient to
induce the formation of a central cavity. Among a number

lumen morphogenesis, whereas RXR-selective ligands
lacked this activity. Lumen formation was also induced at
picomolar concentrations by Am-580, a synthetic retinoid
that selectively binds the RAR1 receptor subtype.
Moreover, co-addition of Ro 41-5253, an antagonist of
RARa, abrogated the lumen-inducing activity of both RA
and DCS, indicating that this biological response is
mediated through an RARx-dependent signaling pathway.
To gain insight into the mechanisms underlying RA-

induced lumen formation, we assessed the potential role of
matrix ~metalloproteinases (MMP). Using gelatin
zymography, we observed a dose-dependent increase in
latent and active forms of gelatinase B (MMP-9) upon RA
treatment. In addition, lumen formation was abrogated by
addition of the synthetic MMP inhibitor BB94, indicating
that this morphogenetic process is likely to require MMP
activity. Collectively, our results provide evidence that RA
promotes lumen formation by mammary epithelial cells in
vitro and suggest that it plays a similar role during
mammary gland development in vivo.

of serum constituents analyzed, retinol was found to mimic
the effect of DCS in inducing lumen morphogenesis. Since
the biological activities of retinol are largely dependent on
its conversion to all-trans-retinoic acid (RA), we examined
in more detail the effect of RA on lumen formation. RA
induced the formation of lumen-containing colonies (cysts)
in a concentration- and time-dependent manner, a half-
maximal effect after 9 days of culture being observed
with 100 pM RA. The pleiotropic effects of retinoids are
mediated by nuclear retinoic acid receptors (RARsp, 3
and y) and retinoid X receptors (RXRs;a, B and y). To
identify the signaling pathway involved in RA-induced
lumen formation, we used receptor-specific synthetic
retinoids. TTNPB, a selective RAR agonist, promoted
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Introduction formation. This stems in part from the limited availability of in

The development of most glandular organs begins with theitro systems suited for analyzing this morphogenetic process
invagination of an existing epithelial sheet into the underlyindPetersen et al., 1992; Soriano et al., 1995; Yap et al., 1995; Hirai
mesenchyme. The primary bud thus generated subsequer@iyal., 1998; Blatchford et al., 1999).

undergoes a series of morphogenetic events that culminate in thel he isolation of clonal murine mammary epithelial cell lines
formation of branching tubes (excretory ducts) and hollowendowed with the ability to form tubulocystic structures in
spheres (follicles, alveoli or acini). A crucial step in thecollagen gels (Montesano et al., 1998) has provided an
development of glandular units is lumen formation, that is, th@dditional convenient model to investigate the molecular
creation of a central cavity within an initially solid epithelial mechanisms of lumen formation. However, the identification
primordium (Hogg et al., 1983; Gumbiner, 1996; Coucouvani®f morphogenetic factors in serum-supplemented cultures is
and Martin, 1995; Hogan and Kolodziej, 2002). Over the pageotentially hampered by the presence of numerous undefined
decade, it has become increasingly clear that the processgnponents, including polypeptide growth factors, hormones
involved in the generation of epithelial architecture areand other biologically active molecules, which may mask or
orchestrated by diffusible cues. Thus, a number of studies haweodify the effects of exogenously added agents. To circumvent
led to the identification of polypeptide growth factors thatthis drawback, and to define the minimal requirements for
promote the elongation and branching of epithelial tubes (e.tymen formation, we have developed a serum-free culture
Montesano et al., 1991b; Vega et al., 1996; Bellusci et al., 1998ystem in which mammary epithelial cells form solid
Sakurai et al., 2001). However, with the exception of a few recembulticellular colonies in collagen gels (R.M., unpublished).
papers (Soriano et al., 1995; Lipschutz et al., 2000; Hirai et alThe goal of the present study was to use this experimental
2001; O'Brien et al., 2002), there is a paucity of informationsystem as a bioassay to identify the molecular signals involved
about the molecular signals specifically responsible for lumem lumen morphogenesis.
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Retinoic acid (RA) and its precursor retinol (vitamin A) the indicated agents. The medium and treatments were changed every
are key regulators of vertebrate embryonic patterning an@-3 days. In experiments designed to assess the effect of RA on pre-
organogenesis (reviewed by Morriss-Kay et al., 1999; Ross &rmed cell aggregates, J3B1A cellx{8* cells/ml) were grown for
al., 2000) and are potent inducers of cell differentiation (Gudagdays on a 0.5% agarose gel cast in 60 mm dishes to allow formation
et al., 1994: Nau and Blaner, 1999). The pleiotropic effects cﬁf floating cell clusters (Hirai et al:, 2001; Simian et al., 2001). '!'he
retinoids are mediated by retinoid receptors, a subgroup of t{&'Sters were then resuspended in a collagen gel (2 ml) cast in 35

. L .-mm dishes and incubated for a further 48 hours with or without
nuclear receptor superfamily. The retinoid receptor family, . ious concentrations of RA (1 M to gM). In additional

includes the retinoic acid receptors (RARs), which bind both,yeriments, we used a ‘collagen sandwich’ morphogenesis assay
all-trans and 9-cis RA stereoisomers, and the retinoid Xchambard et al., 1981; Hall et al., 1982; Montesano et al., 1991a)
receptors (RXRs), which bind 9-cis-RA only. Each family isto further analyze the ability of untreated and RA-treated J3B1A cells
composed of three receptor isoforms, designete@ andy.  to form lumina. The sandwich assay was carried out by seeding the
RARs and RXRs can form heterodimers and homodimers thaells in defined medium onto the surface of a 1 ml collagen gel in a
act as ligand-dependent transcription factors by binding t85 mm dish (&10* cells/dish) and allowing them to attach for
(reviewed by Chambon et al., 1996). second coII_agen gel (1 ml) ?s _descr!bed prev[ously _(Monte_sano etal.,

Herein, we report that retinoids are potent inducers of lume 983) and incubated at 37°C in defined medium with or without RA

- . r a further 48 hours.

formation in serum-free collagen gel cultures of mammary
epithelial cells and that this activity is mediated through an
RARa-dependent signaling pathway. Quantification of lumen formation
J3B1A cells were suspen);i]%ii1 in the collagen solution, and 1 ml
. aliquots of the suspension cells/ml) were dispensed in the 22
Materials and Methods mm wells of a multiwell plate (Falcon). After the collagen had gelled,
Reagents 1 ml of defined medium with or without the indicated agents was
The natural retinoids all-trans-retinoic acid (RA) and all-trans retinobdded. Media and treatments were renewed every 2-3 days. At the
were purchased from Sigma (Sigma Chemical Co., St Louis, MO)ndicated time points, five randomly selected fields (measuring 1
and the synthetic retinoids TTNPB and AM-580 were from Biomolmmx1.4 mm) per experimental condition in each of at least four
Research Laboratories (Plymouth, PA). The RAdRlective separate experiments were photographed under bright field
antagonist Ro 41-5253 and the RXR-selective ligand Ro 25-738@lumination using the 18 objective of a Nikon Diaphot TMD
were generous gifts from E. M. Gutknecht and P. Mohr (F. Hoffmanninverted photomicroscope. Quantification of lumen formation was
LaRoche Ltd., Basel, Switzerland). The retinoids were dissolved icarried out on positive prints (125final magnification) by
DMSO to obtain a stock solution (either 1 mM or 10 mM), aliquoted determining the percentage of cell colonies exhibiting a cystic
stored at —20°C and protected from light exposure until used. The finatructure (colonies were arbitrarily classified as cysts when containing
concentration of DMSO in the culture medium did not exceed 0.1%a translucent cavity whose minor axis exceedegira). Data were
The synthetic MMP inhibitor BB94 and the related inactive isomerexpressed as mean percentage of cyststs.e.m., and statistical
BB1268 were kindly provided by P. Brown (British Biotech significance was determined using the Student’s unptiest.
Pharmaceuticals Ltd., Oxford, UK).

Processing for light and electron microscopy

Cells After overnight fixation in situ with 2.5% glutaraldehyde in 100 mM
J3B1 cells (Montesano et al., 1998), a subpopulation of the norsodium cacodylate buffer (pH 7.4), collagen gels were gently removed
tumorigenic murine EpH4 mammary epithelial cell line (Fialka et al.,from the dishes or wells and cut ints2mm fragments. These were
1996; Oft et al., 1996), were recloned by limiting dilution to ensureextensively rinsed in cacodylate buffer, post-fixed in 1% osmium
homogeneity. Clone A (J3B1A cells) was used throughout this studyetroxide in Veronal acetate buffer for 45 minutes and further
The cells were routinely grown in Dulbecco’s modified Eagle’sprocessed as described previously (Montesano et al., 1991a). Semi-
medium (DMEM, GIBCO, Basel, Switzerland) supplemented withthin (1 pm thick) and thin sections were cut with an LKB
10% donor calf serum (DCS, GIBCO) and 2 mAglutamine and ultramicrotome (LKB Instruments, Gaithersburg, Maryland). Semi-
used between passages 7 and 17. thin sections were stained with 1% methylene blue and photographed
under transmitted light using a Zeiss photomicroscope (Carl Zeiss,
) Orberkochen, Germany). Thin sections were stained with uranyl
Lumen morphogenesis assay acetate and lead citrate and examined in a Philips CM10 electron
J3B1A cells were harvested with trypsin/EDTA from confluentmicroscope (Philips, Eindhoven, The Netherlands).
cultures, centrifuged and washed in serum-free DMEM/F12 medium
(1:1). The cells were centrifuged once again and resuspended in a ) ) .
serum-free chemically defined medium consisting of DMEM/F12, 1Gelatinolytic and caseinolytic zymography
pg/ml insulin (Sigma), lug/ml holo-transferrin (Sigma) and 200 J3B1A cells were plated in 60 mm plastic dishes in defined medium,
pg/ml recombinant human epidermal growth factor (EGF, Boehringegrown to confluence, and further incubated with or without different
Mannheim) (this medium will hereafter be referred to as ‘definecconcentrations of RA. Conditioned media were collected after 24, 48
medium’). J3B1A cells were mixed with a type | collagen solutionand 72 hours, supplemented with 0.5 mM PMSF and 15 mM HEPES,
prepared as described previously (Montesano et al., 1991agntrifuged for 5 minutes at 34f) and the resulting supernatants
Montesano et al., 1998) to obtain a concentratiorxdffito 5x10* were stored at —20°C until used. Alternatively, cells were suspended
cells/ml. The cell suspension was then dispensed into multiwelh 3D collagen gels at<A(P cells/ml and incubated with or without
plates (Falcon, Becton Dickinson and Co., Franklin Lakes, NJ, USARA. Conditioned media contained within collagen gels were
or Nunc, Kampstrup, Roskilde, Denmark) or into 35 mm dishe<ollected after 24, 48 and 72 hours by centrifuging the gels in
(Nunc). After a 10 minute incubation at 37°C to allow collagenEppendorf tubes at 200§ for 5 minutes and collecting the
gelation, the cultures were grown in defined medium with or withousupernatant. 3fl of conditioned media were electrophoresed under
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non-reducing conditions in 7.5% SDS/polyacrylamide gels, co10% DCS, J3B1A mammary epithelial cells formed irregularly
polymerized thh 1 mg/ml gelatin. After soaking in 2.5% Triton X- .shaped cysts and branching tubes enclosing a wide lumen, as
100 for 20 minutes to remove SDS, the gels were incubated igreviously described (Montesano et al., 1998). By contrast,

reaction buffer (50 mM Tris-HCI pH 8 containing 150 mM NaCl, 10 yhen grown in collagen gels in serum-free, chemically-defined
mM CaCb) at 37°C for 16 hours and then stained with ethanol:acetic edium (DMEM/F12, 1pg/ml insulin, 1 pg/ml holo-

acid:water (30:10:60) containing 0.25% Coomassie Blue R250 for ansferrin and 200 pg/ml EGF), they formed compact

hours. The conditioned media from MCF-7 and U937 cells lines . . . . :
which are known to secrete MMP-2 and MMP-9 respectively, wer(.g:)hero'd""I or slightly elongated colonies, in which a clearly

used as positive controls. Gelatinolytic activity was detected as @efined lumen could not be discerned by phase contrast
clear band on a background of uniform blue staining. For thénicroscopy (Fig. 1A). Addition of as little as 0.1% DCS to the
detection of plasminogen-dependent proteolytic activity, conditione@efined medium was sufficient to induce the formation of a
media from cells grown either in plastic dishes or in collagen gelsentral cavity (Fig. 1B). These findings therefore suggested
were analyzed by casein zymography as previously describetiat DCS contains a factor(s) necessary for lumen
(Pepper et al., 1990). morphogenesis by J3B1A cells.

In an attempt to identify the molecule(s) present in DCS

Northern blot hybridization that is/are responsible for lumen morphogenesis, we first

Confluent monolayers of J3B1A cells in defined medium were
incubated with or without different concentrations of RA. After 24

48 hours, the dishes were washed with ice-cold PBS and total ce A
RNA was extracted with Trizol reagent (Life Technologies, Pais
Scotland) according to manufacturer's instructions. RNA v
denatured with glyoxal, electrophoresed in a 1% agarose geig(1
RNA per lane) and transferred overnight onto nylon membra
(Hybond-N, Amersham, Buckinghamshire, UK). RNAs we
crosslinked by baking the filters at 80°C for 2 hours and stained
methylene blue to assess 18S and 28S ribosomal RNA inte(
Filters were hybridized for 16 hours at 65°C withxL& cpm/ml of
32p-labeled cRNA probes generated from mouse MMP-9 or hui
MT1-MMP cDNAs (kindly provided by M. Pepper, Genevi
Switzerland). As an internal control for determining the amount
RNA loaded, the filters were simultaneously hybridized wifi#Ra
labeled PO ribosomal phosphoprotein cRNA probe. Post-hybridiza
washes were performed as previously described (Pepper et al., 1
Filters were exposed to Kodak XAR-5 films at —70°C betwe
intensifying screens.

Results

Lumen morphogenesis by J3B1A cells requires a factor
present in serum

When grown in collagen gels in culture medium contain

Fig. 1.Retinoids substitute for serum in inducing lumen formation by
mammary epithelial cells. (A) J3B1A cells suspended in a collagen
gel at a concentration ok30* cells/ml and grown in serum-free,
chemically defined medium for 8 days form small solid colonies
devoid of a discernible lumen. (B) J3B1A cells grown for 8 days in
defined medium supplemented with 0.1% DCS form cystic structures
containing a central cavity. (C) Addition of 1 nM RA to the defined
medium mimics the lumen-inducing activity of DCS, resulting in the
development of small, irregularly shaped cystic structures. (D) At
higher (1uM) concentration, RA elicits the formation of large
spheroidal cysts. (E,F) J3B1A cells were grown for 7 days in defined
medium to allow the formation of compact multicellular colonies and
subsequently incubated in the presence or absengeMdRA for a
further 3 days. Whereas control colonies remain solid (E), RA
treatment induces lumen formation (F). (G,H) Effect of RA on pre-
clustered cells. J3B1A cells were grown in suspension on agarose for
3 days to obtain discrete cell aggregates, which were subsequently
embedded in collagen gels. After 48 hours of incubation in the
absence of RA, the aggregates extend branching cords in the collagen
matrix but do not form cystic structures (G). Addition of RA (100

nM) at the time of embedding reduces the extent of branching and
induces cavitation of the aggregates (H). Bar, 190 _
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examined the potential effect of a number of polypeptiddRetinoic acid can substitute for serum in the induction of
growth factors. Addition of hepatocyte growth factor (10lumen formation
ng/ml), or increasing the concentration of EGF in the defined qualitative analysis of RA-treated cultures showed that cyst
medium to 10 ng/ml, resulted in the formation of largersize and shape were dependent on RA concentration. Thus, at
moderately branched colonies, but did not induce lumerelatively low concentrations (100 pM to 100 nM), RA
formation (data not shown). Likewise, addition of platelet-predominantly induced the formation of small, irregularly
derived growth factor BB (50 ng/ml), basic fibroblast growthshaped cysts (Fig. 1C), whereas at higher (1{0N)
factor (30 ng/ml) or keratinocyte growth factor (20 ng/ml)concentrations it promoted the development of larger,
resulted in a slight increase in colony size but failed to mimispheroidal cysts (Fig. 1D). These findings were confirmed by
the lumen-inducing activity of DCS (data not shown). Ina quantitative evaluation of lumen diameter (Fig. 2C).
addition, preliminary physico-chemical characterization We next performed a detailed dose-response and kinetic
indicated that the lumen-inducing activity of DCS wasanalysis of the effect of RA on the percentage of cystic (i.e.
resistant to boiling for 10 minutes, which raised thelumen containing) colonies. At the earliest time point analyzed
possibility that the ‘factor’ responsible for this activity was (3 days), the percentage of cystic colonies was proportional to
not a protein. RA concentration®<0.05 for values of 1 nM RA versus 100

In light of the results described above, we next analyzedM RA; P<0.0025 for 10 nM RA versus 100 pM RR«0.025
the effect of mammotrophic steroid hormones, including
hydrocortisone [which we found previously stimulates lumer
formation by a different mammary epithelial cell line A
(Soriano et al., 1995)], 1B-estradiol and progesterone. None 100
of these hormones elicited lumen formation by J3B1A cells 04 T O o toum
(data not shown). We finally explored whether serum-born 801 a1t
bioactive lipids, such as lysophospholipids or retinoids 70+
could substitute for DCS in inducing lumen formation.
Lysophosphatidic acid (LPA), a lipid mediator responsible fol
many biological activities of serum (Moolenaar, 1999), 40+
stimulated the formation of branching cords by J3B1A cells 30+
at concentrations of M to 10uM but did not induce lumen 20+
formation (Fig. 5C). Another serum-borne bioactive lipid, 104
sphingosine-1-phosphate (M) (Hla et al., 1999) had no 0
manifest effect on the organization of J3B1A colonies (dati
not shown). Remarkably, however, addition of physiologica
concentrations (10 nM to IM) of retinol (vitamin A) to the B
defined medium resulted in the formation of cystic structure 80
comparable to those seen in DCS-supplemented cultur
(data not shown). Because retinol exerts most of its biologici
activities by conversion to the active metabolite all-trans: 60+
retinoic acid (RA) (Gudas et al.,, 1994; Napoli, 1996;
Gottesman et al., 2001), we conducted a series of experimet
to analyze the effect of RA on the morphogenetic propertie
of J3B1A cells.

60+
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for 100 nM RA versus 1 nM RA?<0.05 for 1uM RA versus  growth-inhibitory activity of RA on J3B1A cells (R.M.,

10 nM RA;P<0.0005 for 1QuM RA versus JuM RA) with a  unpublished).

maximum 73% value observed at g (Fig. 2A,B). Upon The findings described above raised the question of why in
continued treatment with relatively low (100 pM to 10 nM) RA short term (6-9 day) cultures only approximately 50% of the
concentrations, the percentage of cysts formed by J3B1A celtzlls formed cysts in response to RA. A potential explanation
further increased between days 3 an®<€0(025 for values of was provided by the observation that lumen-less colonies were
100 pM RA at 9 days compared with 3 days0.01 for values generally quite small when compared with cystic structures
of 1 nM and 10 nM RA at 9 days compared with 3 days). Bydata not shown), which suggested that lumen formation was
contrast, in cultures treated withuM RA, the cyst percentage hindered below a threshold colony size. To explore this
did not increase significantly between days 3 and 9, and withossibility, and to determine at the same time whether RA
the highest RA concentration (1AM), it even steadily induces lumen formation by modulating cell proliferation, we
decreased R<0.0025 for values of 1uM RA at 6 days analyzed the effect of RA on pre-formed cell aggregates. For
compared with 3 days, and at 9 days compared with 6 day8)is purpose, J3B1A cells were cultured in a collagen gel for
(Fig. 2A,B). In a separate set of experiments, we quantitatively days in the absence of RA to obtain the formation of
analyzed cyst formation after long term treatment (up to 28ompact multicellular colonies, at which time RAUY) was
days) with RA. A significant increase in the percentage of cys@added for a further 3 days. This induced the formation of
between 7 and 21 days was observed after treatment with Ratent lumina within the initially solid epithelial colonies (Fig.
at 10 nM (73% cysts at 21 days versus 50% at 7 @&s005) 1E,F). These results were corroborated using an alternative
as well as with RA at 100 nM (76% cysts at 21 days versuapproach, in which cells were pre-clustered in suspension and
49% at 7 day$<0.0025); no further significant increase beingsubsequently embedded in collagen gels (Hirai et al., 2001,
observed between 21 and 28 days (data not shown). ESimian et al.,, 2001). In this experimental setting as well,
contrast, the percentage of cysts did not change significantaddition of RA (1 nM to 1QuM) to the collagen gels induced
between 7 and 28 days in response to 100 pM, 1 nMudi 1  the cavitation of the clusters within 48 hours (Fig. 1G,H).
RA. Thus, in long-term culture (21-28 days), the optimal effecNotably, under these conditions, lumen formation occurred in
on lumen formation was obtained with 10 nM and 100 nM RAvirtually 100% of pre-formed clusters, in contrast to the
(data not shown). In summary, our qualitative and quantitativenaximum 50-70% cysts induced by RA in short-term cultures
findings indicate that relatively low concentrations of RAof singly suspended cells. These findings therefore support the
(10 to 100 nM) elicit a sustained induction of lumen formationhypothesis formulated above, that is, that a ‘critical mass’ of
in cultures of J3B1A cells. By contrast, at the highestells may be required for optimal lumenogenesis in response
concentrations tested (1), RA induces rapid formation of to RA. They also indicate that modulation of J3B1A cell
cystic structures, which, however, partially regress duringproliferation is unlikely to be responsible for RA-induced
protracted culture, possibly owing to the dose-dependettimen formation.

A

Fig. 3. Structural organization of RA-induced cysts. (A) Semi-thin sections of a 12-day-old collagen gel culture incubated with solvent
(DMSO) alone show that the colonies of J3B1A cells consist of compact cell aggregates. (B) Semi-thin sections of cultveithtrEateV
RA show cystic structures enclosing a wide lumen. (C) Thin sections of the wall of a cyst. The cells have a clearly deifinesithodar
microvilli-bearing surface facing the lumen (lu) and a basal surface in contact with the collagen matrix (col). (D) Detgilc#ligriocated
junctional complex (arrows). (A,B) Bar, 30n. (C) Bar, 2um. (D) Bar, 0.5um.
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To analyze the organization of the colonies formed byM) induced the formation of numerous large lumina (Fig.
J3B1A cells, collagen gel cultures were processed for light andB,D).
electron microscopy. In semi-thin sections of cultures Taken together, the results described above indicated that
incubated with solvent (DMSO) alone, J3B1A coloniesRA induces lumen morphogenesis by J3B1A cells, resulting in
appeared to consist of solid cell aggregates (Fig. 3A), withithe generation of cystic structures that are reminiscent of
which small lumen-like spaces were only occasionallynammary gland alveoli. Since lumen formation is also
observed. Electron microscopy confirmed that the aggregategcessary for the development of the mammary gland ductal
were composed of closely packed cells lacking obvious sigrisee, we next wished to determine whether, under appropriate
of structural polarization (data not shown). In sharp contrastonditions, RA mediates the formation of hollow tubular
semi-thin sections of RA-treated cultures showed that J3B1Atructures as well. To address this issue, we applied two
colonies consisted of a palisade of epithelial cellexperimental strategies. In the first approach, we took
circumscribing a central lumen (Fig. 3B). Thin-section electroradvantage of the finding that serum-free conditioned medium
microscopy revealed that the cells forming the wall of the cystsom confluent monolayer cultures of J3B1A cells induce the
had a clearly defined polarity, with a microvilli-bearing luminal formation of branching cords by J3B1A cells suspended in
surface oriented towards the cyst cavity, a lateral surfaceollagen gels in defined medium (R.M., unpublished). J3B1A
provided with an apically located junctional complex and ecells were first incubated with 50% (v/v) J3B1A conditioned
basal surface in contact with the collagen matrix (Fig. 3C,D)medium for 3 days to initiate cord formation and subsequently

The effects of RA were further studied using a collagen geajrown for a further 7 days in the presence or absence of RA.
sandwich assay of lumen morphogenesis in which epitheligdlthough cells maintained in conditioned medium alone
cells are allowed to attach onto the surface of a collagen giirmed branching cords devoid of central lumen (Fig. 5A),
and are subsequently covered with a second layer of collagaddition of RA induced the formation of wide lumina within
(Chambard et al., 1981; Hall et al., 1982; Montesano et althe initially solid epithelial cords, thereby resulting in the
1991a). In control cultures, collagen overlay resulted after 48eneration of hollow tubes (Fig. 5B). The alternative approach
hours in the formation of a network of flattened cell cordsconsisted of inducing cord formation by treatment with LPA.
containing only a few small lumen-like spaces (Fig. 4A,C)As previously alluded to, incubation with LPA alone stimulated
Under the same conditions, incubation with RA (10 nM to Ibranching morphogenesis but did not promote the formation of

—

—— e {‘ _  Jem—

| ———— —_—

Fig. 4. Retinoic-acid-induced lumen morphogenesis in a collagen gel sandwich assay. (A,B) Phase contrast micrographs (asteris&h-indicat
free gel areas). (C,D) Semi-thin{in thick) sections perpendicular to the culture plane. When sandwiched between two collagen layers (see
Materials and Methods) for 48 hours, untreated J3B1A cells form flattened cell cords containing only a few small luming ¢ar@a®, in

the presence of iM RA (B,D), J3B1A cells form large lumina (arrows in B). (A,B) Bar, 200. (C,D) Bar, 10Qum.
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detectable lumina (Fig. 5C). Strikingly, however, simultaneous
addition of LPA and RA elicited the formation of arborized
tube-like structures that closely mimic the organization of
mammary gland ducts (Fig. 5D).

The effects of retinoic acid are mediated through the
RARa signaling pathway

Two biologically active stereoisomers of RA have been
identified, all-trans-RA (RA) and 9-cis-RA. Although 9-cis-
RA is an activating ligand for both RARs and RXRs, RA binds
with high affinity to RARs only. However, when added at
supraphysiological concentrations, RA has been reported to
activate RXRs as well, possibly as a result of limited
isomerization to 9-cis-RA (Van Heusden et al., 1998). To
identify the receptors involved in the regulation of lumen
formation by J3B1A cells, we therefore utilized synthetic
retinoids that selectively bind to either RARs or RXRs.
TTNPB, a RAR agonist that activates R&AHRARB and RAR/

but does not affect RXRs (LeMotte et al., 1996) exhibited
potent lumen-inducing activity, a highly significaR&(Q.0005)
effect (30% cysts) being observed at concentrations as low as
10 pM and a maximal effect at 10 nM (Fig. 6A). By contrast,
Fig. 5.When added together with factors that promote branching ~ RXR-selective ligands, including the synthetic retinoid Ro 25-
morphogenesis, RA induces the formation of hollow tubular 7386 (10 nM to 1uM) (Toma et al., 1998) as well as the
structures. (A) Serum-free conditioned medium from qonﬂuent. naturally occurring compounds phytanic acid (H0)
monolayer cultures of J3B1A cells induces the formation of solid (Kitareevan et al., 1996) and docosahexaenoic acid [5d/20
branching cords by J3B1A cells grown in collagen gels (10 day (Mata de Urquizé et al., 2000)] were unable to induce lumen

culture). (B) When incubated with conditioned medium for 3 days to . . R
allow initial cord formation and subsequently treated wittMLRA formation (data not shown), suggesting that RXR activation

for a further 7 days, J3B1A cells form branching tubes enclosing a d0€S not mediate lumen formation in J3B1A cells.
widely patent lumen. (C) Addition of @M LPA stimulates colony The RAR subfamily of retinoid receptors consists of three
branching without inducing lumen formation. (D) Concomitant members: RAR, RARB and RAR. RARa is the most
treatment with 1M LPA and 10 nM RA results in the formation of ubiquitously expressed, whereas RARNnd RAR/ display
arborized tubular structures that recapitulate the 3D organization of more restrictive patterns of distribution (reviewed by
mammary gland ducts. Bar, 1. Chambon, 1996). We first explored the potential role of RAR
in lumen formation by incubating
collagen gel cultures of J3B1A
A B cells with the synthetic retinoid
70 70 Am-580. This RARx-selective agonist
] (Delescluse et al., 1991) induced lumen
> giggzs *=p <0.0005 formation in a dose-dependent manner,
3= p<0.0005 a highly significant P<0.0005) effect
(27.5% cysts) being observed at
concentrations as low as 1 pM and a
maximal effect (53% cysts) at 1 nM
(Fig. 6B). To determine whether the
lumen-inducing activity of RA was
mediated by RAR, we next used Ro
41-5253, a RAR-selective antagonist.
0 100fM 1pM 10pM 100pM 1nM 10nM 100nM 1uM 0 0 100fM 1pM 10pM 100pM 1nM 10nM 100nM 1uM RO 41-5253 binds RAR Wlthout
TTNPB Am-580 inducing transcriptional activation,
thereby counteracting RARmediated
Fig. 6.Induction of lumen formation by RAR-pan-reactive and RA$elective synthetic effects of retinoids (Apfel et al., 1992).
retinoids. (A) J3B1A cells were suspended in collagen gels and incubated either with 0.1% R 41-5253 alone (100 nM to M)
DMSO (control) or with a wide range of concentrations of the RAR-selective agonist TTNPBYiq not induce lumen formation (data
(B) J3B1A cells were suspended in collagen gels and incubated either with 0.1% DMSO not shown). However, when co-added
(control) or with different concentrations of Am-580, a selective RA&and. Lumen - : ’
formation was quantified after 6 days as described in Materials and Methods. Results are with RA’ R_O 41-5253 abrogated lumen
expressed as mean percentage of cysts+s.e.m. in 20 randomly selected photographic fielg§ormation in a dose-dependent manner
(five fields from each of four separate experiments) per experimental condition. In A, (Fig. 7A), indicating an involvement of
1=P<0.05; 2#<0.025; 3#<0.0005 (compared with control values); in BP<0.0005 RARa in this process. Finally, we
(compared with control values). wished to ascertain whether R&RIso
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A B
Fig. 7. An RARa-selective antagonist 60 60
inhibits both RA- and DCS-induced
| - DCS + Ro 41-5253
lumen formation. (A) J3B1A cells 50- RA+Ro41-5253 501 | RO

suspended in collagen gels were either
treated with RA alone (1 nM) or co- 40+

T T

] ol T
treated with RA and different | T~ .
concentrations of Ro 41-5253, a selectivez 30+ \ 301 : J

cysts

RARa antagonist. (B) J3B1A cells were &

suspended in collagen gels and incubateds 20
either with 0.1% DCS alone or with 0.1% & *=p<0.025 =p<0.025 .
DCS plus different concentrations of Ro 104 **=p <0.0005 /% 101 **=p<0.0005

*
J o 201

41-5252. Lumen formation was

quantified after 6 daysP<0.025 and 0 , " v ‘ " , ; , ‘ .
** P<0.0005 compared with control 0 30nM  100nM  300nM  1uM 0 30nM  100nM  300nM  1uM

values. Ro 41-5253 Ro 41-5253

mediated the lumen-promoting activity of DCS. As seen in Figdependent increase in this activity. In addition, the lower
7B, Ro 41-5253 inhibited the lumen-inducing activity of DCSmolecular weight activated species of MMP-9, which was
in a dose-dependent manner, resulting in the formation of solisarely visible in control cultures, became clearly detectable
multicellular structures. Collectively, these finding stronglyafter 72 hours of RA treatment (Fig. 8A). A similar dose-
suggest that retinoids are responsible for the ability of DCS tdependent (albeit less robust) induction of the 92 kDa
promote lumen formation by J3B1A cells and that activatiorgelatinase was observed in conditioned media from J3B1A
of RARa is sufficient to mediate this biological response.  cells suspended in 3D collagen gels in the presence of RA (data
not shown). By contrast, proteolytic activity corresponding to
) ] ] ) the molecular weight of MMP-2 (72 kDa) was not detected in
Lumen formation requires matrix metalloproteinase gelatin zymographies of J3B1A cells grow either on plastic or
activity in collagen gels. To assess whether MMP-9 mRNA is
In light of our previous finding that generation of cysticupregulated by RA, total cellular RNA was analyzed by
structures by other cell types is dependent on extracellular
proteolysis (Montesano et al., 1990), we wished to determin
whether cyst formation by J3B1A cells also requires 24h 72h
pericellular matrix degradation. Extracellular matrix RA(nM) o0 10 10° 10° 0 10 10 10°

remodeling is mediated primarily by matrix metalloproteinase: ' ‘
(MMP), a family of secreted and membrane-associated zin M3
dependent endopeptidases (reviewed by Vu and Werb, 200!

To assess the potential role of MMP in RA-induced lumer

formation, we first examined the effect of RA on the productior B 24 h 79 h
of MMP-2 (72 kDa gelatinase, gelatinase A) and MMP-9 (9
kDa gelatinase, gelatinase B). Zymographies of conditione
media from untreated J3B1A cells grown in plastic dishe:
contained bands of gelatin lysis corresponding to the reporte
molecular weight of the latent form of MMP-9. Treatment with
RA (10 nM to 1uM) resulted in a marked time- and dose- C

RA(M) 0 10 10® 10° 0 10 10 10°

- —

uPA

24 h 48 h
RA(DM) © 10 102 10° 0 10 107 10°

Fig. 8. RA induces the production of MMP-9 and uPA. (A) Effect of
RA on gelatinase activity. Gelatin zymography of conditioned

medium from monolayer cultures of J3B1A cells incubated with MNP - m -- ..
10,100 and 1000 nM RA. The larger band of gelatin lysis

corresponds to the reported molecular weight of latent MMP-9, PO m
whereas the smaller lower molecular weight band corresponds to the

activated MMP-9 species. The zymogram is representative of five

distinct experiments. (B) RA induces a dose- and time-dependent

increase in UPA activity, as detected by casein zymography of D
conditioned media. (C,D) RA induces a dose-dependent increase in 24 h 48 h
MMP-9 mRNA but does not modulate MT1-MMP mRNA. RA(NM) o 10 102 10° 0 10 102 10°

Confluent J3B1A cell monolayers were incubated with or without

various concentrations of RA for 24 or 48 hours, after which RNA MT1- m.'
MMP

samples (5-1Qig per lane) were prepared and hybridized with either

MMP-9 or MT1-MMP cRNA probes, as described in Materials and
Methods. A bovine PO ribosomal phosphoprotein cRNA probe was PO
used to assess uniformity of loading.
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northern blot hybridization. This showed a clear doseof progelatinase A but also directly cleaves fibrillar collagen
dependent induction of MMP-9 mRNA by RA (10 nM to 1 (Ohuchi et al., 1997). By northern blot analysis, we found that
pM) (Fig. 8C). As it is known that MMP-9 is activated MT1-MMP mRNA is constitutively expressed by J3B1A cells
extracellularly by other proteinases such as plasmin (Baramovait is not detectably modulated by RA (Fig. 8D). Collectively,
et al., 1997), we next investigated whether RA modulatethese results suggest that the cooperative activities of MT1-
plasminogen-dependent extracellular proteolysis in J3BIAMMP and MMP-9 contribute to the process of lumen
cells. By casein zymography of cell supernatants of J3B1lAnorphogenesis in J3B1A cells.
cells grown either on plastic (Fig. 8B) or in collagen gels (data To determine the functional relevance of MMP in lumen
not shown), we observed a clear dose-dependent inductidormation, we next examined the organization of the colonies
of the urokinase-type plasminogen activator (uPA). Theséormed by J3B1A cells in the presence of RA and different
findings provide a potential mechanism for activation of MMP-concentrations of the synthetic MMP inhibitor BB94 (Brown,
9. Recently, it has been shown that membrane type-1 MMP998). A quantitative analysis demonstrated that BB94 reduced
(MT1-MMP, MMP-14) not only participates in the activation in a dose-dependent manner both the percentage of cystic
colonies (Fig. 9A) and lumen diameter in residual cysts (Fig.
A 9B). By contrast, the related inactive isomer BB1268 did not
inhibit cyst formation (Fig. 9A,B). These findings support a
role for MMP in RA-induced lumen morphogenesis.

1

Discussion

To begin elucidating the factors that regulate the process of
lumen formation in glandular organs, we have developed an
experimental system in which J3B1A mammary epithelial cells
grown in collagen gels under serum-free conditions form solid,
lumen-less colonies. Addition of low concentrations of bovine
serum to the defined medium is sufficient to elicit the formation
o 003 01 03 1 3 3 of a central cavity. The e_ffect of serum cannot be reproduce_zd
‘ | BB1268 by a number of polypeptide growth factors or hormones but is
BB94 (1M) Y accurately recapitulated by the addition of retinol (vitamin A)
in a range of concentrations that are normally found in plasma.
All-trans-retinoic acid (RA), the active metabolite of retinol,
also induces lumen formation in a dose- and time-dependent

Percent cysts

manner. These findings therefore identify a novel biological
. activity of retinoids that is likely to play an important role in
I the development and maintenance of glandular epithelial
structures.

Several lines of evidence indicate that induction of lumen
formation in cultures of J3B1A cells is mediated by a specific
retinoid signaling pathway that involves the Ré\lReceptor.
First, the RAR-selective ligand TTNPB, a synthetic retinoid
that binds specifically to RAR but not to RXR receptors

0o 003 01 03 1 3 3 (LeMotte et al., 1996), is a potent inducer of lumen formation.
‘ ' BB1268 By contrast, RXR-selective ligands, including the synthetic
BBY4 (M) (M) retinoid Ro 25-7386 (Toma et al., 1998) as well as the naturally
occurring compounds phytanic acid (Kitareevan et al., 1996)
> . A and docosahexaenoic acid (Mata de Urquiza et al., 2000), are
activity. (A,B) Effect of the synthetic MMP inhibitor BB94 on RA- . .
inductgd(lumt)an formation. J%/BlA cells suspended in collagen gels ungblg to induce lumen formation. These results _suggest that
were treated with RA alone (IM), co-treated with RA (1iM) and activation of RARs rather_ than RXRs is a requirement 'for
BB94 (30 nM to M) or co-treated with RA (M) and the induction of lumen formation by J3B1A mammary epithelial
inactive isomer BB1268 (@M). In A, cyst formation was quantified ~ Cells. Second, lumen formation is also potently induced by the
after 6 days as described in Materials and Methods and results are synthetic retinoid Am-580, which is a selective agonist of the
expressed as mean percentage of cyststs.e.m. in 20 randomly RARa isoform (Delescluse et al.,, 1991). Third, lumen
selected photographic fields (five fields from each of four separate formation induced by either RA or serum is suppressed by Ro
experiments) per experimental condition. Cyst formation is inhibited41-5253, a synthetic agonist that competes with RA for binding
@nados_e-dependent manner by BB94 but is not affected by the to RARa (Apfel et al., 1992). Collectively, these findings
inactive isomer BB1268 £<0.05 and *P<0.01 compared to indicate that activation of RARIs sufficient to mediate lumen
cultures incubated with RA alone). In B, lumen diameter was formation, although the potential contribution of R&Rand

quantified after 6 days by measuring the minor axis of the central lecti th t be definitivel led out
cavity in all cystic colonies. Lumen diameter is reduced in a dose- y-se‘eclive painways cannot be aetnitively ruled out.

dependent manner by BB94, but is not significantly decreased by ~ Information  concerning retinoid  effects on lumen
BB1268 (*P<0.01 compared with cultures incubated with RA alone; morphogenesis is presently scant. Using 2D cultures of kidney
*not significantly different from cultures incubated with RA alone). epithelial cells, Humes and Cieslinski showed that RA, added

Lumen diameter (um)

Fig. 9.RA-induced lumen formation requires metalloproteinase
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in combination with transforming growth factpt- and EGF, (Montesano et al., 1990; Kadono et al., 1998; Obermdiller et
induced the retraction of a confluent monolayer resulting in thal., 2001) or to fluid accumulation resulting from vectorial
formation of cord-like structures containing a central lumenrransport of water and solutes by the epithelial cells lining the
(Humes and Cieslinski, 1992). Lee et al. observed that inavity (Grantham et al., 1989; Macias et al., 1992; Yap et al.,
primary cultures of rat mammary epithelial cells grown in al994). To begin to address the mechanisms responsible for RA-
basement membrane gel, retinoids increase the number iofluced lumen formation, we have examined in this study the
alveolar-like lobular colonies (Lee et al., 1995). In light of thepotential role of matrix-remodeling proteases. By gelatin
findings reported here, this effect might have resulted in pasymography, we found that RA increases in a dose-dependent
from the ability of retinoids to promote lumen formation. manner the expression of latent and active forms of MMP-9
Seewaldt et al. applied a dominant-negative strategy to explofgelatinase B) by J3B1A cells. Gelatinases, by acting
the effect of inhibiting RA receptor function in normal humansequentially after the initial cleavage of the triple helix by
mammary epithelial cells (Seewaldt et al., 1997). They foundonstitutively expressed interstitial collagenase (MMP-1) or
that mammary epithelial cells expressing a truncated RARMT1-MMP, are thought to constitute a critical and possibly
are unable to form polarized lumen-containing structures wherate-limiting step in collagen degradation (Creemers et al.,
grown in a 3D extracellular matrix environment. Thus, usingl998). The findings that RA induces a parallel dose-dependent
two different but complementary approaches, the work oincrease in: (1) the production of MMP-9 (but not of MMP-2);
Seewaldt et al. and our own study strongly suggest that R&) the percentage of cystic colonies and (3) cyst lumen
signaling plays an important role in the process of lumenliameter, suggest that MMP-9-mediated pericellular matrix
formation in epithelial tissues. This conclusion is furtherremodeling is involved in the process of lumen formation by
corroborated by a recent analysis of the effects of retinoids alBB1A cells. Importantly, the functional relevance of MMP in
ovarian carcinoma cells maintained in organotypic cultureur system is supported by the finding that lumen formation is
(Guruswamy et al., 2001). The authors of this study reporteabrogated by the synthetic MMP inhibitor BB94 but not by the
that retinoid treatment promoted a more orderly organizatiorelated inactive isomer BB1268. It should be noted, however,
of the cells, which were sometimes arranged around a centtthlat BB94 inhibits not only MMP but also members of the
space to form gland-like structures. ‘adamalysin’ family of metalloproteinases (Moss et al., 1997),
When added alone to serum-free collagen gel cultures aefhich are thought to play important roles in developmental
J3B1A cells, RA induces the formation of alveolar-like cystsprocesses by promoting membrane protein ectodomain
that only occasionally present short branching outgrowthshedding (Peschon et al., 1998). We cannot therefore exclude
It therefore appears that, in the absence of additiondahe possibility that inhibition of metalloproteinases other than
morphogens, RA is unable to promote the generation dfIMP contributes to the ability of BB94 to abrogate lumen
arborized tubular structures. Nonetheless, evidence obtainéarmation. With this caveat in mind, the findings reported in
in this study indicates that when acting in concert with othethis study lend significant support to the notion (Sympson et
factors, RA plays a critical role in the process of tubulogenesial., 1994; Witty et al., 1995; Simian et al., 2001; Lee et al.,
by virtue of its lumen-inducing activity. Thus, under 2001) that the balance of MMP and MMP inhibitors is crucial
experimental conditions that induce the formation offor mammary gland development.
branching cords devoid of a central lumen (e.g. incubation Although our results point to an important role for MMP-
with serum-free conditioned medium from monolayer culturesnediated matrix remodeling in RA-induced lumen
of J3B1A cells or exposure to the bioactive lipid LPA), themorphogenesis, it is conceivable that additional mechanisms
concomitant addition of RA results in the formation of duct-participate in this process. Thus, it has been reported that
like structures enclosing a widely patent lumen. These resultstinoids increase the expression of MUC1, an anti-adhesive
indicate that induction of branching is not by itself sufficientapical membrane glycoprotein, in epithelial cells (Guruswamy
to generate hollow tubes and that lumen formation requirest al., 2001). Interestingly, MUC1 has been proposed to
additional signals, which in our experimental system aréacilitate the formation and maintenance of lumen in glandular
provided by retinoids. The finding that simultaneous treatmertissues by preventing interaction between the prospective
with LPA and RA fully recapitulates the tubulogenic programapical domains of contiguous epithelial cells (Hilkens et al.,
of J3B1A cells also indicates a wider role for lipid messenger$992). RA has also been shown to stimulate the deposition of
in epithelial morphogenesis than has previously beebasement membrane components, such as laminin (Gudas et
considered. al., 1994), which have the ability to induce cell polarization
The cellular and molecular mechanisms responsible faand lumen formation (Klein et al., 1988; Wang et al., 1990;
lumen formation in glandular tissues are still largelyO’Brien et al., 2001; Gudjonsson et al., 2002). If operative in
conjectural. To facilitate their analysis, it is useful to divide theour system, these mechanisms would probably contribute to
process of lumenogenesis into two phases: initial lumemitial lumen formation. Subsequent MMP-dependent cyst
formation and subsequent lumen expansion (for details, semlargement may be compounded by positive intraluminal
Yap et al., 1994). Initial lumen formation is thought to be thehydrostatic pressure resulting from active fluid secretion (i.e.
direct consequence of cell polarization. Specifically, it has beenward transport of solutes and water), decreased fluid
proposed that when epithelial cells within a 3D aggregate begieabsorption and/or enhanced sealing capacity of tight
to polarize, intracellular vacuoles containing apical membranginctions. Finally, recent studies suggest the existence of a
proteins fuse with the prospective apical pole, thereby forminfunctional link between retinoids and epimorphin, a
a nascent lumen (Wang et al., 1994; Yap et al., 1995). Thmembrane-bound morphoregulatory protein. Epimorphin has
subsequent enlargement of the primitive cavitary structure mayeen shown to promote lumen formation by mammary
be due to proteolysis of the surrounding pericellular matrixepithelial cells (Hirai et al., 1998) by increasing the expression
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of the transcription factor C/EER(Hirai et al., 2001) and of spatiotemporal changes in retinoid metabolism or signaling
MMP (Simian et a., 2001). Intriguingly, RA has been reportecontribute to the embryonic and/or postnatal organogenesis of
to enhance the expression of epimorphin (Plateroti et al., 1998he mammary gland, with particular respect to the process of
of C/EBR3 (Menéndez-Hurtado et al., 1997; Lee et al., 2002Jumen formation.
and of MMP (this study) in epithelial cells. These findings Vitamin A deficiency in experimental animals has long been
therefore raise the possibility that the lumen-inducing activityassociated with a higher incidence of spontaneous and
of retinoids is mediated in part through the induction ofcarcinogen-induced tumors. Further, epidemiological studies
epimorphin. Further studies will be necessary to establishave indicated that individuals with a lower dietary vitamin A
whether the potential mechanisms alluded to above actuallgtake are at higher risk of developing cancer. Conversely,
contribute to lumen morphogenesis under our experimentaktinoid administration has been shown to prevent tumor
conditions. development in a variety of animal models as well as in patient
In a number of in vivo and in vitro systems, lumen formatiorstudies (reviewed by Lotan, 1996). More recently, lack of
has been shown to result from selective apoptosis of centralgxpression of specific RARs (reviewed by Yang et al., 1999)
located cells (Coucouvanis and Martin, 1995; Humphreys air inability to synthesize RA from retinol (Mira-y-Lopez et al.,
al., 1996; Blatchford et al., 1999; Murray and Edgar, 2000)2000) have been observed in a number of mammary carcinoma
However, apoptosis is unlikely to represent the primaryell lines, indicating that defects in the retinoid signaling
mechanism of cavitation in our experimental setting for twgathway likely contribute to breast cancer development. The
reasons. First, in sections of cystic colonies, lumina appearedechanism by which retinoids exert their chemopreventive
essentially free of cell debris or apoptotic bodies. Second, thetivity, however, is not fully understood. We have shown here
percentage of nuclei with condensed chromatin (as visualizatiat mammary epithelial cells grown in the presence of
by staining with the DNA-binding dye DAPI) or containing retinoids generate polarized, lumen-containing structures that
fragmented DNA (as visualized by a TUNEL assay) wasnimic the organization of mammary gland alveoli and
virtually identical (approximately 1%) in J3B1A colonies ducts, whereas in the absence of retinoids they form solid
formed in control and RA-treated cultures (R.M. and P.S.¢olonies devoid of a central lumen. Given these findings,
unpublished). and considering that early stages of breast cancer are
Retinoids are essential for embryonic patterning andharacterized by loss of tissue-specific organization, we
organogenesis (Chytil, 1996; Niederreither et al., 1999propose that in addition to their morphogenetic function
Morriss-Kay et al.,, 1999; Ross et al., 2000; Malpel et al.during embryogenesis, retinoids act post-natally as stabilizers
2000), yet virtually nothing is known concerning their potentialof epithelial tissue architecture, thereby preventing
effects on mammary gland development. Although cautiomumorigenesis.
needs to be exercised when extrapolating information gained In conclusion, by growing clonal mammary epithelial cells
from in vitro systems to the intact organism, the results of thign a 3D extracellular matrix environment under defined serum-
study raise the possibility that retinoids regulate lumeriree conditions, we have uncovered a biological activity of
formation during embryonic and/or postnatal mammary glandetinoids that would have not been detected using conventional,
morphogenesis. How could retinoids control this process2D cultures. The experimental system we have developed
Metabolic studies have shown that blood levels of retinol arprovides a basis for further dissecting the mechanisms
maintained within a narrow range (Napoli, 1996; Gottesman etsponsible for the lumen-inducing activity of retinoids and
al., 2001). Consequently, stage-specific retinoid effects omay also serve as a suitable bioassay to identify additional
mammary epithelium, rather than being determined byegulators of epithelial morphogenesis.
variations in plasma retinol concentration, may be mediated by
spatially and temporally restricted changes in either retinoid We are grateful to M. Pepper and J. Kiss for helpful advice, to J.
receptor expression or intracellular retinol metabolism. witHRobert-Rial, M. Eissler, P. Couleru and A. Widmer for skilful
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