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Expression of Autoactivated Stromelysin-1 in

Mammary Glands of Transgenic Mice Leads to a

Reactive Stroma During Early Development

Nicole Thomasset,*† André Lochter,*

Carolyn J. Sympson,* Leif R. Lund,†

DeWight R. Williams,* Ole Behrendtsen,†

Zena Werb,† and Mina J. Bissell*

From the Life Sciences Division,* Ernest Orlando Lawrence

Berkeley National Laboratory, Berkeley, and Department of

Anatomy,† University of California, San Francisco, California

Extracellular matrix and extracellular matrix-degrad-

ing matrix metalloproteinases play a key role in in-

teractions between the epithelium and the mesen-

chyme during mammary gland development and

disease. In patients with breast cancer, the mammary

mesenchyme undergoes a stromal reaction, the etiol-

ogy of which is unknown. We previously showed that

targeting of an autoactivating mutant of the matrix

metalloproteinase stromelysin-1 to mammary epithe-

lia of transgenic mice resulted in reduced mammary

function during pregnancy and development of pre-

neoplastic and neoplastic lesions. Here we examine

the cascade of alterations before breast tumor forma-

tion in the mammary gland stroma once the expres-

sion of the stromelysin-1 transgene commences. Be-

ginning in postpubertal virgin animals, low levels of

transgene expression in mammary epithelia led to

increased expression of endogenous stromelysin-1 in

stromal fibroblasts and up-regulation of other matrix

metalloproteinases, without basement membrane

disruption. These changes were accompanied by the

progressive development of a compensatory reactive

stroma, characterized by increased collagen content

and vascularization in glands from virgin mice. This

remodeling of the gland affected epithelial-mesenchy-

mal communication as indicated by inappropriate ex-

pression of tenascin-C starting by day 6 of pregnancy.

This, together with increased transgene expression, led

to basement membrane disruption starting by day 15 of

pregnancy. We propose that the highly reactive stroma

provides a prelude to breast epithelial tumors observed

in these animals. (Am J Pathol 1998, 153:457–467)

Epithelial development depends on an exquisite series of

inductive and instructive interactions between the differ-

entiating epithelium and the mesenchymal (stromal) com-

partment.1,2 The epithelium, which consists of luminal

and myoepithelial cells, is separated from the stroma by

a basement membrane (BM), which plays a central role in

mammary gland homeostasis and gene expression.3–5 In

vivo, stromal cells produce fibronectin, collagens, proteo-

glycans, and some components of the BM, as well as a

number of proteinases that can effectively degrade BM

constituents.6–9 Stromal and epithelial cells of the mam-

mary gland interact to regulate BM synthesis and degra-

dation and, thus, mammary function.

Matrix metalloproteinases (MMPs) are extracellular

matrix (ECM)-degrading enzymes involved in mammary

gland morphogenesis and involution.10–13 During late

pregnancy and lactation, when the gland becomes fully

functional, the expression of MMPs is low;11 however,

during involution, when the gland loses function and is

remodeled, synthesis of ECM-degrading proteinases in-

creases dramatically.11 Disturbance of the balance be-

tween MMPs and MMP inhibitors leads to either unsched-

uled involution or prolonged lactation.9,12 Mammary

glands of virgin mice expressing an autoactivating

stromelysin-1 (SL-1) transgene display supernumerary

branches and precocious alveolar development, accom-

panied by the synthesis of b-casein at levels found nor-

mally only during early pregnancy.14,15 During late preg-

nancy, increased expression of the SL-1 transgene leads

to a reduction in expression of pregnancy-specific

genes.14 Later in life, some SL-1 transgenic mice develop
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hyperplastic, dysplastic, and ductal carcinoma in situ-like

lesions, as well as malignant tumors.16

Little is known about the sequence of changes that

occurs before formation of an overt reactive stroma in

breast cancer. In the present study, we address the

question of whether and how the stromal compartment is

altered as a consequence of inappropriate SL-1 trans-

gene expression in the epithelium.

Materials and Methods

Tissue Collection

Mammary tissue was obtained from normal CD-1 mice

(Charles River, Wilmington, MA) and their transgenic

counterparts. Transgenic mice expressing an autoacti-

vating Val92-to-Gly92 mutation of the rat SL-1 gene under

the control of a whey acidic protein promoter were gen-

erated previously.14 Mammary glands from two different

transgenic lines (M2-5 and M2-21) were used inter-

changeably. The inguinal and abdominal mammary

glands were surgically excised from female mice at var-

ious stages of development and immediately frozen in

liquid nitrogen for RNA extraction. A small portion of the

gland was fixed in 4% paraformaldehyde for in situ hy-

bridization analysis. All experiments were performed un-

der protocols approved by the Animal Welfare and

Research Committee, Lawrence Berkeley National Lab-

oratory, and the Committee on Animal Research, Univer-

sity of California, San Francisco.

Northern Blot Analysis

RNA was prepared by the technique of Chomczynski and

Sacchi.17 Total RNA (15 mg) was separated on denatur-

ing formaldehyde agarose gels, transferred to Hybond

N1 membranes (Amersham, Arlington Heights, IL), and

hybridized at high stringency with a riboprobe generated

with T7 polymerase (New England Biolabs, Beverly, MA)

from the mouse SL-1 cDNA pmTRM1118 that was radio-

labeled with 32P-UTP (Amersham) to a specific activity of

1 3 108 cpm/mg. Sequences corresponding to the 39

untranslated region of the rat SL-1 cDNA (nucleotides

1514 to 1772)19 were used to identify rat SL-1 transgene

mRNA. Sequences corresponding to nucleotides 83 to

2069 of the full-length mouse tenascin-C cDNA20 were

used to identify tenascin-C mRNA. The cDNA probes for

platelet endothelial cell adhesion molecule-1 (PECAM-

1)21 and tenascin-C were radiolabeled by random prim-

ing (Rediprime kit, Amersham) according to the manu-

facturer’s instructions. For normalization, blots were

boiled in water and reprobed with a cDNA probe for

ribosomal 28S RNA.

Reverse Transcription-Polymerase Chain

Reaction and Southern Hybridization

Total RNA was resuspended in diethyl pyrocarbonate-

pretreated water and reverse transcribed with 10 U/ml

Moloney murine leukemia virus reverse transcriptase

(Life Technologies, Gaithersburg, MD) in 50 mmol/L Tris-

HCl (pH 8.3), 75 mmol/L KCl, 3 mmol/L MgCl2, 10 mmol/L

dithiothreitol, 0.5 mmol/L dATP, 0.5 mmol/L dCTP, 0.5

mmol/L dTTP, 0.5 mmol/L dGTP, and 12.5 mg/ml oli-

go(dT)12–18 (Life Technologies) for 30 minutes at 37°C.

Polymerase chain reaction (PCR) amplification was per-

formed with 2 ng/ml reverse-transcribed RNA, 0.025 U/ml

Taq DNA polymerase (Life Technologies), 1 mmol/L 59

primer, 1 mmol/L 39 primer, 20 mmol/L Tris-HCl (pH 8.4),

50 mmol/L KCl, 2 mmol/L MgCl2, 0.2 mmol/L dATP, 0.2

mmol/L dCTP, 0.2 mmol/L dGTP, and 0.2 mmol/L dTTP

with cycle numbers indicated in the figure legends. Each

PCR cycle was performed at 94°C for 1 minute, 55°C for

1 minute, and 72°C for 1 minute. Reverse-transcribed

RNA (100 ng) was amplified with the following primer

pairs (all from Biosynthesis, Lewisville, TX): GCAGC-

CATTTCTTTAAAGGC as 59 primer and CCACTTCAGT-

GCGCCAAGTT as 39 primer for amplification of rat SL-1;

CTATGCCTACTTCCTTCGTGGC as 59 primer and ATCT-

CATTACCAACACCACTCC as 39 primer for mouse

stromelysin-3 (SL-3); TTGAGAAGGATGGCAAGTATGG

as 59 primer and ACACCTTGCCATCGTTGC as 39 primer

for mouse gelatinase A; TTGAAGGATGGCAAGTATGG

as 59 primer and CGAAGGCATGACCTAGAGTGT as 39

primer for mouse matrilysin. PCR amplification products

were resolved on 1.5% agarose gels. To verify the identity

of the amplified sequences, Southern hybridizations were

performed according to published procedures22 with oli-

gonucleotides complementary to the mRNA sequence

of the gene examined. The following oligonucleotides

were used: GAAACCCAAATGCTTCAAAGACAGCATCCA

for rat SL-1, TATGGCTGGGTCTCTTACATGATCTAAG for

SL-3, GTCCATCAGCATTGCCACCCATGGTAAACA for

gelatinase A, and TGTCTCCATGATCTCTCCTTGCGAA-

GCCAA for matrilysin.

In Situ Hybridization

Deparaffinized sections (5 mm) were treated with protein-

ase K (5 mg/ml) and hybridized overnight with 35S-la-

beled transcripts from a mouse SL-1 cDNA18 subcloned

in Bluescript KS (1) (Strategene, La Jolla, CA). For anti-

sense probe, pmTRM12 fragment (3115 to 4051) was

used, and for sense probe pmTRM12 fragment (2205 to

2918) was used. After hybridization at 47°C, sections

were treated with RNase A (20 mg/ml; Boehringer Mann-

heim, Indianapolis, IN) and RNase T1 (2 U/ml; Boehringer

Mannheim) for 10 minutes at 37°C, followed by washes in

23 standard saline citrate, 50% formamide at 50°C for 2

hours and in 0.13 standard saline citrate at 25°C for 30

minutes, before autoradiography with NTB2 emulsion

(Kodak, Rochester, NY). Slides were exposed for 10 days

and counterstained with hematoxylin after developing.

Histochemistry

Paraffin-embedded tissue sections (5 mm) were deparaf-

finized in xylene, treated with ethanol, rinsed in phos-

phate-buffered saline, and incubated for 10 minutes at
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37°C with 0.1% trypsin in 0.05 mol/L Tris-HCl and 0.1%

CaCl2, pH 7.4. Sections were then incubated with anti-

bodies against von Willebrand factor (vWF) (A 0082,

1:200 dilution; DAKO, Carpinteria, CA) in blocking buffer

(phosphate-buffered saline with 2% bovine serum albu-

min) overnight at 4°C. After washing with phosphate-

buffered saline, the specimens were incubated with bio-

tinylated goat anti-F(ab9) mouse antibody (1:100 dilution;

Amersham) for 30 minutes at ambient temperature. The

specimens were then washed and incubated for 30 min-

utes at ambient temperature with Texas Red-conjugated

streptavidin (1:100 dilution; Amersham). Nuclei were vi-

sualized by brief incubation of sections with 49,69-dia-

midino-2-phenyl indole (DAPI, 0.5 mg/ml) (Sigma Chem-

ical Co., St. Louis, MO) before mounting with Vectashield

(Vector Laboratories, Burlingame, CA).

For the detection of tenascin-C, frozen tissue sections

(5 mm) were fixed in 2% paraformaldehyde for 20 min-

utes, washed with 0.1 mol/L glycine in phosphate-buff-

ered saline for 15 minutes, and incubated with a rabbit

polyclonal antiserum to mouse tenascin-C (1:500 dilution,

pK7, gift from Dr. Melitta Schachner). Indirect immuno-

fluorescence was performed as described previously.23

Gomori’s trichrome staining was used to stain total

collagens.24

Results

Endogenous SL-1 Is Expressed in the

Mammary Stroma and Is Up-Regulated in

Transgenic Mice

In a previous study, we showed that the mammary glands

of virgin SL-1 transgenic animals resembled those of

glands from early pregnant normal mice and that during

lactation the mammary glands of transgenic mice had

smaller alveoli than wild-type mice and exhibited re-

duced milk expression.13,14 Thus, the transition to loss of

function in these animals must have begun during preg-

nancy or even earlier, rather than during lactation. To

gain insight into the underlying mechanism of this phe-

nomenon, we analyzed when and how expression of the

SL-1 transgene led to alteration of gene expression in the

developing mammary gland.

Endogenous SL-1 is the major MMP expressed in the

stroma of mammary glands from virgin, early pregnant,

and involuting mice.9,12,15,25,26 We therefore examined

expression of endogenous SL-1 as a function of the ex-

pression of the rat transgene. Reverse transcription-PCR

amplification suggested that endogenous SL-1 mRNA

was up-regulated as a consequence of SL-1 transgene

expression (Figure 1A). As a more quantitative measure

of endogenous SL-1 mRNA, total RNA from mammary

glands of normal and transgenic mice was analyzed by

Northern hybridization. Endogenous SL-1 mRNA was up-

regulated in mammary glands from 70-day virgin and 10-

and 15-day pregnant transgenic mice, relative to their

normal counterparts (Figure 1, B and C). However, the

difference in the expression of endogenous SL-1 in

glands from transgenic and normal mice at 6 or 18 days

of pregnancy was not statistically significant, and there

was no difference during lactation and involution. Three

other MMPs that have characteristic expression patterns

during mammary gland development, matrilysin, gelati-

Figure 1. MMP expression during mammary gland development of normal
and transgenic mice. A: Reverse transcription-PCR analysis of expression of
the rat SL-1 (rSL-1) transgene, endogenous SL-1 (mSL-1), matrilysin (ML),
gelatinase A (GA), and SL-3 (SL-3) in mammary glands in 70-day virgin (V
70), 10-day pregnant (P 10), 18-day pregnant (P 18), and 8-day lactating
(L 8) normal (N) and transgenic (TG) mice. For each amplification product,
the top row of each panel (a) shows negative images of ethidium bromide-
stained PCR products after 40 cycles of amplification, and the bottom row of
each panel (b) shows the Southern blot analysis with digoxygenin-labeled
internal oliogodeoxynucleotides to confirm the identity of PCR products. The
specificity of the primers for mouse and rat SL-1 was verified using vectors
containing the appropriate mouse (mV) or rat (rV) cDNA. Note that rat SL-1
mRNA is expressed only in mammary glands of transgenic but not normal
mice as expected, whereas endogenous mouse SL-1 mRNA is expressed in
both normal and transgenic mice at all stages of development. B: Northern
blot analysis of expression of endogenous SL-1 mRNA. Total RNA was
extracted from two glands of 70-day virgin (V 70), 6-day pregnant (P 6),
10-day pregnant (P 10), 12-day pregnant (P 12), 15-day pregnant (P15),
18-day pregnant (P 18), 3-day lactating (L 3) and 8-day lactating (L 8) normal
(N) and transgenic (TG) mice. Blots were hybridized with a cDNA probe
specific for mouse SL-1 (mSL-1), stripped, and reprobed with a cDNA probe
complementary to 28S ribosomal RNA (28S RNA). C: Northern hybridization
signals were quantitated by scanning densitometry and normalized to signals
obtained from blots reprobed with a cDNA complementary to 28S RNA. The
value obtained at 8-day lactation for normal (open bars; N) and transgenic
(solid bars; TG) mice was established as the baseline. For comparison of
different blots, mRNA levels at various stages of development are expressed
as a ratio relative to mRNA present at the normal glands of virgin animals,
which was set to 1. Data are shown as means, with error bars representing
SEM for four different sets of virgin, pregnant, and lactating glands. *Signif-
icant differences (P , 0.05) as determined by the Mann-Whitney U test.
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nase A, and SL-3,9–15 were also examined by reverse

transcription-PCR. The levels of these enzymes are too

low to be detected by northern blots. Matrilysin, which is

expressed only by epithelial cells, was expressed in

glands from 70-day virgin transgenic mice, but was not

found in glands from normal mice at the same develop-

mental stage (Figure 1A). SL-3, which is restricted to the

mammary stroma, and gelatinase A were detected in

glands from lactating transgenic, but not normal, mice

(Figure 1A).

SL-1 expression in glands from normal and transgenic

animals was restricted to periductal and intralobular fi-

broblasts. However, in transgenic mice, the fibrous con-

nective tissue was extended into the adipocyte compart-

ment (Figure 2). The pattern of endogenous SL-1

expression in transgenic animals during mid-pregnancy

was reminiscent of the expression pattern of SL-1 ob-

served in glands from normal involuting mice (Figure 2, d

and f). However, the pattern of expression in involution

was similar in normal and transgenic mice (Figure 2, f and

h). In both normal and transgenic mice, endogenous

SL-1 was expressed in fibroblasts surrounding epithelial

cords during involution. In all cases, the endogenous

SL-1 mRNA was undetectable in the epithelial compart-

ment (Figure 2).

Both Epithelial and Adipocyte BMs Are

Degraded in Glands from Pregnant Transgenic

Mice

During normal mammary gland involution, BM disruption

is paralleled by increased expression of a number of

MMPs in the stromal compartment. In our previous study,

we documented loss of BM around epithelial components

of the mammary glands from lactating transgenic mice.14

When mammary glands from virgin (data not shown) and

6-day pregnant (Figure 3) transgenic animals were ex-

amined by immunostaining for laminin and type IV colla-

gen, BMs appeared intact, despite the observed in-

crease in endogenous SL-1 mRNA in the virgin animals.

However, BM fragmentation was obvious in glands from

15-day pregnant mice (Figure 3). Interestingly, not only

the BMs around alveoli, but also those around adipocytes

were affected (Figure 3, d and f), whereas the BMs of

blood vessels remained intact (Figure 3d), indicating the

significance of locally secreted SL-1, as opposed to sys-

temic changes.

Figure 2. Localization of endogenous SL-1 mRNA in mid-pregnant and invo-
luting glands. In situ hybridization was performed with an antisense (a to h)
or sense (i) mouse SL-1 probes in 15-day pregnant (P15) (a to d and i) and
4-day involuting (I4) glands (e to h) from normal (N) (a, b, e, and f) and
transgenic (TG) (c, d, g, h, and i) mice; bright-field (a, c, e, and g) and
dark-field (b, d, f, h, and i) microscopy images. Bar in a indicates 100 mm for
(a to h); bar in i indicates 200 mm. a, alveolus; ad, adipocyte; f, fibroblasts; d,
duct.

Figure 3. Immunolocalization of type IV collagen and laminin in mammary
glands. Type IV collagen (COL IV) (a to d) and laminin (LN) (e and f) were
localized by indirect immunofluorescence staining in 6-day pregnant (P6) (a
and b) and 15-day pregnant (P15) (c to f) glands from normal (N) (a, c, and
e) and transgenic (TG) (b, d, and f) mice; g and h show 49,69-diamidino-2-
phenyl indole staining for nuclei of the same samples as e and f, respectively.
Note the reduction in type IV collagen and laminin in the BM surrounding
alveoli (arrowheads) and adipocytes (open curved arrows) in glands from
15-day pregnant transgenic mice compared with normal mice (compare c
with d and e with f). In contrast, the staining of the BM surrounding blood
vessels in d (filled white arrows) is not altered. Bar in f, 50 mm for all panels.
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We had proposed previously that loss of BM in culture

leads to apoptosis of mammary epithelial cells.27 It was

also reported that apoptosis occurs in SL-1 transgenic

animals during late pregnancy.13 To determine when un-

scheduled apoptosis was initiated in the glands from

pregnant transgenic animals, we examined apoptosis

across all developmental stages. No difference in apo-

ptosis between glands of wild-type and transgenic ani-

mals was seen at day 10 of pregnancy or earlier (not

shown). However, by 15 days, when the glands of trans-

Figure 4. Apoptosis in normal and transgenic mammary glands. In situ detection of fragmented DNA detected by fluorescein isothiocyanate-digoxigenin
nucleotide labeling of 39-OH end (Apotag, Oncor) in 10-day (P10), 15-day (P15), and 18-day (P18) pregnant glands from normal (N) and transgenic (TG) mice.
Note the increase of epithelial cells undergoing apoptosis in the 15-day pregnant gland from transgenic mice. The total number of cells per field was also greatly
decreased in glands from late pregnant transgenic mice.

Stromelysin-1 Induces a Reactive Stroma 461
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genic mice appeared morphologically underdeveloped,

there were 37 cells, (613% of the total number of cells)

and a range of 2 to 12 (range per field) times the number

of apoptotic cells per high-powered field in transgenic

gland sections compared with the normal glands (Figure

4; Table 1). Therefore, the transgenic glands showed a

peak increase of 7 to 10-fold times the apoptotic index

(apoptotic cells/total cells) at 15 to 16 days of pregnancy,

compared with normal glands. The enhanced apoptosis

in glands from transgenic animals was suppressed dur-

ing lactation (not shown). These results indicate that the

transgenic phenotype of smaller alveoli and lower b-ca-

sein expression during the later stages of pregnancy can

be attributed to unscheduled apoptosis. Our data also

suggest that the lactational phenotype is strongly domi-

nant, because it overrides the aberrant consequences of

SL-1 transgene expression during pregnancy.

Tenascin-C Is Expressed Inappropriately in

Glands from Pregnant and Lactating Transgenic

Mice

Tenascin-C is up-regulated in the mammary gland when

epithelial-mesenchymal communications are altered, such

as in involution or in the stromal reaction in response to

breast cancer.23,28,29 Thus, we would expect inappropriate

tenascin-C expression if the microenvironment of the mam-

mary stroma were altered to resemble the involuting and/or

the tumor stroma. Tenascin-C mRNA was not expressed in

glands from virgin, pregnant, or lactating normal mice, but

was abundant during involution (Figure 5A). There was no

tenascin-C expression in glands from virgin transgenic

mice, consistent with the observation that BM was not de-

graded. During pregnancy and lactation, however, tenas-

cin-C was expressed in transgenic mammary tissue (Figure

5A). Interestingly, two tenascin-C mRNA species were

found, with the larger transcript predominating in preg-

nancy and involution. In contrast, only the smaller mRNA

was present during lactation in transgenic mice (Figure 5A).

Furthermore, the amount was very small, underscoring

again the dominance of the lactational phenotype men-

tioned above. Mammary glands from normal mice ex-

pressed both tenascin-C transcripts at similar levels only

during involution, although in contrast to transgenic ani-

mals, expression was much lower at day 2 than at day 4 of

Table 1. Apoptosis in Pregnant Mammary Glands

Days of
pregnancy

Apoptotic cells

Normal Transgenic

10 3.6 6 1.3 (n 5 5) 3.0 6 1.7 (n 5 6)
15 8.0 6 4.0 (n 5 6) 21.5 6 8.0 (n 5 6)
18 3.0 6 1.5 (n 5 5) 2.4 6 1.1 (n 5 6)

Paraffin sections were stained with Apotag fluorescein kit and
number of apoptotic cells per random 310 field counted. Results are
given as mean 6 standard error.

Figure 5. Expression of tenascin-C in mammary
glands of normal and transgenic mice. A: North-
ern blot analysis for tenascin-C mRNA. Total RNA
was extracted from mammary glands of 70-day
virgin (70 V), 6-day pregnant (6 P), 15-day preg-
nant (15 P), 8-day lactating (8 L), 2-day involut-
ing (2 I), and 4-day involuting (4 I) normal (N)
and transgenic (TG) mice. Blots were hybridized
with a cDNA probe for tenascin-C. Arrows indi-
cate positions of the large and small tenascin-C
transcripts. B: Immunolocalization of tenascin-C
in mammary glands from 8-day lactating mice.
Frozen tissue sections from mammary glands of
normal (N) (a and b) and transgenic (TG) (c and
d) mice were stained with a polyclonal antiserum
to tenascin-C followed by a fluorescein-labeled
conjugate (a and c) and counterstained with
49,69-diamidino-2-phenyl indole to visualize nu-
clei (b and d). Arrows indicate borders of duct.
Bar in d, 25 mm for a to d. Note that tenascin-C
was not detected in normal lactating mice (a) but
was found in the proximity of the BM surround-
ing alveoli and ducts (arrow) in glands from
transgenic mice.
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involution. Tenascin-C protein was localized to the proximity

of the BM surrounding the alveoli and ducts in glands from

lactating transgenic mice (Figure 5B).

Collagen and Vascularization Are Increased in

Glands from Transgenic Mice

The results described above suggest that in glands from

pregnant transgenic mice, both stromal and epithelial

compartments express characteristics usually found only

during involution in normal mice, and in the stroma from

breast cancer patients.9,28 To further explore this possi-

bility, we stained for collagen content throughout mam-

mary gland development using Gomori’s trichrome

method. There was a considerable increase in collagen

deposition around the ducts and alveoli as well as in the

adipose compartment, in both virgin and pregnant trans-

genic animals (Figure 6). Collagen deposition increased

Figure 6. Accumulation of collagen in mammary glands of transgenic mice. Gomori’s trichrome staining for total collagen (blue) in 70-day virgin (V) (a and e),
6-day pregnant (P6) (b and f), 15-day pregnant (P15) (c and g) and 8-day lactating (L8) (d and h) glands from normal (a to d) and transgenic (e to h) mice. Straight
arrows indicate mammary ducts, curved arrows indicate alveolar structures; stars indicate adipocytes. Bar in a, 50 mm for a to h. Note that collagen deposition
around mammary ducts is much more prominent in transgenic compared with normal mice (see also Table 1).

Stromelysin-1 Induces a Reactive Stroma 463
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approximately 8-fold in virgin and 2-fold in 6-day preg-

nant glands from transgenic mice compared with normal

mice (Table 2). At day 15 of pregnancy and during lac-

tation, the number of ducts and alveoli were no longer

significantly different in normal and transgenic mice;

however, there was still a statistically significant increase

in collagen content at day 15 of pregnancy, because of

increased deposition around the ducts.

Reactive stroma is characterized by increased vascu-

larization. We noted that the number of blood vessels in

transgenic glands appeared more numerous than in nor-

mal glands in Gomori’s trichrome-stained sections. This

observation was confirmed when we immunostained sec-

tions with antibodies against von Willebrand factor (vWF),

a specific marker of endothelial cells (Figure 7A). To

quantify the blood vessels, we then immunoblotted gland

extracts and found a 2-fold increase in vWF per unit

weight of mammary gland (not shown). The increase in

vascularization was observable also by measuring PE-

CAM-1 mRNA. At all developmental stages examined, we

found an increase in mRNA for the adhesion molecule

PECAM-1, a constitutive marker of endothelial cells (Fig-

ure 7, B and C).21

Discussion

The goal of the present study was to determine whether

stromal-epithelial interactions were altered before tumor

formation in SL-1 transgenic mice. In the mammary

glands from virgin and mid-pregnant normal and trans-

genic mice, endogenous SL-1 mRNA was localized to

stromal fibroblasts surrounding ducts and in the intralob-

ular units. Witty et al15 have shown a similar localization of

SL-1 mRNA in virgin mice. Previous studies using anti-

bodies to SL-1 revealed a myoepithelial localization of

SL-1 protein in rodent mammary glands during involu-

tion,26,30 a finding that we have confirmed in both normal

and transgenic mice (not shown). Thus, it appears likely

that, during all stages of development, SL-1 protein is

synthesized and secreted by fibroblasts and subse-

quently sequestered by myoepithelial cells.

SL-1 degrades many ECM substrates, including fi-

bronectin, types III, IV and V collagen, laminin, and pro-

teoglycans.13,31 Thus, the BM and other ECM constitu-

ents of the mammary ducts32 could be targets for

proteolytic activity of SL-1. This suggests that the activity

of endogenous MMPs was highly regulated during nor-

mal mammary gland development, as well as in the pre-

cocious development of the glands from virgin transgenic

mice. Although endogenous SL-1 and matrilysin were

increased in addition to SL-1 transgene expression, lami-

nin and type IV collagen-containing BM appeared intact

in virgin and 6-day pregnant transgenic mice. Despite the

apparent continuity of BM, the epithelium of the glands of

virgin and early pregnant transgenic mice resembled the

early pregnant state, both morphologically and function-

ally. Fibroblasts may participate in mammary gland

branching morphogenesis and lobuloalveolar develop-

ment by focal activation of MMPs, or by simply altering

the proteinase-to-inhibitor ratio in favor of MMPs, as was

suggested for collagenase in salivary gland develop-

ment.33 The stroma in the glands of transgenic animals

had already acquired a highly reactive phenotype, even

before pregnancy, as indicated by an increase in colla-

gen content, vascularization, and augmented levels of

stromal cell-derived endogenous SL-1. The altered

stroma can progressively modify epithelial-mesenchymal

interactions as evidenced by expression of tenascin-C at

6 days of pregnancy in transgenic mice. During embry-

ogenesis and mammary gland involution, tenascin-C is

induced in the stroma when the epithelia and the sur-

rounding mesenchymal tissues are in contact, but it is

absent from the glands of postnatal virgin, pregnant, and

lactating mice.34,35 Thus, tenascin-C expression in preg-

nant transgenic mice may be a direct consequence of

BM disruption and increased physical contact between

epithelium and mesenchyme.28,35 Significantly, tenas-

cin-C has been shown to inhibit the functional differenti-

ation of mammary cells23,36 and may thus contribute to

the loss of function phenotype observed in pregnant

transgenic mice. The observation that the larger tenas-

cin-C transcript was more highly expressed in transgenic

glands may be significant: in other systems, the larger

mRNA species encodes the 220-kd tenascin-C isoform

made only by proliferating cells34 and in neoplastic hu-

man breast tissues.37 The progressively altered stroma in

transgenic mice appears to trigger a maximum of discor-

dance in epithelial-mesenchymal communications with

disruption of BM and apoptosis by day 15 of pregnancy.

Apoptosis in vivo was directly correlated with the disrup-

tion of BM as Boudreau et al27 have shown for cultured

mammary cells. These observations indicate that inap-

Table 2. Morphometric Analysis of Collagen Content in Mammary Glands of Normal and Transgenic Mice

Stage Mice
mm2 collagen/

mm2 gland P
mm2 collagen/
mm2 of duct P

Number of ductal
and alveolar

profiles/mm2 gland P

70-day virgin Normal 0.026 6 0.004
,0.01

ND ND
Transgenic 0.210 6 0.011

6-day pregnant Normal 0.117 6 0.003
,0.05

ND ND
Transgenic 0.261 6 0.006

15-day pregnant Normal 0.213 6 0.006
,0.05

0.027 6 0.003
,0.001

39.78 6 1.31
,0.77

Transgenic 0.257 6 0.005 0.043 6 0.002 40.91 6 2.17

The morphometric analysis was performed using a color image processing workstation (Visiolab, Biocom, Les Ulis, France). For each
determination, areas of collagen were stained using the Gomori trichrome method (5-mm2 areas of glands and 10-mm2 areas of ducts from two mice).
Values are given as means 6 SEM. Significance of the data (P) was determined by Mann-Whitney test. ND, not determined.

}
}
} } }
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propriate reciprocal communication took place between

the two compartments in virgin and early pregnant trans-

genic glands.

Whereas the BM in glands of virgin mice were intact,

the glands of mid-pregnant transgenic mice displayed

dramatically reduced levels of type IV collagen and lami-

nin around alveoli compared with normal glands. This

diminution could be the direct effect of SL-1 transgene

activity and/or a consequence of the induced expression

of endogenous MMPs.

Stromal ECM is dramatically altered not only during

involution, but also in mammary tumors.12,28 In tumors,

this fibrosis (desmoplasia) is characterized by both qual-

itative and quantitative changes in collagen produc-

tion.1,38 Barsky et al39 have proposed that tumor cells

induce the stromal fibroblasts to synthesize the surplus

collagen. In the present study, the collagen content in

virgin glands from transgenic animals was increased very

early and persisted through all developmental stages

long before any tumors were detected. Physical con-

straints imposed on cells by the surrounding ECM have

been shown to be powerful modulators of cell func-

tion.40–42 Thus, release from this organization/orientation

by an increase in collagen content may be sufficient to

stimulate endothelial cell migration and may account for

the increased vascularization observed in virgin glands

from transgenic mice. The dramatic disruption of BM

observed in glands from mid-pregnant and lactating

transgenic mice could also facilitate neovascularization

by liberating ECM-bound angiogenic factors such as

basic fibroblast growth factor or vascular endothelial

growth factor.43 Focal dissolution of ECM proteins such

as laminin and type IV collagen may also promote endo-

thelial cell attachment, migration, proliferation, and/or or-

ganization.44–46 Similar factors may contribute to the for-

mation of a reactive stroma and increased angiogenesis

characteristic of breast cancer.47,48

Our study shows that the expression of an autoactivat-

ing rat SL-1 transgene in epithelial cells triggers dynamic

and progressive stromal modifications during develop-

ment of the mammary glands of transgenic mice, begin-

ning with an increase of endogenous SL-1 expression in

glands from virgin mice. At this stage of development,

increased SL-1 expression leads to a gain of function not

only for epithelial branching and alveolar development,14

but also for endothelial morphogenesis. This, in turn,

disrupts the normal stromal-epithelial homeostasis, pro-

moting a reactive stroma normally found only during in-

volution and in mammary gland tumors. Disturbances in

the microenvironment and communication between epi-

thelial and mesenchymal cells leads to altered functional

differentiation and onset of inappropriate apoptosis.

These changes may then become the basis for the prev-

alence of mammary gland pathologies, including hyper-

plasia and neoplasia, subsequently found in these ani-

mals as they age (manuscript in preparation). SL-1

displays increased expression in breast tumors and has

been cloned a number of times as a metastasis-specific

gene.49 Ectopic expression of an autoactivating rat SL-1

transgene in the mammary gland of control mice leads to

formation of preneoplastic lesions and invasive breast

tumors later in the life of the animal.16 Inhibition of SL-1

prevents ECM invasion of mammary tumor cells,22 and its

overexpression in functionally normal mammary epithelial

cells in culture causes a premalignant phenotype.50 The

details of molecular mechanism(s) by which the SL-1

transgene induces such dramatic changes in stromal-

epithelial interactions, and the implications that this may

have for tumor progression, remain to be determined.

Figure 7. Vascularization of mammary glands in transgenic mice. A: Immu-
nolocalization of vWF in blood vessels localized in alveoli (arrows) and in
periductal stroma (arrowhead) of virgin (V) (a and c) and mid-pregnant (P)
(b and d) mammary glands from normal (N) (a and b) and transgenic (TG)
(c and d) mice. Note the increase in staining of vWF in glands from virgin and
pregnant transgenic mice. B: Expression of the endothelial cell marker
PECAM-1 in the glands of 70-day virgin (70 V), 15-day pregnant (15 P), and
8-day lactating (8 L) normal (N) and transgenic (TG) mice. Total RNA was
analyzed by Northern blot analysis with a cDNA specific for PECAM-1 and a
cDNA complementary to 28S ribosomal RNA (28S RNA). C: Quantification of
PECAM-1 mRNA levels in mammary glands of 70-day virgin (70 V), 6-day
pregnant (6 P), 10-day pregnant (10 P), 15-day pregnant (15 P), 8-day
lactating (8 L), 2-day involuting (2 I), and 4-day involuting (4 I) normal (open
bars; N) and transgenic (filled bars; TG) mice by scanning densitometry. The
PECAM-1 levels were normalized by hybridization with a 28S RNA probe. For
comparison of different blots, mRNA levels at various stages of development
are expressed as a ratio relative to mRNA present at the normal virgin stage,
which was set to 1. Error bars represent standard deviations from four
independent experiments using glands from virgin 15-day pregnant and
8-day lactating mice. Values for 6 P, 10 P, 2 I, and 4 I represent the mean for
two independent experiments.
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