
 

INTRODUCTION

 

Branching morphogenesis is an important stage in the devel-
opment of different epithelial organs and the adjacent mes-
enchyme has been implicated in this process in the salivary
gland (Nogawa and Mizuno, 1981), the kidney (Saxen and
Sariola, 1987), and the mammary gland (Sakakura, 1987).
Moreover, the inductive effect of mesenchymal tissue on mor-
phogenesis can be reproduced in vitro when epithelial cells are
cocultivated with fibroblasts (Montesano et al., 1991a,b).
Although in most cases, exact mechanisms of the transmission
of signals remain unknown, recent reports have suggested that
soluble factors secreted by fibroblasts, interaction of epithelial
cells with the fibroblast-deposited extracellular matrix (ECM)
and a direct contact between fibroblasts and epithelial cells can
contribute to this process (Montesano et al., 1983; Kratochwil
et al., 1986; Nakanishi and Ishii, 1989; Montesano et al.,
1991a,b; Hirai et al., 1992).

The mammary gland provides a particularly interesting
model system for studies in morphogenesis since unlike other
glandular organs, most of the development occurs post-natally.

Thus in the rodent the effect of exogenously applied hormones
and growth factors on the different stages of organogenesis can
be studied even in vivo (Daniel et al., 1987, 1989; Shedeker et
al., 1991). In addition, mammary organoids and mammary
epithelial cells can be relatively easily isolated, and in vitro
culture systems have been developed for maintenance and
induction of morphological and functional differentiation
(Emerman and Pitelka, 1977; Yang et al., 1979, 1980; Guzman
et al., 1982; Richards et al., 1982; Lee et al., 1984; Barcellos-
Hoff et al., 1989; Darcy et al., 1991). However, these in vitro
studies have focused more on functional differentiation of
rodent cells and less on morphogenesis of human cells and on
defining molecules in the cell or in the environment that are
involved in this process. 

Integrins, which control interactions of cells with the ECM
and with each other (Hynes, 1992) appear to play an important
role in the development and differentiation of epithelial organs
as well as in angiogenesis and myogenesis (Rosen et al., 1992;
Sorokin et al., 1990; Roman et al., 1991; Kurpakus et al.,
1991; Gamble et al., 1993). The fact that integrin expression
in vitro can be regulated by some growth factors and cytokines
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To study the morphogenesis of human epithelial cells in
vitro we have used a three-dimensional collagen matrix and
a newly developed mammary epithelial cell line, 1-7 HB2.
In standard medium 1-7 HB2 cells formed compact
balls/spheres inside collagen type I gels, while cocultivation
with various fibroblast cell lines or growth in fibroblast-
conditioned media resulted in the appearance of branching
structures. At least two different soluble factors secreted by
fibroblasts were found to be implicated in the branching
morphogenesis. Firstly, hepatocyte growth factor/scatter
factor could induce branching in a concentration-
dependent manner. Moreover, a polyclonal serum against
hepatocyte growth factor/scatter factor completely
inhibited the branching morphogenesis induced by
medium conditioned by MRC-5 fibroblast cells. In
contrast, a morphogenetic activity secreted by human
foreskin fibroblasts was identified that appears to be
different from hepatocyte growth factor/scatter factor and
from a number of other well-characterized growth factors

or cytokines. This model system has been used to examine
the role of integrins in mammary morphogenesis. The
expression of the 

 

α2β1, α3β1 and α6β4 integrins was
decreased when cells were plated on collagen gels. The
addition of specific blocking monoclonal antibodies
directed to the α2- and β1-integrin subunits to growth
media impaired cell-cell interactions and interfered with
the formation of compact structures inside collagen gels,
suggesting that the α2β1 integrin can control intercellular
adhesion in mammary morphogenesis. In contrast one of
the blocking monoclonal antibodies against the α3-integrin
subunit (P1B5) mimicked the effect of soluble ‘mor-
phogens’. Our results suggest that the modulation of α3β1
activity may represent an important event in the induction
of branching morphogenesis of human mammary epithe-
lial cells.
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(Heino et al., 1989; Santala and Heino, 1991), suggests that
integrin function may be one of the targets for the signals
generated by fibroblast-produced morphogens in vivo. In
previous studies we have shown that a cell line MTSV1-7
developed from epithelial cells cultured from human milk
(Bartek et al., 1991) grow and form compact round structures
when cultured in collagen type I gels (Berdichevsky and
Taylor-Papadimitriou, 1991). MTSV1-7 cells also form ridges
and structures from a monolayer around collagen fibres added
in the medium and in this system morphogenesis was found
to be dependent on the function of the α2β1 integrin
(Berdichevsky et al., 1992). We have now developed a new
subline of the MTSV1-7 cells, 1-7 HB2, which provides a
unique model system for analysing branching morphogenesis
of human mammary epithelial cells in vitro. Here we describe
this cell line and demonstrate that hepatocyte growth
factor/scatter factor (HGF/SF) and another diffusible factor(s)
secreted by fibroblasts induce branching of 1-7 HB2 cells
inside collagen gels. Moreover, the results of an analysis of
integrin expression in this system and of the effect of blocking
antibodies to the integrin subunits suggests a role for the α2β1
and α3β1 integrins in the morphogenetic process.

MATERIALS AND METHODS

Antibodies and probes
The mouse monoclonal antibodies (mAbs) to α1 (TS2/7) and α4 (B-
5G10) integrin subunits were provided by Dr M. E. Hemler (Dana-
Farber Cancer Institute, Boston, MA), the mouse mAb to α2 integrin
subunit (HAS4) was from Dr F. Watt (Imperial Cancer Research
Fund, London), the mouse mAb directed to α2 integrin subunit (5E8)
was kindly provided by Dr Bankert (Roswell Park Cancer Institute,
Buffalo, NY), the rat mAbs to α5 (mAb16) and β1 (mAb13) integrin
subunits were from Dr K. Yamada (NIH, Bethesda, MD), the rat
mAbs to the α6 integrin subunit (GOH3) were from Dr A. Sonnen-
berg (University of Amsterdam, Amsterdam), the mouse mAbs to the
α3 integrin subunit (J143) were from Dr A. Albino (Sloan-Kettering
Institute, New York, NY), the mouse mAbs to the α3 (IA3) integrin
subunit will be characterized elsewhere (M. Shearer and F.
Berdichevsky, personal communication). The mouse mAbs to the α2
(P1E6), α3 (P1B5) and β4 (3E1) integrin subunits were purchased
from Chemicon International Inc. (London, UK), and from Telios
Pharmaceutical Inc (San Diego, CA). Polyclonal rabbit antibodies to
recombinant human HGF (rhHGF) were kindly provided by the Mit-
subishi Kasei Corporation (Yokohama, Japan). cDNA probes specific
for α2 (clone 2.72L) and α3 (clone 3.10) integrin subunits were from
Dr M. Hemler, the cDNA probe specific for the α6 integrin subunit
was from Dr A. Sonnenberg, and the cDNA probe specific for the β1
integrin subunit was provided by Dr R. Hynes (Mass. Inst. Technol-
ogy, Cambridge, MA). The additional cDNA probes specific for the
α2 integrin subunit were synthesised by RT-PCR on poly(A)+ RNA
prepared from MTSV 1-7 cells. Two pairs of oligonucleotide primers
(5′-CGCGGATCCAAACCCAGCGCAACTACGGTC-3′ (sense), 5′-
AAATTGCAGCCACAGAGTAACC-3′ (anti-sense) and 5′-CAG-
CATTGAAGGTACTG-3′ (sense), 5′-TATCTGAGCATTCTTGTT-
GACC-3′ (anti-sense)) were designed based on published sequence
(Takada and Hemler, 1989). The PCR was performed in two stages:
(a) one cycle of 5 minutes at 94°C, 2 minutes at 58°C and 5 minutes
at 72°C; (b) 25 cycles of 1 minute at 94°C, 2 minutes at 58°C and 2
minutes at 72°C. The fragments, 1380 bp and 939 bp, were purified
from low-melting point agarose, cut with

 

BamHI and PstI, and with
PstI and HindIII, respectively, subcloned into Bluescript-pKS(+) and
sequenced using the Sequenase version of the T7 DNA polymerase.

These fragments were further joined in Bluescript-pKS(+) and the
resulting XbaI-HindIII fragment (2038 bp) representing the 5′ end of
the α2 cDNA was used in some hybridization experiments in combi-
nation with the 2.72L probe. 

Indirect immunofluorescence
Cells and frozen sections were fixed for 30 seconds in acetone that
had been precooled to −20°C, and air-dried for 5 minutes. Subsequent
incubations with specific mouse mAbs and FITC-conjugated
secondary goat anti-mouse polyclonal Abs (DAKO Ltd, Bucks, UK)
were followed by three washes with PBS. Sections were mounted and
viewed on a Zeiss Axioscop microscope.

Cell culture
Human foreskin fibroblasts (HFF), human breast fibroblasts, murine
Balb/c 3T3, Swiss 3T3, Swiss 3T3-LI fibroblasts, human mammary
carcinoma cell lines 5.3.1.E and MDA-MB-231 were cultured in
DMEM supplemented with 10% FCS (DMEM 10% FCS). MTSV 1-
7, a human mammary epithelial cell line (Bartek et al., 1991) and its
derivatives, 1-7 HB1 and 1-7 HB2, were routinely cultured in DMEM
10% FCS supplemented with hydrocortisone (5 µg/ml) and insulin
(10 µg/ml) (referred to as standard medium or E4 in Figs 7, 8). A
procedure for embedding and growth of epithelial cells in collagen
type I has been described elsewhere (Berdichevsky and Taylor-
Papadimitriou, 1991). In a typical cocultivation experiment 5×104-105

fibroblasts were plated on 35 mm tissue culture dishes initially in
DMEM 10% FCS; after 3-4 hours, when the cells had attached and
spread, growth medium was replaced with neutralized 0.25% collagen
type I premixed with epithelial cells (5×102-103 cells/ml). After
gelation the cells within the gel were further cultured either in
standard medium, in serum-free fibroblast-conditioned medium
(FCM), or in standard medium supplemented with a specified con-
centration of growth factor. Cells in gels were refed with fresh media
every 4-5 days.

For experiments in which antibodies to rhHGF were used in
collagen gel culture, the conditioned medium or standard medium
supplemented with the purified rhHGF was incubated with the Ab to
rhHGF, or a control Ab, HMFG-1, for 4 hours at 4°C before being
used to feed cells that had been embedded in collagen gels. For the
experiments with mAbs to integrins, cells were preincubated with the
appropriate Abs for 15 minutes at room temperature before mixing
with neutralized collagen solution and the antibody was present
throughout the incubation. After embedding and addition of medium,
the concentration of the antibody was diluted one in ten. 

Preparation of conditioned medium
Medium conditioned by various cell lines and strains (MRC-5,
Swiss 3T3, Swiss 3T3-LI, 5.3.1.E, MDA-MB-231, HFF, human
breast fibroblasts) was used as a supplement in some experiments.
The cells were first grown to confluency in DMEM-10% FCS then
washed twice with serum-free DMEM and cultured for 72 hours in
serum-free DMEM. The medium was then harvested, filtered
through 0.2 µm filter, stored at 4°C and when used was supple-
mented with FCS, insulin and hydrocortisone to the appropriate con-
centration. Unless otherwise stated the conditioned medium was
used undiluted.

Growth factors and hormones
rhHGF was a gift from the Mitsubishi Kasei Corporation
(Yokohama, Japan). Keratinocyte growth factor (KGF) was from
Promega (Southampton, UK) acidic fibroblast growth factor was
from AMS Biotechnology (Oxfordshire, UK), basic fibroblast growth
factor and platelet-derived growth factor were purchased from
Amersham UK. 

Transforming growth factor β1 and transforming growth factor α
were from Calbiochem (Nottingham, UK). Epidermal growth factor
was purchased from Sigma (Dorset, UK).

F. Berdichevsky and others
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Cell surface 125I labelling, immunoprecipitation and
electrophoresis
For the primary characterisation of integrin expression by 1-7 HB2,
cells were removed from plastic with EDTA (2 mM), washed twice
with PBS (pH 7.4) and labelled with Na125I in suspension using lac-
toperoxidase and glucose oxidase (Hubbard and Cohn, 1972). In the
experiments when integrin expression was analysed in cells cultured
on collagen gels, cells were removed from the gels (and from plastic
in parallel) using 0.1% collagenase. The cells were syringed three
times through a 25 gauge needle, washed in PBS, and labelled as
described above. Labelled cell-surface proteins were extracted with
lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2,
1% NP-40, 2 mM PMSF, 20 mM leupeptin) and precipitated as pre-
viously described (Adams and Watt, 1990). Immunoprecipitated
proteins were separated in a 6.5%-polyacrylamide gel (Laemmli,
1970) and visualized after exposure to Fuji X-ray films.

Cell-substratum adhesion experiments
The 1-7 HB2 cell-deposited matrix in 96-well plates for adhesion
experiments was prepared according to the published protocol (Carter
et al., 1991). Two variants of the collagen matrix were used for the
experiments: (i) 96-well plates were coated overnight at 4°C with a
solution of collagen type I (10 µg/ml); or (ii) a neutralized solution
of collagen type I (2 mg/ml) was aliquoted into 48-well plates (0.2
ml/well) and left for 2 hours at 37°C to polymerize. The control and
matrix-coated wells were blocked with 0.1% of heat-denatured BSA
and washed twice with PBS prior to the addition of cells to the wells.
1-7 HB2 cells were detached with a solution of 2 mM EDTA and
loaded with the fluorescent dye 2′,7′-bis(2-carbodyethyl)-5(6)-car-
bodyfluorescein (Molecular Probe Inc., Eugene, OR) for 30 minutes,
washed twice with PBS and resuspended in DMEM. After preincu-
bation with the appropriate mAb for 30 minutes at 4°C, cells were
added to the matrix-coated dishes and left for 25-30 minutes at 37°C
before washing three times with DMEM. The fluorescence before and
after washes was measured with a CytoFluor 2300 fluorescence
analyser (Millipore Co., Bedford, MA) and adhesion was calculated
as the number of cells attached per mm2 of coated surface.

RNA extraction and northern blot analysis 
Total RNA from cells grown on plastic or on collagen gels was
extracted according to the procedure described by Chomczynski and
Sacchi (1987). After electrophoretic separation in a 1.2% formalde-
hyde gel RNA was transferred to a Hybond N+ membrane. Hybrid-
ization with 32P-labelled probes and washing of filters were performed
as previously described (Church and Gilbert, 1984).

RESULTS

Isolation of the 1-7 HB2 cell line
In order to study the role of integrins in branching morpho-
genesis of human mammary epithelial cells, we first estab-
lished an in vitro experimental model system. Branching
growth of mammary organoids has been observed to occur in
collagen gels (Guzman et al., 1982; Foster et al., 1983) but the
mixture of cell phenotypes, each with a distinctive pattern of
integrin expression makes this system too complex, at least for
initial analysis. Montesano and colleagues (1991a,b), however,
have shown that an epithelial cell line (MDCK) can be induced
by fibroblast-produced factors to form branching structures in
collagen from the cysts that develop in normal medium. We
therefore attempted to develop a human mammary epithelial
cell line, HB2, which undergoes branching morphogenesis
under these conditions.

The MTSV1-7 cell line, originally developed from breast
epithelial cells cultured from human milk (Bartek et al., 1991),
forms compact ball-like three-dimensional structures when
grown in collagen type I gels (Berdichevsky et al., 1992), and
when cocultivated inside the gels with human foreskin fibrob-
lasts (HFF), branching structures occasionally appeared (10-
20% of total colony numbers). After subcloning, two variants
of MTSV 1-7 (1-7 HB1 and 1-7 HB2) were isolated where up
to 90% of the colonies were observed to form branching struc-
tures in collagen gels when cocultivated with HFF for 8 days
(Fig. 1). In other experiments we demonstrated that primary
human breast fibroblasts (Chang et al., 1982), human
embryonic lung fibroblasts (MRC-5) and three stable mouse
fibroblastic cell lines (Balb/c 3T3, Swiss 3T3 and Swiss 3T3-
LI) could also induce branching morphogenesis of 1-7 HB1
and 1-7 HB2 cells (not shown). In contrast, two human breast
carcinoma cell lines of fibroblastic type, 5.3.1.E (Shearer et al.,
1992) and MDA-MB-231, were unable to do so. Immunofluo-
rescent staining confirmed that both subclones of MTSV1-7
cells showed the typical phenotype of luminal epithelial cells
exhibited by the original cells, regardless of the growth con-
ditions: they expressed the simple epithelial keratins (8, 18 and
19) and the polymorphic epithelial mucin, whereas the
expression of keratin 14, collagen type IV or laminin was either
weak or undetectable (data not shown). As 1-7 HB2 cells
responded more dramatically to the presence of fibroblasts than
the 1-7 HB1 cells, the subsequent studies concentrated on the
HB2 subclone of the MTSV1-7 cells. 

Fibroblasts produce a soluble factor(s) that induces
branching morphogenesis of 1-7 HB2 cells
Previous studies have shown that fibroblasts embedded in
collagen gels can induce mechanical forces that lead to gel con-
traction (Grinell and Lamke, 1984). In order to distinguish
between ‘mechanical’ and ‘humoral’ influence of fibroblasts
on morphogenesis, 1-7 HB2 cells were grown in collagen gels
in the presence of HFF-conditioned medium (HFF-CM). As
illustrated in Fig. 1, 1-7 HB2 cells grown in these conditions
formed branching colonies almost as efficiently as they did in
the cocultivation experiments. A more detailed examination of
the development of branching structures over time showed that
after 10-20 hours in collagen most of the single cells developed
characteristic cytoplasmic processes. After 48-72 hours,
primitive ‘star-like’ structures appeared where 2-3 cells with
processes remained in contact with each other (Fig. 2A).
Further proliferation resulted in progressive elongation of
branches (Fig. 2B,C) that was largely completed after 8-10
days. Immunofluorescent staining of cross-sections revealed
that over the time of observation (up to 14 days) all cells within
the structures retained their luminal phenotype although only
a small number of colonies developed an internal lumen (not
shown). Similar results were obtained with conditioned media
from MRC-5, Swiss 3T3, Swiss 3T3-LI cells, or fibroblasts
cultured from adult breast tissue, but not with conditioned
medium from the two breast cancer cell lines 5.3.1.E and
MDA-MB.231. Fig. 3A quantitates the morphogenetic
response to conditioned medium from MRC-5, HFF and 3T3
cells.

Studies of branching morphogenesis in MDCK cells have
shown that the morphogenetic activity of fibroblast-condi-
tioned medium is associated with HGF/SF (Montesano et al.,
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1991b). Recombinant human HGF (rhHGF) added to normal
medium was also found to induce branching morphogenesis of
1-7 HB2 cells in a concentration-dependent manner (Fig. 3A
inset and Fig. 4A). To test whether the induction of branching
of 1-7B2 cells by conditioned medium from different fibrob-
last cell lines is due to their secretion of HGF/SF, the effect of
antibodies to rhHGF on the morphogenetic capacity of the con-

ditioned medium was tested. When conditioned medium from
MRC5 was supplemented with as little as 8 µg/ml of purified
polyclonal antibodies against rhHGF the appearance of

F. Berdichevsky and others

Fig. 1. Branching morphogenesis of 1-7 HB2 cells in collagen gels
induced by co-culture with HFF or HFF-CM. 1-7 HB2 cells were
embedded in collagen gels (see Materials and Methods) and cultured
with unmodified standard medium, with HFF, or with medium
conditioned by HFF for 8 days. Cells formed balls/spheres in
unmodified medium (A,B) but formed branching colonies with HFF
(C,D) or HFF-CM (E,F). Bar, 100 µm.

Fig. 2. Time course of development of branching structures from 1-7
HB2 cells grown in collagen gels with HFF-CM (A) 60 hours (B) 4
days, (C) 8 days after embedding. Bar, 100 µm.
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branching colonies was reduced to background level (Fig. 3B).
However, in parallel experiments different concentrations of
anti-rhHGF antibodies failed to block the branching induced
by HFF-CM (Fig. 3B). Thus, it would appear that whereas the
modulating effect of MRC5 fibroblasts on the morphogenesis
was associated with the production of HGF/SF, the branching
growth of 1-7 HB2 cells could also be induced by another
factor(s) that is (are) secreted by HFF. Interestingly, the mor-
phogenetic activity of conditioned medium from HFF was not

abolished by heating media at 95°C for 3 minutes, a treatment
that is known to inactivate HGF/SF. Moreover when added
together in different concentrations, HGF and HFF-CM
appeared to act synergistically. More and longer branches were
observed for individual colonies, and maximum branching was
observed with 2 ng/ml of HGF when 25% of the medium was
HFF-CM. This also suggests that the active factor in HFF-CM
is different from HGF.

The effect of several other growth factors on the morpho-
genesis of 1-7 HB2 cells in collagen gels was also analysed.
Although EGF and TGFβ1 (at minimal concentrations 30
ng/ml and 20 ng/ml, respectively), were found to change the
morphology of the colonies in collagen gels neither of these
factors alone or the combinations shown in Table 1 were able
to reproduce the effect of fibroblast-conditioned medium on
morphogenesis of 1-7 HB2 cells. The growth rate of 1-7 HB2
cells in collagen was not stimulated by either HFF-CM or

Fig. 3. Comparison of induction of branching morphogenesis by
rhHGF and conditioned medium from HFF, MRC5 and 3T3 cells.
(A) 1-7 HB2 cells were embedded in collagen gels and cultured with
increasing amounts of conditioned medium from MRC5 (

 

j), HFF
(d) or Swiss 3T3 cells (m). The proportion of colonies showing
branching was estimated after 6 days. Insert shows dose-response for
purified rhHGF. (B) Cells were cultured in collagen gels with
conditioned medium from MRC5 (j) or HFF (d) with (—) or
without (---) antibody directed to rhHGF. Medium was incubated
with the Ab before adding it to cells embedded in collagen, and
replenished at each media change. (See Materials and Methods).
Proportion of colonies showing branching estimated at 6 days. A
colony was recorded as a branching colony when 5 or more
protuberances could be seen and at least one was as long as the body
of the structure.

Fig. 4. Induction of branching morphogenesis by 1-7 HB2 cells
cultured in collagen gels with (A) rhHGF or (B) antibody PIB5 to the
α3 integrin subunit. (A) Embedded cells were cultured in the
presence of 10 ng/ml rhHGF. (B) Cells were pretreated for 15
minutes with the antibody P1B5 at a dilution of 1/100 before
embedding in collagen gels and culturing with standard medium. The
structures shown in the figure were photographed 7 days after
embedding. Bar, 100 µm.
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HGF, although cell numbers were increased twofold in the
presence of 30 ng/ml EGF (data not shown). This suggests that
branching was not attributable to an effect on growth. It should
be noted that mouse HGF did not induce branching, suggest-
ing species specificity in the ligand-receptor interaction for the
branching response, as has been noted for the induction of
tumorigenicity by HGF (Rong et al., 1992).

Integrin expression in 1-7 HB2 cells and in
mammary gland
Three members of the integrin family are found to be abun-
dantly expressed in the resting and lactating mammary gland
namely: α2β1, α3β1 and α6β4 (Fig. 5 and Zutter and Santoro,
1990; Sonnenberg et al., 1990). Being a component of
hemidesmosomes, the α6β4 complex is found to be exclu-
sively localized in the contacts of myoepithelial and luminal
cells with the basement membrane (Fig. 5C). In contrast, the
α2β1 integrin is found evenly distributed along the basolateral
cell surface in both cell layers (Fig. 5A). mAbs to the α3β1
integrin showed strong staining of the membrane of basal
cells (with a stronger staining in the cell-basement membrane
contacts) and weaker staining of the basolateral surfaces of
luminal cells. When analysed by immunoprecipitation (Fig.
6) or by flow cytometry and immunohistochemical staining
(data not shown), the profile of integrin expression detected
on the surface of 1-7 HB2 cells showed the α2β1 and α3β1
integrins to be expressed at high levels with the α6β4 integrin
also being detectable. This profile of integrin expression accu-
rately reflects that seen in vivo and was the same when the
cells were grown on plastic either in standard medium, in
fibroblast-conditioned medium, or in medium supplemented
with HGF/SF. 

Regulation of integrin expression by collagen gels
To address the question of whether and how culture with
collagen affects the integrin expression of 1-7 HB2 cells, the
level of expression in cells grown on plastic was compared
with the level in cells grown on collagen gels in standard
medium, in HFF-CM and in medium supplemented with
HGF/SF. Immunoprecipitation of cells that had been surface
labelled with iodine after removal from the substrate showed
that the cell surface level of all the integrins was decreased

F. Berdichevsky and others

Fig. 5. Indirect immunofluorescent staining of tissue sections of
resting normal breast with antibodies to the (A) α2 (HAS4), (B) α3
(J143), and (C) β4 (3E1) integrin subunits. Bar, 40 µm.

Table 1. Factors tested that were unable to induce
branching morphogenesis of 1-7HB2 cells

Concentration
Factor* (ng/ml)

Basic fibroblast growth factor (bFGF) 1-30  
Acidic fibroblast growth factor (aFGF) 1-30  
Platelet derived growth factor (PDGF) 1-20  
Mouse hepatocyte growth factor (MHGF) 1-100  
Transforming growth factor β (TGFβ) 0.1-20  
Keratinocyte growth factor (KGF) 1-50  
MHGF + TGFβ (10 ng/ml) 50  
MHGF + KGF (20 ng/ml) 50  
Epidermal growth factor (EGF) 10-100  
EGF +bFGF (10 ng/ml) 50  
KGF (+100 mg/ml of heparin) 1-50  
KGF +EGF (10 ng/ml) 1-50  
KGF +aFGF (10 ng/ml) 1-50  

*Factors (at the concentrations indicated) were included in the medium
added to the cells embedded in collagen gels.
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in 1-7 HB2 cells grown on collagen gels (Figs 7, 8). For the
α2β1 and α6β4 integrins the reduction in the expression was
not affected by the growth media. However, the decrease in
level of the α3β1 integrin was more dramatic when cells
were grown on collagen gels in HFF-CM (Fig. 7) or in

medium with HGF/SF (Fig. 8). Northern blot analysis
revealed that the specificity in the reduction of integrin
expression of the α3 integrin subunit in response to HGF/SF
was also evident at the RNA level (Fig. 9). To analyse
integrin function in the morphogenesis of 1-7 HB2 cells in
more detail, the effect of specific blocking mAbs on the
development of three-dimensional structures within collagen
gels was examined. 

Role of α2β1 integrin in morphogenesis
At the concentrations shown in the legend to Fig 10, the
dominant effect of treating 1-7 HB2 cells with blocking
antibody to the α2-(P1E6) or to β1 (mAb13) subunits was to
dissociate the structures formed in collagen gels whether cells
were grown in standard medium or in fibroblast-conditioned
media (Fig. 10C,D and G,H). Moreover, the addition of the
blocking antibody to already preformed structures induced
gradual weakening of cell-cell contacts and the appearance of
loose colonies. In parallel experiments non-blocking anti-α2 or
anti-β1 mAbs (HAS4 and MAR5, respectively) had no effect
on morphogenesis. Thus despite the fact that the expression of
α2β1 integrin is down-regulated by the collagen gels, it appears
that this integrin functions as an important regulator of cell-
cell interactions in the morphogenesis of mammary epithelial
cells. At higher concentrations of antibodies PIE6 or mAb13
to α2 or β1 integrin subunits, growth of HB2 cells in collagen
gels was severely inhibited suggesting that some function of
the α2β1 integrin is necessary for growth in collagen. This
function could relate to signals generated by cell-cell or cell
matrix interactions or both.

Fig. 6. Integrins expressed by 1-7 HB2 cells as detected by
immunoprecipitation. Cells were surface labelled with 125I using the
lactoperoxidase method and integrins precipitated from samples of
whole lysates containing equal numbers of counts using antibodies to
integrin subunits. Integrins were eluted in Laemmli (1970) loading
buffer and resolved in 7% gels in non-reducing conditions.
Antibodies used: TS2/7-α1 (lane 1); HAS4-α2 (lane 2); J143-α3 (lane
3); B5G10-α4 (lane 4); mAb16-α5 (lane 5); GOH3-α6 (lane 6);
MAR5-β1 (lane 7); 3E1-β4 (lane 8). NB, α6-subunit usually runs
between α2, α3 and β1 bands.

Fig. 7. Down-regulation of integrin expression in 1-7 HB2 cells cultured on collagen gels in standard medium (E4) and in the presence of HFF-
CM. After culturing for 8 days under the conditions indicated, cells were removed from the plastic or collagen and surface labelled with 125I.
Samples of lysates containing equal numbers of counts were then precipitated with antibodies to the α2 (HAS4) (A), α3 (P1B5) (B), β1 (MAR5)
(C) and α6 (GOH3) (D) integrin subunits and precipitates separated by 7% acrylamide gel electrophoresis in non-reducing conditions. 
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Antibody P1B5 to the α3 integrin subunit induces
branching morphogenesis of HB2 cells
The effect of two anti-α3 mAbs (P1B5 and IA3) on morpho-
genesis was examined. Both P1B5 and IA3 inhibited the
adhesion of 1-7 HB2 cells to a cell-deposited matrix, shown to
be composed mainly of epiligrin (Carter et al., 1991), as
detected by immunostaining with a specific antibody, BM165
(Marinkovich et al., 1992). However, only the P1B5 antibody
inhibited cell attachment to polymerized collagen type I. (Fig.

11), and an effect on morphogenesis of 1-7 HB2 cells was seen
only with the P1B5 antibody and not with the IA3 antibody.
The striking effect of mAb P1B5 in standard medium was to
induce branching in approximately 25% of the colonies, which
resembled the branching induced by HGF/SF treatment
(compare Fig. 4A,B). These data suggest that the down-regu-
lation (or modulation) of the collagen-binding activity of the
α3β1 integrin may be required for branching morphogenesis
inside collagen gels. It should be noted that the addition of the
P1B5 antibodies alone did not have an inhibitory effect on the
branching induced by HFF-CM (Fig. 10E,F) or HGF/SF (data
not shown) although some colonies appeared to develop
somewhat more elongated branches.

DISCUSSION

The three-dimensional collagen matrix has been previously
used for studying morphological and functional differentiation
of various epithelial tissues. A recent report by Montesano and
colleagues (1991a) and our present data show that it can also
be utilized to study a specific aspect of morphological differ-
entiation, branching morphogenesis, under highly controlled
conditions. This study specifically addresses two questions
relating to morphological differentiation of the mammary
gland: (i) the role of fibroblasts; and (ii) integrin function(s).

Soluble factor(s) secreted by fibroblasts induce
branching morphogenesis of mammary epithelial
cells
Although a role for surrounding mesenchyme in the process of
branching morphogenesis in the developing mammary gland is
well documented (Sakakura et al., 1976, 1982), the mecha-
nisms underlying the effect have not been studied at the
molecular level. In this report we show that fibroblasts, the
major cellular component of mesenchyme, secrete morpho-
genetic factor(s) that can initiate branching morphogenesis of
human mammary epithelial cells in collagen gels. These data
strongly support the earlier hypothesis that modulating effects
of mammary mesenchyme on morphogenesis can be transmit-
ted by soluble morphogens.

One of the important conclusions that can be drawn from this
study is that branching morphogenesis of mammary epithelial
cells can be induced by two different fibroblast-produced
soluble factors. HGF/SF was identified as the morphogenetic
factor produced by MRC-5 cells, while some other factor (or
factors) was (were) responsible for the morphogenetic activity
in conditioned medium from HFF or 3T3 cells: HGF/SF and
the HFF-produced factor(s) differ both antigenically and in
physiochemical properties, and appear to act synergistically in
stimulating branching of 1-7 HB2 cells in collagen gels. 

HGF/SF is thought to be important in the development and
remodelling of some epithelial organs (Sonnenberg et al.,
1993; Zarnegar and Defrances, 1993), and although data
describing the expression of HGF/SF in the mammary gland
are not presently available, it was recently reported that the
receptor for this cytokine, (the product of the met proto-
oncogene) is found on the surface of ductal epithelial cells
(Tsarfaty et al., 1992). Thus, it is possible that the HGF/SF-
met interaction could govern certain stages of mammary mor-
phogenesis in vivo. 
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Fig. 8. Down-regulation of integrin expression in 1-7 HB2 cells
cultured for 8 days on collagen in standard medium (E4) or in
medium supplemented with 10 ng/ml of rhHGF. Experimental
details as for Fig. 7.

Fig. 9. Specific down-regulation of expression of the α3 integrin
subunit mRNA induced by HFF-CM or HGF in 1-7 HB2 cells grown
on collagen gels. RNA was extracted from cells grown on collagen
(lanes 2, 4 and 6) or on plastic (lanes 1, 3 and 5) for 24 hours in
standard medium (lanes 1 and 2) or HFF-CM (lanes 3 and 4) or
medium supplemented with 10 ng/ml rhHGF (lanes 5 and 6). Then
10 µg of RNA was run and blotted onto Hybond N+ membranes.
The blot was probed sequentially with radioactive probes for the α3
(clone 3.10) integrin mRNA and with a probe for 18 S RNA. 
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The question arises as to why the mammary gland may
require the activity of two (or more) factors for branching mor-
phogenesis. Unlike other organs, which exhibit branching mor-
phogenesis only in the embryo or in the new born, branching
of the structures in mammary gland also occurs in adult life at
puberty and pregnancy. It is therefore conceivable that
different morphogenetic factors produced by mesenchyme may

be involved at different stages of development. Further char-
acterization of the factor(s) produced by HFF is clearly
warranted. 

Integrins in morphogenesis of 1-7 HB2 cells in
collagen gels
Our data represent the first attempt to understand the specific

Fig. 10. Effect of antibodies
to integrins on branching
morphogenesis of 1-7 HB2
cells co-cultured in collagen
gels with HFF-CM. Cells
were pretreated with anti-
integrin mAbs in HFF-CM
(C-H) or left with no
treatment (A,B) before
embedding in collagen gels.
The antibodies directed to
α2 (P1E6; C and D) and to
β1 (mAb13; G and H)
subunits inhibited the
formation of compact
structures in collagen gels.
The mAbs against α3
(P1B5; E and F) subunit had
no significant influence on
branching morphogenesis.
The antibody dilutions were
as follows: 1:400 dilution of
ascites for P1E6 and P1B5;
1 µg/ml for mAb13.
Colonies were photographed
8 days after the embedding.
Bar, 100 µm.
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role of integrins in branching morphogenesis. The 1-7 HB2
cells expressed the integrins found in mammary epithelial cells
in vivo i.e. α2β1, α3β1, α6β4. An important observation was
that expression of all of these integrins was decreased when
the cells were grown on collagen gels. Since both the α2β1 and
α3β1 integrins were found to mediate adhesion of 1-7 HB2
cells to polymerised collagen, a weakening of these interac-
tions might be expected to accompany branching when the
cells become more motile inside the gels. A more detailed
analysis using blocking antibodies, however, suggested
specific roles for the α2β1 and α3β1 integrins as regulators of
cell-cell and/or cell matrix interactions.

α2β1 integrin
The presence of specific anti-α2 (or anti-β1) blocking anti-
bodies in growth media prevented or disrupted the formation
of compact three-dimensional structures in collagen gels

implying that in spite of its down-regulation, the function of
the α2β1 integrin as a cell adhesion receptor was crucial in the
morphogenesis. The localisation of the α2β1 integrin on the
lateral surface of epithelial cells in resting and lactating
mammary gland (Fig. 5) also suggests that it can contribute to
cell-cell interactions in vivo. Moreover, we find that in onco-
genically transformed human mammary cells and in cell lines
developed from the naturally occurring breast tumors, a
decreased level of α2β1 integrin expression correlated with the
deterioration of intercellular contacts and the inability of the
cells to form organised three-dimensional structures in
collagen gels (Shearer et al., 1992; D’Souza et al., 1993).

In epithelial tissues homophilic cell adhesion is typically
thought to be associated with the function of cadherins, a
family of Ca2+-dependent transmembrane molecules
(Takeichi, 1990). However, when cadherin function was
depleted in human keratinocytes by culturing in low Ca2+

medium, the integrins of the β1 family (in particular, α2β1 and
α3β1) were found to control cell-cell interactions of human ker-
atinocytes (Larjava et al., 1990; Symington et al., 1993). Thus,
our finding that α2β1-integrin may contribute to the intercellu-
lar adhesion of epithelial cells, under the conditions of mor-
phogenesis described here suggests that the function of
cadherins might also be down-regulated. Preliminary experi-
ments suggest that this is indeed the case (B. D’Souza, personal
communication).

To demonstrate the effect of blocking antibodies to the α2β1
integrin on cell-cell adhesion, the concentration of the anti-
bodies was crucial. Higher concentrations than those shown in
Fig. 10 resulted in inhibition of the growth of 1-7 HB2 cells in
collagen, suggesting that some residual function of the integrin
was required for growth under these conditions. This function
could relate to signals generated by cell-cell or cell-matrix
interactions or both. Whatever the cause, the growth inhibitory
effect of antibodies to the α2β1 integrin seen in collagen
emphasises the crucial role of this integrin in the development
of structure. 

It should also be pointed out that the cell-dissociative effect
of blocking antibodies to the α2β1 integrin could be due to
indirect effects. Our present data and earlier reports showed
that collagen could modulate gene expression in mammary
cells (Streuli and Bissel, 1990). Therefore, it is possible that in
its interaction with collagen the α2β1 integrin is generating
signals that affect the functional activity of other cell adhesion
molecules expressed by cells and that would also be negated
by blocking anti-α2 antibodies.

α3β1 integrin
Our results also suggest that changes in the functional activity
of the α3β1 integrin may be involved in mammary morpho-
genesis. The blocking of binding of 1-7 HB2 cells to poly-
merized collagen by antibody P1B5 demonstrates that the α3β1
integrin in these cells can bind to collagen. Accordingly, the
down-regulation of α3β1 expression in 1-7 HB2 cells grown
on collagen gels in the presence of HGF/SF (or fibroblast-con-
ditioned media) or inhibition of the α3β1 collagen interaction
with the P1B5 mAb could destabilise cell-collagen interaction
and facilitate branching outgrowth. It is likely that branching
morphogenesis in general requires a more dynamic interaction
of cells with the ECM and with each other. The fact that the
ECM and soluble morphogens produced by mesenchymal cells
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Fig. 11. Inhibition of adhesion of 1-7 HB2 cells to polymerized
collagen and to a cell-deposited matrix by mAbs to integrins. Before
plating on the matrix-coated surface 1-7 HB2 cells were
preincubated either with the control lgG1 mAbP3 or with anti-α2
(P1E6, HAS4,) anti-α3 (P1B5, 1A3) and anti-β1 (mAb13) mAbs.
Cells were allowed to adhere for 25 minutes and non-attached cells
were removed in 3 subsequent washes. The final concentration of
mAbs were 1:200 dilution of ascites for P1B5 and P1E6, 1:500
dilution of ascites for mAb13, 20 µg/ml for HAS4 and IA3, 1:5
dilution of culture supernatant for P3. 



3567Morphogenesis of mammary cells

can cooperatively modulate integrin functions in vitro strongly
suggests that similar processes may be occurring in vivo and
could be crucial for the branching development in various
epithelial organs including the mammary gland.

We are grateful to the individuals who provided us with anti-
integrin mAbs and cDNA probes and to the Mitsubishi Kasei corpor-
ation for supplying us with rhHGF and antiserum to hepatocyte
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Qilong Lu for examination of sections of structures formed by 1-7
HB2 cells grown in collagen gels. Feodor Berdichevsky is grateful to
Dr M. Hemler for his support in the final stages of this work. 
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