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Abstract. 

 

Stromelysin-3 (ST3; Basset, P., J.P. Bellocq, 
C. Wolf, I. Stoll, P. Hutin, J.M. Limacher, O.L. 
Podhajcer, M.P. Chenard, M.C. Rio, P. Chambon. 1990. 

 

Nature

 

. 348:699–704) is a matrix metalloproteinase 
(MMP) expressed in mesenchymal cells located close to 
epithelial cells, during physiological and pathological 
tissue remodeling processes. In human carcinomas, 
high ST3 levels are associated with a poor clinical out-
come, suggesting that ST3 plays a role during malignant 
processes. In this study we report the ST3 gene inacti-
vation by homologous recombination. Although ST3 

 

null mice (ST3

 

2/2

 

) were fertile and did not exhibit obvi-
ous alterations in appearance and behavior, the lack of 
ST3 altered malignant processes. Thus, the suppression 

of ST3 results in a decreased 7,12-dimethylbenzan-
thracene-induced tumorigenesis in ST3

 

2/2

 

 mice. More-
over, ST3

 

2/2

 

 fibroblasts have lost the capacity to pro-
mote implantation of MCF7 human malignant 

 

epithelial cells in nude mice (

 

P

 

 , 

 

0.008). Finally, we 
show that this ST3 paracrine function requires extracel-
lular matrix (ECM)-associated growth factors. Alto-
gether, these findings give evidence that ST3 promotes, 
in a paracrine manner, homing of malignant epithelial 
cells, a key process for both primary tumors and me-
tastases. Therefore, ST3 represents an appropriate tar-
get for specific MMP inhibitor(s) in future therapeuti-
cal approaches directed against the stromal 
compartment of human carcinomas.

 

S

 

tromelysin

 

-3 (ST3

 

1

 

; Basset et al., 1990) is a secreted
protein that belongs to the matrix metalloprotein-
ase (MMP) family (Birkedal-Hansen, 1995). This

family of extracellular zinc-dependent endopeptidases
currently has at least 17 members, with enzymatic activity
against virtually all components of the ECM (Coussens
and Werb, 1996; Basset et al., 1997

 

a

 

). However, mature
forms of human ST3 appear unable to degrade any major
ECM component (Pei et al., 1994; Noël et al., 1995). Fur-
thermore, ST3 was shown to be predominantly secreted in
a potentially active form whereas other secreted MMPs
must be activated extracellularly (Pei and Weiss, 1995).
Together, these findings suggest that, among MMPs, ST3
may have a unique role.

 

ST3 is expressed in some physiological conditions asso-
ciated with intense tissue remodeling including embryonic
implantation and subsequent embryonic development (Le-
febvre et al., 1995). Strong expression notably occurs dur-
ing neurogenesis, osteogenesis, and embryonic limb, tail,
and snout morphogenesis. Similar observations were made
for tail resorption during amphibian metamorphosis (Wang
and Brown, 1993; Patterton et al., 1995). In adult tissues,
ST3 expression is observed during the

 

 

 

postweaning involu-
tion of the mammary gland (Lefebvre et al., 1992), the
postpartum involution of the uterus (our unpublished
data), in cycling endometrium (Rodgers et al., 1994), and
in the placenta (Basset et al., 1990; Maquoi et al., 1997).
ST3 expression was also observed during skin wound heal-
ing (Wolf et al., 1992; Okada et al., 1997) and bone repair
(our unpublished data). At the cellular level, ST3 is de-
tected in cells of mesenchymal origin, predominantly in fi-
broblasts located in the vicinity of epithelial cells (Lefebvre
et al., 1992; Lefebvre et al., 1995; Okada et al., 1997).
These observations suggest that ST3 is a connective tissue-
derived factor that may play a role during organogenesis
and in the homeostasis of epithelial cell compartments.
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1. 

 

Abbreviations used in this paper

 

: DMBA, 7,12-dimethylbenzanthracene;
ECM, extracellular matrix; ES, embryonic stem; Gel A, gelatinase A;
MMP, matrix metalloproteinase; ST3, stromelysin-3; TPA, 12-

 

O

 

-tetrade-
canoylphorbol 13-acetate.
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Ectopic ST3 expression is also observed in fibroblastic
cells of most types of human carcinomas, including lung,
skin, colon, head, and neck (Rouyer et al., 1994). Strong
ST3 gene expression has been correlated with both in-
creased local aggressiveness of tumors (Wolf et al., 1992;
Muller et al., 1993; Porte et al., 1995) and a poor clinical
outcome (Engel et al., 1994; Chenard et al., 1996).

In this study, we have cloned and disrupted the ST3
gene using the homologous recombination method. ST3-
deficient mice (ST3

 

2/2

 

) exhibit no particular phenotype.
However, 7,12-dimethylbenzanthracene (DMBA)-induced
tumorigenesis is strongly reduced in ST3

 

2/2

 

 mice, and
ST3

 

2/2

 

 fibroblasts have lost the capacity to promote malig-
nant cell implantation in nude mice. In addition, we dem-
onstrate that this paracrine function of fibroblastic ST3 on
malignant epithelial cells is dependent on ECM-associated
growth factor(s).

 

Materials and Methods

 

Cloning of the Mouse ST3 Gene

 

50 

 

m

 

g of genomic DNA, extracted from mouse 129/Svj D3 embryonic stem
(ES) cells, was partially digested with Sau3A. After size selection on a 10–
30% sucrose gradient, fragments (16–20 kb) were subcloned at the BamHI
replacement site in the 

 

l

 

 EMBL 301. Recombinant clones (2.5

 

 3 

 

10

 

6

 

) were
obtained and the library was amplified once. This library (500,000 plaque-
forming units) was screened using a mouse ST3 cDNA probe (nucleotides
179–1505; Lefebvre et al., 1992). Six positive clones were subcloned into
the pBluescript II (pBSII) vector, sequenced and positioned with respect
to the mouse ST3 cDNA sequence (Lefebvre et al., 1992).

 

Construction of a Mouse ST3 Gene Targeting 
Replacement Vector

 

A 3

 

9

 

 EcoRI genomic fragment (5.2 kb) containing the ST3 exons 2 to 7
was subcloned into the EcoRI site of the pBSII vector. Then, a 1.3-kb
BglII–BamHI PGK-neo fragment (without poly(A) signal) encoding the
neo resistance gene was inserted at the unique BglII site located in exon 7.
After this insertion the 3

 

9

 

 BamHI–BglII restriction site was lost. Finally,
the DNA fragment extending from the BamHI site of the pBSII vector to
the remaining BglII site was removed and replaced by a BamHI genomic
ST3 fragment (6.3 kb) containing exon 1. We note that the 5

 

9

 

 BamH1 site
of this fragment was created during the library construction, and subse-
quently is absent in the targeted ST3 gene. As previously, the 3

 

9

 

 BamHI–
BglII insertion led to an inactive restriction site. The resulting construct
was BamHI linearized (see Fig. 1) before electroporation in 129/Svj D3
ES cells (Lufkin et al., 1991).

 

ES Cell Transfection and Selection

 

ES cell electroporation, culture and G418 selection were performed as
previously described (Lufkin et al., 1991). The ES clones were analyzed by
Southern blot. SpeI-digested genomic DNA was fractionated by electro-
phoresis on 1% agarose gel, blotted onto Hybond N

 

1

 

 membranes (Amer-
sham Corp., Arlington Heights, IL) and hybridized with the

 

 P 

 

probe cor-
responding to an EcoRI–SpeI restriction fragment of the mouse ST3 gene
(0.36 kb), located 3

 

9

 

 to the ST3 targeting construct (see Fig. 1). Hybridiza-
tion and washing conditions were performed as described below for
Northern blot analysis.

 

Generation of ST3-deficient Mice

 

Generation of chimeric mice, using C57BL/6J blastocysts and pseudoges-
tante females, was performed as previously described (Gossler et al.,
1986). Chimeric animals were mated with 129/Svj mice in order to gener-
ate heterozygote and, subsequently, homozygote animals. Mice with ei-
ther C57BL/6J, BALB/c, or 129/Svj genetic background were thereafter
obtained by back-crossing with adequate animals. Mouse genotyping was
performed as described above, on genomic DNA extracted from tail ma-
terials as in Lufkin et al. (1991).

 

RNA Isolation and Northern Blot Analysis

 

Total RNA prepared by a single-step method using guanidinium isothio-
cyanate (Chomczynski and Sacchi, 1987) was fractionated by electro-
phoresis on 1% agarose gels in the presence of formaldehyde and trans-
ferred to nylon Hybond N membranes (Amersham Corp.). Hybridization
conditions were as in Lefebvre et al. (1992). The mouse ST3 (nucleotides
179-1505) and gelatinase A (Gel A) cDNA probes were 

 

32

 

P-labeled (10

 

6

 

cpm/ng DNA). Hybridization was for 8 h at 42

 

8

 

C under stringent condi-
tions (50% formamide, 5

 

3

 

 SSC, 0.1% SDS, 0.1% polyvinylpyrrolidone,
0.1% Ficoll, 20 mM sodium pyrophosphate, 10% dextran sulfate, and 100

 

m

 

g/ml ssDNA). Filters were washed for 30 min in 2

 

3

 

 SSC, 0.1% SDS at
room temperature, followed by 30 min in 0.1

 

3

 

 SSC, 0.1% SDS at 55

 

8

 

C.

 

Whole Mount RNA In Situ Hybridization

 

Limb buds from 14.5 d post-coitum embryos were fixed in paraformalde-
hyde 4%, dehydrated in methanol and frozen at 

 

2

 

20

 

8

 

C. They were then
rehydrated, bleached with 6% hydrogen peroxide in PBT (1

 

3

 

 PBS, 0.1%
Tween 20), and proteinase K treated for 5–10 min at 37

 

8

 

C. After washing
in PBT containing 2 mg/ml glycine, they were fixed in PBT containing
0.2% glutaraldehyde and 4% paraformaldehyde, prehybridized for 1 h at
65

 

8

 

C in hybridization mix (50% formamide, 5

 

3

 

 SSC, 0.1 mg/ml yeast
tRNA, 1% SDS, 50 

 

m

 

g/ml heparin) and hybridized for 12 h in hybridiza-
tion mix containing 1 mg/ml digoxigenin-labeled sense or antisense mouse
ST3 cDNA (nucleotides 179–1505; DIG RNA Labeling Kit; Boehringer
Mannheim Corp., Indianapolis, IN). Washing was carried out as follows:
2

 

3 

 

30 min in solution 1 (50% formamide, 5

 

3

 

 SSC, and 1% SDS) at 65

 

8

 

C;
10 min in solution 1/solution 2 (0.5 M NaCl, 10 mM Tris-HCl, pH 7.5, and
0.1% Tween 20) 1:1; 3

 

3 

 

5 min in solution 2; 2

 

3 

 

30 min in solution 2 con-
taining 0.1 

 

m

 

g/ml RNase A at 37

 

8

 

C. After a rapid washing at room temper-
ature in solution 2 and solution 3 (50% formamide, 2

 

3 

 

SSC), the samples
were incubated for 2

 

3 

 

30 min in solution 3 at 65

 

8

 

C. Detection was per-
formed by using a polyclonal sheep antidigoxigenin Fab fragment, conju-
gated with alkaline phosphatase (DIG Nucleic Acid Detection Kit; Boeh-
ringer Mannheim Corp.).

 

DMBA-induced Tumorigenesis

 

ST3

 

2/2

 

 and ST3

 

1

 

/

 

1

 

 littermates of the 129/Svj genetic background were
given weekly 500-

 

m

 

g doses of DMBA (Sigma Chemical Co.) diluted in
corn oil (200 

 

m

 

l), by intragastric intubation, for 6 consecutive weeks begin-
ning at 8 wk of age. 22 wk after the arrest of treatment surviving animals
were killed and analyzed for the presence of tumors.

 

Primary Culture of ST3

 

1

 

/

 

1

 

 and ST3

 

2

 

/

 

2

 

Embryonic Fibroblasts

 

ST3

 

1

 

/

 

1

 

 and ST3

 

2/2

 

 fibroblasts were generated by outgrowth of 15 d post-
coitum mouse embryos obtained from mating either C57BL/6J/129/Svj
(F2ST3

 

1

 

/

 

1

 

, F9ST3

 

1

 

/

 

1

 

, F1ST3

 

2/2

 

, and F6ST3

 

2/2

 

) or 129/Svj (F55ST3

 

1

 

/

 

1

 

,
F56ST3

 

1

 

/

 

1

 

, F34ST3

 

2/2

 

, and F44ST3

 

2/2

 

) ST3

 

1/2 

 

animals, as in Loo et al.
(1990). Cells were grown in DME supplemented with 10% fetal calf se-
rum, glutamine (292 mg/ml), ascorbic acid (50 mg/ml), penicillin-strepto-
mycin (100 mg/ml), and used between passages 2 and 6. Consistent with
the neo gene integration in the targeting construct, the ST3

 

2/2

 

 but not the
ST3

 

1

 

/

 

1

 

 cultures were resistant to the addition of 400 mg/ml G418 to the
culture media. Cell proliferation was evaluated every 2 d by [

 

3

 

H]thymi-
dine incorporation assay.

 

Tumorigenicity Assay in Nude Mice

 

Cultures of subconfluent MCF7 human breast cancer cells and of ST3

 

1

 

/

 

1

 

and ST3

 

2/2

 

 mouse embryonic fibroblasts were trypsinized and centrifuged
at 1,000 

 

g

 

 for 5 min. Cells were resuspended in cold serum-free DME and
mixed with an equal volume of cold matrigel (10 mg/ml) prepared from
the Engelbreth-Holm-Swarm tumor, as previously described (Noël et al.,
1993). Growth factor–depleted matrigel was prepared using ammonium
sulfate as previously described (Taub et al., 1990). In each experiment, a
total volume of 0.4 ml containing either 2

 

 3 

 

10

 

5

 

 MCF7 cells alone or 2

 

 3

 

10

 

5

 

 MCF7 cells and 8

 

 3 

 

10

 

5 

 

ST3

 

1

 

/

 

1

 

 or ST3

 

2/2

 

 fibroblasts was subcutane-
ously injected into four 6–8-wk-old female nude mice (BALB/c nu/nu;
Charles River Laboratories, Wilmington, MA), previously implanted with
Silastic capsules (Dow Corning. Midland, MI) containing estradiol (Noël
et al., 1993). Injected mice were examined every 2 d for tumor apparition,
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and mean tumor volume was calculated as previously described (Noël et
al., 1993). Differences between the experimental conditions were evalu-
ated using Student’s 

 

t

 

 test.

 

 P 

 

values 

 

,

 

0.01 were considered significant. Tu-
mor latency was defined as the number of days after cell injection neces-
sary to obtain 50 or 100% tumors of at least 80 mm

 

3 

 

at the injection sites.
ST3

 

1

 

/

 

1

 

 or ST3

 

2/2

 

 fibroblasts injected alone did not give tumors, indicating
that they were not transformed.

 

Histological Analysis of Mice and Tumors

 

All mice were autopsied. Tissues and tumors were fixed in phosphate-
buffered formalin (4%) and embedded in paraffin. Histological examina-
tion was performed on hematoxylin–eosin-stained sections.

 

Results

 

Generation of ST3-deficient Mice

 

The mouse ST3 gene (see cloning in Materials and Meth-
ods) encompasses 9.3 kb and contains, as its human coun-
terpart (Anglard et al., 1995), 8 exons and 7 introns (Fig. 1

 

A

 

). Exon 1 encodes the NH

 

2

 

-terminal signal peptide, exon
2 the pro-domain, exons 3 to 6 the catalytic domain, and
exons 7 and 8 the COOH-terminal hemopexin-like do-
main. Exon 8 also encodes the 3

 

9

 

 untranslated region.

 

 

 

In
the targeting construct, exons 2 to 7 were deleted and re-
placed by the neomycin resistance gene (neo). The target-
ing construct contained 6.3 and 0.7 kb of DNA corre-
sponding to the 5

 

9

 

 and 3

 

9

 

 parts of the mouse ST3 gene,
respectively (Fig. 1 

 

B

 

). This construct was electroporated
into 10

 

7

 

 ES cells, and DNA of 20 G418-resistant colonies
was analyzed. One clone (YF14) showed a SpeI DNA re-
striction pattern consistent with the occurrence of homolo-
gous recombination (Fig. 1 

 

C

 

) in one of the mouse ST3 al-
lele. No random integration of the target construct was
detected in this clone using a neo probe (data not shown).
The YF14 clone was microinjected into 300

 

 

 

C57BL/6J
blastocysts, and 6 chimeric males were generated. One of
them transmitted the mutated ST3 allele to its offspring
and permitted to obtain heterozygous (ST3

 

1

 

/

 

2

 

) and ho-
mozygous (ST3

 

2/2

 

) mice (Fig. 1 

 

D

 

). Mice with either
C57BL/6J, BALB/c or 129/Svj genetic background were
thereafter obtained by back-crossing with adequate ani-
mals.

ST3 gene inactivation was tested by Northern blot anal-
ysis of total RNA extracted from 2 d involuting uteri of
ST3

 

1

 

/

 

1

 

 control littermates, ST3

 

1/2 

 

and ST3

 

2/2

 

 mice. We
observed the presence of 2.4 kb ST3 transcripts in the in-
voluting uterus of the ST3

 

1

 

/

 

1 and ST31/2 mice (Fig. 2,
lanes 3 and 4), but not of ST32/2 mice (Fig. 2, lane 5). In
contrast, the RNA for Gel A, another MMP, was detected
in the three types of mice. ST3 and Gel A RNAs were ab-
sent and expressed at a low level in ST31/1 and ST32/2 vir-
gin uterus, respectively (Fig. 2, lanes 1 and 2).

ST32/2 Mice Exhibit No Obvious Phenotype

Genotyping of 80 3-wk-old offspring from ST31/2 mouse
crosses revealed a frequency of 30% ST31/1 (n 5 24), 50%
ST31/2 (n 5 40), and 20% ST32/2 (n 5 16) mice. ST32/2

mice were fertile, giving rise to an average of eight pups
per litter, suggesting that there was no embryonic lethality.
ST31/2 and ST32/2 mice were indistinguishable from ST31/1

mice in appearance and behavior. These observations
were valid for C57BL/6J, BALB/c and 129/Svj genetic

backgrounds. Histological examination of various organs
of ST31/1 and ST32/2 2-mo-old mice did not show any sig-
nificant difference for the brain, heart, lung, liver, pan-
creas, spleen, muscle, mammary gland, colon, ovary,
uterus, and kidney (data not shown). Furthermore, histo-
logical analysis of tissues normally expressing the ST3
gene (Lefebvre et al., 1992, 1995; Wolf et al., 1992; Okada
et al., 1997) was performed. No modification was observed
during mammary gland and uterus involution, and devel-
opment of 12 and 16 d post-coitum embryos (Fig. 3 and
data not shown). Finally, no obvious abnormal repair was
observed during skin wound healing and bone repair per-
formed in ST32/2 mice.

DMBA-induced Carcinomas in ST31/1

and ST32/2 Mice

ST3 is known to be strongly expressed in most human car-
cinomas (Rouyer et al., 1994). To investigate the effect of
ST3 deficiency in malignant processes, we have chemically
induced carcinomas in ST32/2 mice. DMBA treatment

Figure 1. Targeted disruption of the mouse ST3 gene. (A) Struc-
ture of the mouse ST3 gene. (B) Structure of the mouse ST3 tar-
geting construct. (C) Targeted mouse ST3 gene. Closed boxes
represent exons. The P probe is indicated by an horizontal bar.
Restriction sites: B, BamHI; B2, BglII; E, EcoRI; N, NsiI; S, SpeI;
letter in parentheses indicates nonfunctional restriction sites; B*
indicates a BamHI site that was generated during genomic library
construction (see Materials and Methods). (D) Southern blot
analysis of SpeI-digested genomic DNA extracted from tail of
ST31/1 (lane 1), ST31/2 (lane 2) and ST32/2 (lane 3) mice, and hy-
bridized with the P probe. The wild-type (8.2 kb) and recombi-
nant (2.4 kb) mouse ST3 DNA sizes are indicated.

Figure 2. Northern blot analysis of
mouse ST3 expression in 2 d post-
partum involuting uterus of ST31/1,
ST31/2 and ST32/2 mice. Each lane
contained 10 mg of total RNA ex-
tracted from uterus of ST31/1, ST31/2

or ST32/2 mice. Lanes 1 and 2,
uterus of virgin ST31/1 and ST32/2

mice were devoid of ST3 expression
and exhibited a low level of Gel A

expression. Lanes 3–5, ST3 transcripts were detected in ST31/1

(lane 3) and ST31/2 (lane 4), but not in ST32/2 (lane 5) involuting
uterus. Gel A expression was detected in the three types of mice.
The 36B4 probe (Masiakowski et al., 1982) was used as internal
control. Autoradiography was for 16 h.
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was intragastrically administered to 14 and 16 ST31/1 and
ST32/2 mice, respectively. DMBA is a procarcinogen,
which, after activation in carcinogen, reacts with DNA to
form adducts leading to somatic DNA mutations and sub-
sequent activation of protooncogenes (Sukumar, 1990). At
35 wk of age, 64% (9/14) and 87% (14/16) of ST31/1 and
ST32/2 mice were alive, respectively. These mice were
killed and histological examination of their liver, lung,
uterus, mammary gland, and ovary was performed.
Whereas all ST31/1 mice exhibited benign or malignant tu-
mors, 21% of ST32/2 mice were devoid of any tumors (Ta-
ble I). 89% (8/9) of ST31/1 mice and 43% (6/14) of ST32/2

mice had developed carcinomas of either the mammary
gland or ovary (Table I), two organs known to be prefer-
ential targets for DMBA-induced tumors (Tagughi et al.,
1988; Ip, 1996). In addition to this lower tumor incidence,
the tumor size was clearly smaller for carcinomas found in
ST32/2 compared with ST31/1 mice (mean: 38 6 49 versus
230 6 276 mm3; median: 16 versus 140 mm3; Table I). No
obvious histological differences were observed between
carcinomas occurring in ST31/1 or ST32/2 mice.

Effect of ST31/1 and ST32/2 Fibroblasts on MCF7 
Tumorigenicity in Nude Mice

In human carcinomas, ST3 is not expressed by the cancer
cells themselves, but by nonmalignant fibroblastic cells

found in their immediate vicinity (Basset et al., 1990;
Rouyer et al., 1994). Thus, we designed a mouse model
taking this into account in order to test the impact of the
fibroblastic ST3 deficiency in carcinomas. ST31/1 and
ST32/2 fibroblasts were derived from mouse embryos (see
Materials and Methods). As expected, after treatment
with 12-O-tetradecanoylphorbol 13-acetate (TPA), a known
inducer of ST3 expression (Basset et al., 1990), ST3 was
only detected in ST31/1 fibroblasts and corresponding
conditioned media, respectively (Fig. 4). ST31/1 and ST32/2

fibroblasts showed similar in vitro proliferation rate (data
not shown). Nude mice were subcutaneously injected with
2 3 105 MCF7 human breast cancer cells, which do not ex-
press ST3, either alone or together with 8 3 105 ST31/1 or
ST32/2 fibroblasts. In three experiments performed inde-
pendently, whereas MCF7 cells injected alone or in the
presence of ST32/2 fibroblasts exhibited similar tumorige-
nicity, tumors developed more rapidly when MCF7 cells
were coinjected with ST31/1 fibroblasts. The results of one
of these experiments are presented in Fig. 5. Whereas 50%
of injection sites presented tumors of at least 80 mm3 15 d
after coinjection with F2ST31/1 or F9ST31/1 fibroblasts,
the same percentage of tumors was only reached 30 d after
coinjection with F1ST32/2 or F6ST32/2 fibroblasts (Fig. 5
A). Furthermore, 100% of injection sites presented tumors
between 21–30 d in the presence of ST31/1 fibroblasts,
whereas 40 d were necessary with ST32/2 fibroblasts (Fig.
5 A). Consistently, kinetic analyses showed that at any
time after cell injection, tumor volumes were significantly
higher (at day 18, P , 0.002 and at day 30, P , 0.008)
when MCF7 cells were coinjected with ST31/1 rather than
ST32/2 fibroblasts or in the absence of fibroblasts (Fig. 5
B). Results were similar in C57BL/6J/129/Svj or 129/Svj
genetic backgrounds (Fig. 5 A). Histological analysis
showed no obvious difference between the tumors ob-
tained after coinjection with ST31/1 or ST32/2 fibroblasts
(data not shown).

ECM Participation to ST3 Paracrine Function

In physiological and pathological conditions, ST3 expres-
sion is always observed during processes including remod-
elling of the ECM and most particularly of the basement
membrane, suggesting that ST3 function could be medi-

Figure 3. Whole mount RNA in situ hybridization of limb buds
of ST31/1 and ST32/2 14.5 d post-coitum mouse embryos. Photo-
graphs of whole mount in situ hybridization of ST31/1 (A) and
ST32/2 (B) limb buds. ST3 mRNA was observed in the interdigi-
tal parts of the limb of ST31/1 (A) but not in that of ST32/2 (B)
mice. No morphological differences were observed between limb
buds from ST31/1 and ST32/2 mice. Bar, 500 mm.

Table I. DMBA-induced Carcinomas in ST31/1 and
ST32/2 Mice

Strains

DMBA-induced mouse carcinomas*

No tumor Benign tumors Carcinomas Size‡

ST31/1 0/9 (0%) 1/9 (11%) 8/9 (89%) 230 6 276
ST32/2 3/14 (21%) 5/14 (36%) 6/14 (43%) 38 6 49

*Animals were killed at 35 weeks of age.
‡Mean of carcinoma volumes in mm3; the median size of ST31/1 and ST32/2 carcino-
mas were 140 (range 16–729) and 16 (range 8–125), respectively. Benign tumors,
ovarian hyperplasia and mammary cysts; carcinomas, ovarian and mammary gland
carcinomas.

Figure 4. Western blot analysis
of conditioned media (48 h)
from F2ST31/1 and F1ST32/2 15 d
post-coitum embryonic fibro-
blasts. F2ST31/1 and F1ST32/2

embryonic fibroblasts (C57BL/6J/
129/Svj) were grown in serum-
free medium and in the presence
or absence of TPA (10 ng/ml), as

indicated. 100-fold concentrated (80% ammonium sulfate) cul-
ture media (10 mg of total proteins) conditioned by F1ST32/2

(lanes 2 and 3) or F2ST31/1 (lanes 4 and 5) embryonic fibroblasts
were loaded in each lane. Purified mature mouse ST3 was used as
control (lane 1). Protein species were revealed using monoclonal
antibody 5ST-4C10 against the ST3 catalytic domain (Santavicca
et al., 1995) followed by enhanced chemiluminescence detection
(ECL kit; Dupont-NEN, Boston, MA). The positions of 66- and
45-kD molecular mass markers are indicated.
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ated through ECM component(s) and/or associated growth
factor(s) (Rio et al., 1996). To test this hypothesis, we per-
formed MCF7 tumorigenic assays similar to that described
above. However, in this experiment, matrigel, which is a
solubilized basement membrane preparation (Taub et al.,
1990), was either depleted or undepleted in its associated
growth factors. One of three independent experiments is
presented in Fig. 6. 10 d after coinjection of MCF7 cells
with F2ST31/1 fibroblasts, 40% of injection sites presented
tumors in the presence of undepleted matrigel, whereas no
tumors were observed in presence of depleted matrigel.
After 30 d, whereas 100% of injection sites presented tu-
mors in the presence of growth factors, only 20% devel-
oped tumors in growth factor–depleted condition. MCF7
cells injected alone or together with F1ST32/2 fibroblasts
exhibited low tumorigenicity, whatever the status of the
matrigel.

Discussion
ST3 was first identified (Basset et al., 1990) and character-
ized in human carcinomas where its expression was corre-
lated with tumor stage (Rouyer et al., 1994). Its expression
can be used to predict the clinical outcome of patients
(Engel et al., 1994; Chenard et al., 1996), thereby suggest-
ing that ST3 plays a role in the biology and growth of car-
cinomas. Since in vitro experiments did not permit us to
adequately investigate ST3 function during malignant pro-
cesses, we have developed transgenic mice deficient in the
ST3 gene and compared tumorigenesis in ST31/1 and
ST32/2 mice.

ST3 Is Dispensable in Physiological Processes

ST32/2 mice are fertile. Whatever their age, no obvious
modifications in appearance and behavior were observed
in the ST32/2 C57BL/6J, BALB/c, or 129/Svj mice. Using
histological analysis, tissues and organs usually known to
express ST3 during embryonic development (Lefebvre et al.,
1995) or adult life (Lefebvre et al., 1992) could not be dis-
tinguished from their counterparts in ST31/1 mice. In ad-
dition, although ST3 has been shown to be expressed in
wound healing (Wolf et al., 1992; Okada et al., 1997), tis-

sue repair subsequent to experimental skin or bone lesions
performed in ST32/2 mice was not disrupted. These results
show that ST3 is dispensable for normal organogenesis
and tissue homeostasis, suggesting that another protein(s)
is able to substitute for ST3 in the ST32/2 mice. A similar
absence of phenotype was observed in mice deficient for
two other MMPs, namely matrilysin (Wilson et al., 1997)
and gelatinase A (Itoh et al., 1997).

ST3 Favors Chemically Induced Carcinomas

DMBA-induced carcinogenesis is closely related to tumor
development in humans, since it corresponds to a multi-
step process requiring a relatively long period from the ini-
tial genetic alterations of epithelial cells to macroscopi-

Figure 5. Analysis of the effect of ST31/1 and
ST32/2 embryonic fibroblasts on MCF7 hu-
man breast cancer cell tumorigenicity in nude
mice. (A) Tumor latency: number of days af-
ter cell injection necessary to obtain tumors
(volume .80 mm3) at 50 and 100% injection
sites. Each fibroblast culture (8 3 105 cells)
was subcutaneously coinjected with MCF7
cells (2 3 105 cells) into four nude mice
(BALB/c nu/nu). The fibroblast genetic back-
ground and ST3 status were as indicated. The
results presented are representative of one
out of 3 independent experiments. (B) Kinet-
ics of tumor volumes measured from 10 to
40 d after injection of MCF7 cells alone (con-
trol) or in the presence of F2ST31/1, F9ST31/1,
F1ST32/2, or F6ST32/2 fibroblasts. Each
point represents the mean of four individual
values (error bars).

Figure 6. Analysis of the effect of the ECM-associated growth
factors on the capacity of ST31/1 fibroblasts to promote MCF7
cell tumorigenicity. Experimental conditions are as described in
the Fig. 5 legend. Tumor incidence after subcutaneous injection
of MCF7 cells either alone (Control), or together with F2ST31/1

or F1ST32/2 fibroblasts, in presence of growth factors depleted
(M2) or undepleted (M1) matrigel.
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cally detectable tumors (Sukumar, 1990). Five months
after DMBA treatment of ST31/1 and ST32/2 mice, we ob-
served a lower death rate and a reduced number and size
of induced carcinomas in ST32/2 mice. Thus, since we can
assume that capacity of DMBA to transform epithelial
cells is identical in both ST31/1 and ST32/2 mice, these re-
sults constitute the first evidence that ST3 can lead to an
increased capacity of transformed epithelial cells to give
rise to carcinomas. These results are consistent with the
proposed role of ST3 as a promoter of tumor development
and/or progression (Noël et al., 1996). In addition, these
results indicate that, contrary to observations made in nor-
mal tissues, the lack of ST3 is not compensated in malig-
nant processes. Since malignancy can be regarded as a
disorganized reactivation of developmental mechanisms
(Cross and Dexter, 1991), it is reasonable to speculate that
a molecule that is coexpressed and able to substitute for
ST3 exists in normal conditions, whereas it is not rein-
duced concomitantly to ST3 loss during malignancy. Simi-
lar results were recently reported for matrilysin, another
MMP preferentially expressed by malignant epithelial
cells. Although matrilysin deficient mice were apparently
normal, the absence of matrilysin was found to reduce tu-
mor multiplicity in multiple intestinal neoplasia animals,
which carry a germline mutation in the APC (adenoma-
tous polyposis coli) gene (Wilson et al., 1997).

ST3 Contributes in a Paracrine Manner to Epithelial 
Cell Malignancy

Carcinomas are composed of malignant epithelial cells
and stroma, mainly composed of inert bio-matrix and non-
malignant fibroblastic, endothelial, and inflammatory cells.
In both primary and secondary tumors, survival and im-
plantation of malignant cells in the connective host en-
vironment depends upon stromal–epithelial interactions
(Cornil et al., 1991; Cunha, 1994; Dimanche-Boitrel et al.,
1994; Grégoire and Lieubeau, 1995). In human carcino-
mas, ST3 is specifically expressed by fibroblastic cells lo-
cated close to malignant cells, suggesting the existence of
some kind of cross-talk between the two cell types and a
paracrine function for ST3 (Basset et al., 1997b). In sup-
port of this hypothesis, the coinjection of ST32/2 fibro-
blasts did not modify the tumorigenic potential of MCF7
cells, whereas ST31/1 fibroblasts led to an increased tumor
incidence and size (P , 0.008), and a reduced tumor la-
tency. Therefore, ST3 represents a stroma-derived factor
that favors, in a paracrine manner, homing of malignant
epithelial cells. Moreover, since, in this model, coinjected
fibroblasts are progressively substituted with connective
cells from the host (Noël et al., 1993), we conclude that
this effect is essential during the early steps of tumorigene-
sis. By analogy, in normal tissues, ST3 may carry out a
paracrine function and favor epithelial cell survival during
organogenesis and tissue homeostasis, since it is expressed
by cells of mesenchymal origin which are located close to
“stressed” epithelial cells during tissue remodeling pro-
cesses (Basset et al., 1990; Lefebvre et al., 1992, 1995).

The Paracrine ST3 Function Requires ECM-associated 
Growth Factor(s)

From its pattern of expression, it has been proposed that

ST3 could interact with the ECM, and most particularly
with the basement membrane (Rio et al., 1996). ECM is
composed of high molecular mass connective molecules
and associated growth factors. We took advantage of the
fact that the MCF7 cell tumorigenic model, used in the
presence of fibroblasts and reconstituted basement mem-
brane gel (matrigel; Taub et al., 1990), faithfully recapitu-
lated conditions seen in malignant processes, to study the
role of ECM in ST3 function. The capacity of ST31/1 fi-
broblasts to promote MCF7 tumorigenicity in nude mice
was lost when the matrigel was depleted in growth factors,
indicating that ST3 action is dependent on ECM-associ-
ated growth factor(s) but not on the ECM proteins them-
selves. In this context, ST3 could release and/or activate
growth factors that are stored in the ECM in a latent form
(Ruoslahti and Yamaguchi, 1991).

The concept that stromal MMPs may favor tumorigene-
sis is now well accepted (MacDougall and Matrisian, 1995;
Stetler-Stevenson et al., 1996). Our findings represent in
vivo evidence that one such MMP is actually a key player
during malignancy. ST3 is a secreted, connective tissue-
derived factor favoring the homing of malignant cells in
host tissues in an indirect paracrine manner through re-
cruitment of growth factor(s). Consistent with this hypo-
thesis, high levels of ST3 expression in intratumoral fibro-
blasts were found to be associated with poor clinical
outcome in human carcinomas (Engel et al., 1994; Che-
nard et al., 1996). It is currently thought that future thera-
peutical approaches to cancer should not only be directed
against malignant cells, but also against stromal cells (Cor-
nil et al., 1991; Cunha, 1994; Dimanche-Boitrel et al., 1994;
Grégoire and Lieubeau, 1995). In contrast with malignant
cells, stromal cells are genetically stable, homogenous, and
have a low mutation rate. Therefore therapy directed
against an intratumoral stromal cell should induce little or
no acquired drug resistance (Boehm et al., 1997; Kerbel,
1997). In addition, such cytostatic therapy, which prevents
the growth both of primary tumor and of metastatic foci,
could be used in combination with conventional cytotoxic
treatments (Stetler-Stevenson et al., 1996). In this context,
ST3 represents an attractive target for specific MMP in-
hibitor(s) (Hodgson, 1995; Beckett, 1996) in the treatment
of human carcinomas.
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