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Introduction

The mammary gland undergoes extensive tissue remodel-
ling during each lactation cycle. During pregnancy, the
epithelial compartment of the gland is vastly expanded
(Benaud et al. 1998). At the end of lactation the epithelial
cells undergo apoptosis and adipocyte differentiation is
induced (Lilla et al. 2002). Ductal and alveolar growth
during puberty and pregnancy, and the involution pro-
cess require the action of proteolytic enzymes (including
matrix metalloproteinases, plasminogen and membrane-
peptidases) and the corresponding genes are activated
during these periods (Benaud et al. 1998; Alexander et al.
2001). Matrix metalloproteinases (MMP) are expressed in
several cell types of the mammary gland including stromal
fibroblasts (e.g., MMP3, MMP2), epithelial cells (e.g.,
MMP7 or MMP9), adipocytes (e.g., MMP2) and lymphoid
cells (e.g., MMP9) (Crawford et al. 1996; Lund et al.
1996; Wiseman et al. 2003). A number of knock-out mice,
which are deficient for individual MMP genes (e.g.,
MMP2, MMP3) or plasminogen, display alterations to
mammary gland structure and impairment of lactation
(Lund et al. 1999; Wiseman et al. 2003).

Mammary gland involution proceeds in two distinct
phases: a first, potentially p53-dependent, partly reversible
phase characterized by epithelial apoptosis; and a second,
p53-independent, irreversible phase characterized by ex-
tensive tissue remodelling and adipocyte differentiation (Li
etal. 1996; Lund et al. 1996; Jerry et al. 1998). Proteolytic
enzymes are induced during the second phase of invol-
ution suggesting that their expression is a consequence of
epithelial cell apoptosis rather than a prerequisite. Never-
theless matrix interactions provide survival signals to the
mammary epithelium, such that removal of these signals
can enhance apoptosis (Farrelly et al. 1999; Gilmore et al.
2000). Proteolytic breakdown products of matrix compo-
nents such as fibronectin can induce apoptosis in some

*For correspondence; e-mail: a.kolb@hannah.ac.uk

https://doi.org/10.1017/50022029905001202 Published online by Cambridge University Press

mammary cell lines (Schedin et al. 2000). Proteinase ac-
tivity may therefore accelerate apoptosis of the epithelium,
whilst stimulating differentiation of adipocytes via matrix
remodelling (Alexander et al. 2001).

We analysed two micro-array datasets (Clarkson et al.
2004; Stein et al. 2004), derived from C57Bl/6 and Balb/C
mice, respectively, to determine which genes encoding
proteolytic enzymes are differentially regulated during
pregnancy and involution. In addition, we interrogated the
datasets for expression of potential regulators of MMP
gene expression. Subsequently we analysed the expression
pattern of several genes encoding proteolytic enzymes by
quantitative PCR and compared the results with the micro-
array data. In addition, we analysed the promoters of three
MMP genes in silico to identify transcription factor binding
sites that might correlate with promoter potency.

Gene expression of proteolytic enzymes

A number of genes encoding proteolytic enzymes are ac-
tivated during puberty, pregnancy and involution, whereas
expression of most proteolytic enzymes is inhibited during
lactation. This regulatory pattern can be demonstrated by
plotting the mRNA expression data of a typical proteolytic
enzyme (aminopeptidase N, APN) as detected by micro-
array analysis of mammary tissue isolated against the
various stages of development (Fig. 1a). We analysed two
recent affymetrix oligonucleotide micro-array datasets for
the expression pattern of genes encoding matrix metallo-
proteinases, amino- and carboxypeptidases and members
of the ADAM (a disintegrin and metalloproteinase domain)
protein family and the plasminogen system. In general,
micro-array data above 100 arbitrary units that showed a
t test P value <0-1, and changes in expression levels of
more than 1-75-fold were considered to be significant.
The results for selected genes were then confirmed by
quantitative PCR analysis. For this purpose mouse
mammary tissue was isolated from CBA x C57BI/6 mice at
the indicated time points and RNA was isolated from
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Fig. 1. Expression pattern of a typical proteinase, aminopepti-
dase N (APN), during mammary gland development. Panel A:
Micro-array data of APN expression (in arbitrary units) during
mammary gland development: Virgin [v] time points are in weeks;
all other time points, [p] pregnant [I] lactating [i] involuting, are
in days (Stein et al. 2004). Panel B: APN steady state mRNA
expression as measured by quantitative PCR. APN expression
was correlated with the expression of the control transcript
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) [pg APN/pg
GAPDH].

transfected cells using the Ambion RNAwiz reagent fol-
lowing the supplier’s protocol. Reverse transcription of
RNA was done with MLV RNAse(-) reverse transcriptase
(Promega) following the supplier’s recommendations using
2 ng of total RNA as template. A 1 in 200 dilution of the
cDNA synthesis reaction was subsequently used as tem-
plate for quantitative PCR (Light-Cycler, Roche). Amplifi-
cations were done using the primer combinations shown
in Table 1 at 40 cycles of 15 s at 95 °C, 5 s at the indicated
annealing temperature (Table 1) and 10s at 72 °C. Data
were collected at the end of each PCR cycle.

The murine and the human genome both contain 23
bona fide MMP genes. Ten MMP genes (1a, 1b, 3, 7, 8, 10,
12, 13, 20 and 27) are clustered at a single locus on
murine chromosome 9 (Fig. 2; Table 2) and on human
chromosome 11. We analysed two micro-array datasets for
the expression of MMP genes during mammary develop-
ment (Clarkson et al. 2004; Stein et al. 2004). Fourteen
MMP genes are represented in the two datasets (Table 2).
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As shown in Fig. 3a, two MMP genes (MMP14 and MMP3)
show a marked up-regulation during pregnancy and
involution, whereas one other MMP (MMP12) is only up-
regulated during involution. This finding is replicated in
both micro-array datasets. The expression levels of most
other MMP genes are low (most of them below the
statistical significance level required by the affymetrix
software) and appear to be constant during mammary
development. MMP11 expression is slightly elevated
during involution. MMP9 shows peaks of expression in
early pregnancy and involution in one dataset but not in
the other. We then analysed the expression of three MMP
genes (MMP3, MMP12 and MMP7) located within the
MMP locus for their expression during mammary gland
involution by quantitative PCR. All three genes are in-
duced during mammary involution (Fig. 3c—e). However,
MMP3 transcripts are 20-times as abundant as MMP12
transcripts and 2000-times as abundant as MMP7 tran-
scripts in the involuting mammary gland. However, ex-
pression of all three MMP is significantly enhanced during
mammary gland involution (MMP3, 140-fold induction
from lactating to day 4 post litter removal; MMP12, 19-
fold induction and MMP7, 8-fold induction). This suggests
that MMP7 gene expression during mammary gland
involution was too low to be reliably detected by micro-
array analysis. The relative expression levels of these three
MMP are also replicated in the mouse mammary gland
cell line HC11 (A. Kolb, unpublished observations), sug-
gesting that the differences in expression levels may be a
consequence of differing promoter potency.

The plasminogen system is essential for the proper de-
velopment of the mammary gland. Transgenic mice car-
rying a deficiency of the plasminogen gene are severely
impaired in their ability to lactate and up to 75% of the
mice (depending on the genetic background) fail to support
their litter (Lund et al. 2000). In addition, the plasminogen
system appears to be required for proper tissue remodelling
during involution, as nearly all of those plasminogen-
deficient mice that were able to lactate did not support a
second litter (Lund et al. 2000). Tissue plasminogen acti-
vator (tPA) expression has been shown to increase during
mammary gland involution (Ossowski et al. 1979; Tonner
et al. 2000). This is also reflected in the micro-array data-
sets, which show peaks of tPA expression during preg-
nancy and involution. These findings are supported by our
quantitative PCR data, which demonstrate a four-fold
induction of tPA during involution (M Boutinaud, unpub-
lished observations). In addition, the urokinase plasminogen
activator (uPA)-receptor is induced by about 3-fold during
involution in both datasets. On the whole, the fluctuation
of gene expression during mammary gland development is
not as pronounced for members of the plasminogen system
as it is for MMP when assayed by micro-array analysis
(Fig. 3b). Urokinase plasminogen activator (uPA) expression
was induced 2-fold at 3 d post litter removal. However, a
strong induction of uPA was previously demonstrated from
day 4 to day 7 post litter removal in Balb/C mice (Lund
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Table 1. List of oligonucleotides used in this study

Annealing Amplicon
Name Length Sequence temperature length
b-actin1 23mer 5" GTC GAC AAC GGS TCC GSC ATG TG 3’ 60 °C 908bp
b-actin2 23mer 5"CTG TCR GCR ATG CCW GGG TAC AT 3’
GAPDH1 25mer 5" ACG GCA AAT TCA ACG GCA CAG TCA A 3/ 61°C 426 bp
GAPDH2 23mer 5" GCT TTC CAG AGG GGC CAT CCA CA 3’
cyclophilin-f. 23mer 5" CAT CCT AAA GCA TAC AGG TCC TG 3’ 58 °C 165 bp
cyclophilin-r. 20mer 5" TCC ATG GCT TCC ACA ATG TT 3’
MMP3-3 24mer 5" ACC CAG TCT ACA AGT CCT CCA CAG 3’ 56 °C 463 bp
MMP3-4 2Tmer 5" GCA GCA TCG ATC TTC TTC ACG 3’
MMP12-1 20mer 5" CCC AGC ACA TTT CGC CTC TC 3’ 54°C 494 bp
MMP12-2 24mer 5" AGC TCC TGC CTC ACA TCA TAC CTC 3’
MMP7-1 24mer 5" TAC CCT CAT GAC TCT AAA ACA AAG 3’ 54°C 486 bp
MMP7-1 20mer 5" TGC GTC CTC ACC ATC AGT CC 3’
mAPN 2488 2Tmer 5" CAA CTC TGG TGA ACG AAG CGG 3’ 55°C 144 bp
mAPN 2631R 2Tmer 5" CAA TGC TGA TGA TGG TGG AGG 3’

et al. 1996) indicating that uPA induction may be a late
event in mammary gland involution. Interestingly, ex-
pression of PAI-1 (plasminogen activator inhibitor 1) is also
increased during involution (Fig. 3b). This may serve to
limit the activity of plasmin-induced proteolysis. However,
PAI-1 protein can be neutralized by binding to IGFBP5,
which is strongly induced during involution (Nam et al.
1997; Tonner et al. 2000). Similarly, expression of TIMP3
(tissue inhibitor of metalloproteinases) appears to be co-
regulated with MMP3 expression and increases signifi-
cantly during mid-pregnancy and involution, whereas ex-
pression of TIMP1 decreases during these developmental
stages (data not shown).

Members of the ADAM family of proteins play a bio-
logical role in cell adhesion (via their adhesive domain)
and morphogenesis (mainly via their protease domain)
(White, 2003). ADAM function includes the shedding

of membrane-bound growth factors, cytokines, cytokine-
receptors and cell adhesion molecules. Cell proliferation
and migration of human mammary epithelial cells was
found to be dependent on the activity of ADAM proteins,
which release EGF from the cell membrane to enable ac-
tivation of the EGF receptor (Dong et al. 1999). Expression
of an ADAM12 transgene under the control of a muscle-
specific promoter induced adipogenesis in skeletal muscle
of transgenic mice (Kawaguchi et al. 2002). An ADAM12
mutant lacking the protease domain had no effect in-
dicating that proteolytic processes can be decisive differ-
entiation stimuli. The expression pattern of ADAM9 during
mammary gland development was similar to that of MMP3
and MMP14, peaking during pregnancy and involution
(Fig. 4a). Interestingly, the expression pattern of the
most abundantly expressed ADAM genes (ADAM5 and
ADAM28) was similar to that of milk protein genes in that
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Fig. 2. Chromosome locations of murine MMP genes. Panel A: Schematic representation of the distribution of MMP genes in the
mouse genome. The vertical lines represent chromosomes and the short horizontal lines mark the approximate positions of the MMP
genes. Chromosome numbers and the number of MMP genes found on the chromosomes are indicated below the lines. The numbers
of the individual MMP genes are indicated. The ten MMP genes present on chromosome 9 are indicated as [B] and fully represented
in Panel B. Panel B: The relative locations and orientations of the MMP genes on mouse chromosome 9 are indicated as block
arrows. The names of the enzymes are indicated.
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Table 2. Chromosome locations of murine MMP genes. The MMP genes represented on the Affymetrix oligonucleotide micro-array

are indicated [repr.].

Chromosome Gene Other names Micro-array
2 MMP9 92 kDa gelatinase, 92 kDa type IV collagenase, B/MMP9, Clg4b, Gel B, gelatinase B repr.
2 MMP24 Membrane type 5-MMP, MT5-MMP repr.
4 MMP16 Membrane type 3-MMP, MT3-MMP repr.
4 MMP23 CA-MMP, cysteine array matrix metalloproteinase
5 MMP17 Membrane type-4 matrix metalloproteinase, MT4-MMP repr.
5 MMP21
8 MMP2 72 kDa gelatinase, 72 kDa type IV collagenase, Clg4a, GelA, gelatinase A, repr.
8 MMP15 Membrane type 2-MMP, MT2-MMP repr.
9 MMP3 Progelatinase, SLN-1, SLN1, Stmy1, Str1, stromelysin 1, transin repr.
9 MMP12 Macrophage elastase, metallo-elastase repr.
9 MMP7 MAT, matrilysin repr.
9 MMP27
9 MMP1b Mcol-B, interstitial collagenase B
9 MMP1a Mcol-A, interstitial collagenase A
9 MMP20 Enamelysin
9 MMP8 Collagenase-2 repr.
9 MMP13 Clg, collagenase-1, Collagenase-3, interstitial collagenase repr.
9 MMP10 Stromelysin 2 repr.

10 MMP11 ST3, Stmy3, stromelysin 3 repr.

10 MMP19

11 MMP28

14 MMP14 Membrane type 1-MMP, MT1-MMP repr.

17 MMP25 F730048C11Rik, Leukolysin, MT6-MMP

it steadily increased during late pregnancy and lactation
and dropped at the onset of involution (Fig. 4a).

A number of genes encoding amino- and carboxy-
peptidases are up-regulated during pregnancy and invol-
ution (data not shown). One example is the gene encoding
aminopeptidase N (APN) whose expression pattern is
similar to that of MMP3 (Figs T1a and 4c). The pattern of
APN expression could also be confirmed by quantitative
PCR (Fig. 1b), although the induction of APN expression
during involution appears to be more modest than
the micro-array analyses would suggest. No other amino-
peptidases show a similar significant induction pattern
during mammary involution (in both datasets), but a number
of carboxypeptidases and several cathepsin proteinases are
significantly up-regulated during involution. APN is also
highly expressed during late pregnancy as are glutamyl
aminopeptidase and several carboxypeptidases.

MMP gene promoter elements

To determine whether the differences in the expression
levels of the three different MMP genes (7, 12 and 3) are
due to evident differences in transcription factor binding
sites in the promoter, we analysed 1 kb upstream of the
transcriptional start site in silico using the GeneQuest
program in the DNA-Star software suite and found a
number of features to be conserved in the three promoter
regions. Although these computer predictions do not
demonstrate function of the detected binding sites (e.g.,
the sites may be inaccessible in the chromatin structure of
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the nucleus in vivo) they can give important clues for the
investigation of promoter regulation.

In accordance with published data the TATA box is
closely associated with a consensus AP1 binding site in all
three promoters (Borden et al. 1997). A dramatic increase
in AP1 binding activity is detectable in nuclear extracts
isolated from involuting mammary tissue (Marti et al.
1994). A number of signalling pathways have been shown
to converge at the AP1 site (McDonnell et al. 1990;
McDonnell et al. 1994) and a variety of agents have been
found to stimulate MMP gene transcription via this site
(Crawford et al. 1996; Borden et al. 1997). MMP promoter
elements in which the AP1 site has been deleted were
found to be largely inactive. Over-expression of the
transcription factor fos has been found to be sufficient
to induce MMP1 but not MMP3 expression in some organs
indicating the different contribution the AP1 activation
makes to different MMP promoter elements. Conversely,
MMP1 expression is no longer TPA (12-O-tetradecanoyl-
phorbol-13-acetate)-inducible in fos deficient mice,
whereas MMP3 expression and inducibility is only affected
under certain conditions (Crawford et al. 1996). Transcrip-
tion factors are usually regulated post-transcriptionally,
typically via phosphorylation. However, a critical amount
of protein must be available in the cell to enable a tran-
scriptional response to exogenous stimuli. An increase in
transcription of c-jun (Clarkson et al. 2004) and jun-B
(Stein et al. 2004) was detected by micro-array analysis in
the first 24 h after initiation of mammary gland involution
by litter removal (data not shown).
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Fig. 3. Analysis of MMP gene expression during mammary gland development. Panel A: Micro-array data of MMP2, 3, 7, 9, 12 and
14 expression derived from (Clarkson et al. 2004). [v] virgin, [pl pregnant (in days) [Il lactating (in days) [il involuting (in hours).
Panel B: Micro-array data for members of the plasminogen system (Clarkson et al. 2004). Panel C-E: Quantitative PCR of MMP3, 7
and 12 during mammary involution. [L10] lactation day 10, [LR2] day 2 after litter removal, [LR4] day 4 after litter removal. MMP
expression is shown relative to cyclophilin-A expression [molecules of MMP/molecules of cyclophilin].

Numerous binding sites for transcription factors of the
ets family (e.g., PEA3) are found in all three promoter
elements. The PEA3 binding sites in the MMP12 promoter
are located further away from the transcriptional start site
than in the MMP3 and MMP7 promoter. Binding sites for
members of the ets transcription factor family have been
detected in almost all MMP promoters. The sites are mostly
found in close association with the AP1 site (Borden et al.
1997). Promoter-reporter constructs containing a fragment
with the AP1 and the ets site often behave like the whole
MMP promoter in cell lines (Crawford et al. 1996). In some
promoters AP1 and ets have been found to act cooperat-
ively whereas only additive effects have been detected in
others. A number of ets transcription factors are expressed
in the mammary gland (Shepherd et al. 2001) and different
ets-family members influence the expression of different
proteolytic enzymes (Galang et al. 2004). A single nucleo-
tide polymorphism, associated with increased expression
of MMPT and enhanced cancer susceptibility, has been
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shown to generate an additional ets-factor binding site in
the MMP1 promoter (Brinckerhoff et al. 2002). A sharp in-
crease in the expression of ELK4 (an ets transcription factor)
could be detected shortly after initiation of mammary gland
involution by litter removal (data not shown). ELK4 is one
of the most abundant ets transcription factors in mammary
tissue (Shepherd et al. 2001; Galang et al. 2004). However,
its expression is mainly detected in epithelial and myeloid
cells. The sharp increase in ELK4 expression may therefore
reflect the general increase in lymphoid marker gene ex-
pression during mammary gland involution (Stein et al.
2004). In addition, ELK4 expression in mammary tissue
and mammary gland cell lines was found not to be corre-
lated with the expression of MMP3, MMP7 and MMP9
(Galang et al. 2004). This may suggest that the influence of
ELK4 on the transcription of MMP genes in the mammary
stromal cells is indirect.

All three promoter regions (MMP3, 7 and 12) carry
alternative TATA boxes and a number of additional
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Fig. 4. Panel A: Gene expression patterns of ADAMS5, 9, 10 and 28 during mammary gland development, derived from (Stein et al.
2004). Virgin [v] time points are in weeks; all other time points are in days. Panel B: Gene expression patterns of CAAT enhancer
binding protein [C/EBP] isoforms delta, beta and alpha; data derived from (Clarkson et al. 2004). Involution time points are in hours.
Panel C: Expression patterns of transforming growth factor beta3 [TGFb3], hepatocyte growth factor [HGF], epidermal growth factor
[EGF], MMP3 and APN; data derived from (Clarkson et al. 2004). Involution time points are in hours.

promoter-distal AP1 sites. Notably, binding sites for the
general transcription factors Sp1 and C/EBP are found
adjacent to the promoter proximal AP1 site in the MMP3
promoter but not in the MMP12 and MMP7 promoters.
This may explain the significantly higher expression levels
elicited by this promoter (in comparison with other MMP
promoter elements) in mammary tissue. C/EBP transcription
factors do not have a well defined consensus sequence
and binding site predictions are based on sequence
comparisons to other C/EBP-responsive promoter elements
(Doppler et al. 1995; Shelest et al. 2003). Transcription of
three C/EBP family members (alpha, beta and delta) is
increased during pregnancy and involution but the timing
of induction is different: transcription of C/EBPdelta is
rapidly induced at the onset of involution (Clarkson et al.
2003), whereas C/EBPalpha expression gradually increases
in parallel with MMP3 expression. This may suggest C/
EBPalpha as a candidate inducer of MMP3 transcription
(Fig. 4b). C/EBP has also been identified as a regulator of
the IGFBP5 gene (Ji et al. 1999) and the timing of the
activation of IGFBP5 gene expression during mammary
involution suggests that C/EBPdelta is potentially involved
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in this activation. IGFBP5 plays a central role in the pro-
cess of mammary involution and over-expression of
IGFBP5 in the mammary gland of transgenic animals
impairs lactation and induces apoptosis in mammary
epithelial cells in vivo (Tonner et al. 2002). The C/EBPdelta
gene itself is responsive to induction by Stat3, another key
regulator of mammary involution (Clarkson et al. 2003).

All three MMP promoter regions have a binding site for
members of the glucocorticoid receptor family. Gluco-
corticoid hormones like hydroxycortisone have been
shown to have an inhibiting effect on MMP gene ex-
pression in vivo (Lund et al. 1996) and in vitro (Eberhardt
et al. 2002; A Kolb, unpublished observations).

Inducers of proteinase gene expression

A large number of hormones and growth factors have been
implicated in the regulation of proteolytic enzymes. Some
of them are systemic hormones (e.g., progesterone or pro-
lactin, which have, respectively, a stimulatory and an in-
hibitory effect on MMP expression (Lee et al. 2001)) and
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would not be detected in a micro-array study using
mammary tissue. We analysed the micro-array datasets
for the expression patterns of genes encoding candidate
activators of MMP and mammary apoptosis, namely EGF
(epidermal growth factor), HGF (hepatocyte growth factor),
TGF (transforming growth factor) and LIF (leukaemia
inhibitory factor).

MMP gene expression during pregnancy has been shown
to be highly dependent on EGF. Tissue recombination ex-
periments have shown that mammary stroma, which is
deficient for the EGF receptor cannot be induced to ex-
press MMP genes during pregnancy (Wiesen et al. 1999).
A huge increase in EGF expression was detectable during
the tissue-remodelling phase of early pregnancy suggesting
that the EGF required for MMP gene activation is produced
in the mammary gland. Expression levels then drop pre-
cipitously during late pregnancy (Fig. 4c). During lactation,
another peak of EGF transcription is evident. However,
no EGF expression is detectable during mammary gland
involution indicating that EGF is not a major stimulator of
MMP gene expression during that developmental phase.
These results also suggest that the signalling pathways in-
volved in MMP gene activation differ between pregnancy
and involution. Signalling through the EGF receptor may
also play a role during mammary involution as a proeto-
lytic cleavage fragment of laminin-5 (DIIl) can stimulate
EGF receptor mediated phosphorylation events (Schenk
et al. 2003).

Members of the TGFbeta family have a marked effect on
tissue homeostasis and signal though the Smad family of
transcription factors (Hall et al. 2003). TGFbeta isoforms
can inhibit or stimulate MMP gene expression. TGFbetal
inhibits the TPA-mediated activation of the MMP1 promoter
in murine C3H fibroblasts (Hall et al. 2003). MMP13 ex-
pression is significantly reduced in the palate of TGFbeta3
knock-out mice suggesting that TGFbeta3 is a major acti-
vator of the MMP13 gene (Blavier et al. 2001). TGFbeta3
is also a major local inducer of cell death in mammary
tissue (Nguyen et al. 2000). MMP-9 expression is up-
regulated in breast cancer cells by TGFbetal (Kalembeyi
et al. 2003; Peters et al. 2003). Expression of members of
the transforming growth factor family (TGFbeta3 and
TGFbetal) is correlated with MMP gene expression during
pregnancy and involution. TGFbeta expression, however,
precedes MMP gene activation during involution by 48 h
(Fig. 4b), which suggests that TGF may affect MMP gene
expression indirectly.

Hepatocyte growth factor/scatter factor (HGF) another
potent inducer of MMP genes shows no detectable fluc-
tuations of expression during mammary development in
the micro-array analysis. Published data, however, suggest
that HGF and its receptor c-met are differentially regulated
in rat mammary gland development, with peaks of express-
ion occurring during pregnancy and involution (Pepper
et al. 1995). HGF stimulates extensive development of
branching duct-like structures by cloned mammary gland
epithelial cells in vitro(Soriano et al. 1995). Over-expression
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of HGF in the mammary gland of transgenic mice results
in an increased size and number of terminal end buds and
hyperplastic branching morphogenesis in the virgin gland
(Yant et al. 1998). These results suggest that HGF plays an
important role in mammary development, which is con-
sistent with an induction of MMP gene expression. The
absence of any differential regulation of HGF transcription
in the micro-array format may suggest that HGF expression
is below the level of detection.

Leukaemia inhibitory factor (LIF) has recently been
implicated as an inducer of mammary gland apoptosis
(Kritikou et al. 2003; Schere-Levy et al. 2003). LIF
expression is induced rapidly, but transiently, after litter
removal (data not shown). However, LIF expression de-
creases again before induction of MMP genes occurs at
around 48 h post litter removal. This suggests that the
influence of LIF on the expression of proteolytic enzymes
during mammary involution is not direct.

Conclusions

The expression of proteolytic enzymes is essential for the
tissue remodelling processes that take place during mam-
mary gland development. The available micro-array data
suggest that a number of MMP genes (but not all) are
activated co-ordinately. Similarly, not all aminopeptidase
and carboxypetidase genes are differentially regulated dur-
ing mammary development. Comparison of data obtained
by micro-array and quantitative PCR shows that the two
experimental approaches are in agreement for highly ex-
pressed genes. Genes that are expressed at a low level
(e.g., MMP?7), however, may escape detection as differen-
tially regulated by the micro-array approach.

The available micro-array data (e.g., in the case of EGF)
suggest that different molecules are involved in the in-
duction of genes encoding proteolytic enzymes during
pregnancy and involution. This is in accordance with the
underlying biology. During pregnancy the epithelium re-
quires tissue-remodelling enzymes in order to migrate,
proliferate and differentiate in the mammary fat pad,
whereas during involution proteolytic activity is required
to remove a regressing epithelium and support the differ-
entiation of adipocytes.

It is difficult, at present, to predict which regulators
induce the expression of MMP and other proteolytic en-
zymes during involution. A number of molecules have been
identified as being critical for the induction of apoptosis in
the mammary gland, including LIF, STAT3, TGFbeta3 and
IGFBP5 (Chapman et al. 1999; Nguyen et al. 2000;
Tonner et al. 2002; Kritikou et al. 2003). However these
signals may not directly induce expression of proteolytic
enzymes. Other molecules may therefore be required to
mediate the induction of MMP genes after the initiation of
epithelial apoptosis. These signals are likely to induce
MMP expression in the stromal compartment (Lund et al.
1996), via the fos/jun and ets families of transcription
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factors. Some signals, like glucocorticoid hormones (Lund
et al. 1996) and prolactin (Lee et al. 2001) (A Kolb,
unpublished observations), which suppress MMP gene
expression in the lactating mammary gland, are switched
off at the onset of involution. In addition, the activity of
some MMP proteins is enhanced by the down-regulation
of TIMPT (whose expression is correlated with gluco-
corticoid hormones).

Candidate molecules, which induce MMP genes during
pregnancy, can be studied meaningfully in a number of
cell culture models and tissue recombination experiments
(Soriano et al. 1995; Wiesen et al. 1999). The induction of
MMP gene expression during involution is more difficult to
assess experimentally. Presently no suitable cell culture
systems that mimic the interaction of all cell types in the
involuting mammary gland (epithelial cells undergoing
apoptosis, stromal fibroblasts, myeloid cells, adipocytes),
have been established. The availability of such a system
would greatly facilitate the analysis of the involution-
specific induction of MMP genes.

Work in our laboratories is funded by the Scottish
Executive Rural Affairs Department, the Hannah
Development Fund, BBSRC, an Eu Framework V project
grant and the Eu Research Training Network programme.

References

Alexander CM, Selvarajan S, Mudgett ] & Werb Z 2001 Stromelysin-1
regulates adipogenesis during mammary gland involution. Journal of
Cell Biology 152 693-703

Benaud C, Dickson RB & Thompson EW 1998 Roles of the matrix metallo-
proteinases in mammary gland development and cancer. Breast
Cancer Research and Treatment 50 97-116

Blavier L, Lazaryev A, Groffen J, Heisterkamp N, DeClerck YA &
Kaartinen V 2001 TGF-beta3-induced palatogenesis requires matrix
metalloproteinases. Molecular Biology of the Cell 12 1457-1466

Borden P & Heller RA 1997 Transcriptional control of matrix metallo-
proteinases and the tissue inhibitors of matrix metalloproteinases.
Critical Reviews in Eukaryote Gene Expression 7 159-178

Brinckerhoff CE & Matrisian LM 2002 Matrix metalloproteinases: a tail of
a frog that became a prince. Nature Reviews of Molecular Cell Biology
3 207-214

Chapman RS, Lourenco PC, Tonner E, Flint D), Selbert S, Takeda K, Akira
S, Clarke AR & Watson CJ 1999 Suppression of epithelial apoptosis
and delayed mammary gland involution in mice with a conditional
knockout of Stat3. Genes and Development 13 2604-2616

Clarkson RW & Watson CJ 2003 Microarray analysis of the involution
switch. Journal of Mammary Gland Biology and Neoplasia 8 309-319

Clarkson RW, Wayland MT, Lee J, Freeman T & Watson CJ 2004 Gene
expression profiling of mammary gland development reveals putative
roles for death receptors and immune mediators in post-lactational
regression. Breast Cancer Research 6 R92—-R109

Crawford HC & Matrisian LM 1996 Mechanisms controlling the tran-
scription of matrix metalloproteinase genes in normal and neoplastic
cells. Enzyme Protein 49 20-37

Dong J, Opresko LK, Dempsey PJ, Lauffenburger DA, Coffey R} & Wiley
HS 1999 Metalloprotease-mediated ligand release regulates autocrine
signaling through the epidermal growth factor receptor. Proceedings of
the National Academy of Sciences of the USA 96 6235-6240

Doppler W, Welte T & Philipp S 1995 CCAAT/enhancer-binding protein
isoforms beta and delta are expressed in mammary epithelial cells and

https://doi.org/10.1017/50022029905001202 Published online by Cambridge University Press

bind to multiple sites in the beta-casein gene promoter. Journal of
Biological Chemistry 270 17962-17969

Eberhardt W, Schulze M, Engels C, Klasmeier E & Pfeilschifter J 2002
Glucocorticoid-mediated suppression of cytokine-induced matrix
metalloproteinase-9 expression in rat mesangial cells: Involvement
of nuclear factor-{kappa}B and ets transcription factors. Molecular
Endocrinology 16 1752-1766

Farrelly N, Lee Y-J, Oliver ], Dive C & Streuli CH 1999 Extracellular
matrix regulates apoptosis in mammary epithelium through a control
on insulin signaling. Journal of Cell Biology 144 1337-1348

Galang CK, Muller W), Foos G, Oshima RG & Hauser CA 2004 Changes
in the expression of many ets family transcription factors and of
potential target genes in normal mammary tissue and tumors. Journal
of Biological Chemistry 279 11281-11292

Gilmore AP, Metcalfe AD, Romer LH & Streuli CH 2000 Integrin-
mediated survival signals regulate the apoptotic function of Bax
through its conformation and subcellular localization. Journal of Cell
Biology 149 431-446

Hall MC, Young DA, Waters JG, Rowan AD, Chantry A, Edwards DR &
Clark IM 2003 The comparative role of activator protein 1 and Smad
factors in the regulation of Timp-1 and MMP-1 gene expression by
transforming growth factor-beta 1. Journal of Biological Chemistry 278
10304-10313

Jerry D], Kuperwasser C, Downing SR, Pinkas J, He C, Dickinson E,
Marconi S & Naber SP 1998 Delayed involution of the mammary
epithelium in BALB/c-p53null mice. Oncogene 17 2305-2312

Ji C, Chen Y, Centrella M & McCarthy TL 1999 Activation of the insulin-
like growth factor-binding protein-5 promoter in osteoblasts by coop-
erative E box, CCAAT enhancer-binding protein, and nuclear factor-1
deoxyribonucleic  acid-binding sequences.  Endocrinology 140
4564-4572

Kalembeyi 1, Inada H, Nishiura R, Imanaka-Yoshida K, Sakakura T &
Yoshida T 2003 Tenascin-C upregulates matrix metalloproteinase-9 in
breast cancer cells: direct and synergistic effects with transforming
growth factor betal. International Journal of Cancer 105 53-60

Kawaguchi N, Xu X, Tajima R, Kronqvist P, Sundberg C, Loechel F,
Albrechtsen R & Wewer UM 2002 ADAM 12 protease induces adi-
pogenesis in transgenic mice. American Journal of Pathology 160
1895-1903

Kritikou EA, Sharkey A, Abell K, Came PJ, Anderson E, Clarkson RWE &
Watson CJ 2003 A dual, non-redundant, role for LIF as a regulator of
development and STAT3-mediated cell death in mammary gland.
Development 130 3459-3468

Lee PP, Hwang JJ, Mead L & Ip MM 2001 Functional role of matrix
metalloproteinases (MMPs) in mammary epithelial cell development.
Journal of Cell Physiology 188 75-88

Li M, Hu J, Heermeier K, Hennighausen L & Furth PA 1996 Apoptosis and
remodeling of mammary gland tissue during involution proceeds
through p53-independent pathways. Cell Growth and Differentiation 7
13-20

Lilla J, Stickens D & Werb Z 2002 Metalloproteases and adipogenesis:
a weighty subject. American Journal of Pathology 160 1551-1554

Lund LR, Bjorn SF, Sternlicht MD, Nielsen BS, Solberg H, Usher PA,
Osterby R, Christensen 1}, Stephens RW, Bugge TH, Dano K & Werb Z
2000 Lactational competence and involution of the mouse mammary
gland require plasminogen. Development 127 4481-4492

Lund LR, Romer J, Bugge TH, Nielsen BS, Frandsen TL, Degen JL,
Stephens RW & Dano K 1999 Functional overlap between two classes
of matrix-degrading proteases in wound healing. EMBO Journal 18
4645-4656

Lund LR, Romer ], Thomasset N, Solberg H, Pyke C, Bissell M], Dano K
& Werb Z 1996 Two distinct phases of apoptosis in mammary
gland involution: proteinase-independent and -dependent pathways.
Development 122 181-193

Marti A, Jehn B, Costello E, Keon N, Ke G, Martin F & Jaggi R
1994 Protein kinase A and AP-1 (c-Fos/JunD) are induced
during apoptosis of mouse mammary epithelial cells. Oncogene 9
1213-1223


https://doi.org/10.1017/S0022029905001202

Proteolytic enzymes in mammary development 441

McDonnell S, Wright JH, Gaire M & Matrisian LM 1994 Expression and
regulation of stromelysin and matrilysin by growth factors and onco-
genes. Biochemical Society Transactions 22 58-63

McDonnell SE, Kerr LD & Matrisian LM 1990 Epidermal growth factor
stimulation of stromelysin mRNA in rat fibroblasts requires induction
of proto-oncogenes c-fos and c-jun and activation of protein kinase C.
Molecular Cell Biology 10 4284-4293

Nam TJ, Busby W, Jr. & Clemmons DR 1997 Insulin-like growth factor
binding protein-5 binds to plasminogen activator inhibitor-I.
Endocrinology 138 2972-2978

Nguyen A & Pollard J 2000 Transforming growth factor beta3 induces cell
death during the first stage of mammary gland involution.
Development 127 3107-3118

Ossowski L, Biegel D & Reich E 1979 Mammary plasminogen activator:
correlation with involution, hormonal modulation and comparison
between normal and neoplastic tissue. Cell 16 929-940

Pepper MS, Soriano JV, Menoud PA, Sappino AP, Orci L & Montesano R
1995 Modulation of hepatocyte growth factor and c-met in the rat
mammary gland during pregnancy, lactation, and involution.
Experimental Cellular Research 219 204-210

Peters MG, Farias E, Colombo L, Filmus J, Puricelli L & Bal de Kier Joffe E
2003 Inhibition of invasion and metastasis by glypican-3 in a syn-
geneic breast cancer model. Breast Cancer Research and Treatment 80
221-232

Schedin P, Strange R, Mitrenga T, Wolfe P & Kaeck M 2000 Fibronectin
fragments induce MMP activity in mouse mammary epithelial cells:
evidence for a role in mammary tissue remodeling. Journal of Cell
Science 113 795-806

Schenk S, Hintermann E, Bilban M, Koshikawa N, Hojilla C, Khokha R &
Quaranta V 2003 Binding to EGF receptor of a laminin-5 EGF-like
fragment liberated during MMP-dependent mammary gland invol-
ution. Journal of Cell Biology 161 197-209

Schere-Levy C, Buggiano V, Quaglino A, Gattelli A, Cirio MC, Piazzon I,
Vanzulli S & Kordon EC 2003 Leukemia inhibitory factor induces
apoptosis of the mammary epithelial cells and participates in mouse
mammary gland involution. Experimental Cellular Research 282 35-47

https://doi.org/10.1017/50022029905001202 Published online by Cambridge University Press

Shelest E, Kel AE, Goessling E & Wingender E 2003 Prediction of potential
C/EBP/NF-kappaB composite elements using matrix-based search
methods. In Silico Biology 3 71-79

Shepherd T & Hassell JA 2001 Role of Ets transcription factors in mam-
mary gland development and oncogenesis. Journal of Mammary Gland
Biology and Neoplasia 6 129-140

Soriano JV, Pepper MS, Nakamura T, Orci L & Montesano R 1995
Hepatocyte growth factor stimulates extensive development of
branching duct-like structures by cloned mammary gland epithelial
cells. Journal of Cell Science 108 413-430

Stein T, Morris JS, Davies CR, Weber-Hall SJ, Duffy MA, Heath V], Bell
AK, Ferrier RK, Sandilands GP & Gusterson BA 2004 Involution of the
mouse mammary gland is associated with an immune cascade and an
acute-phase response, involving LBP, CD14 and STAT3. Breast Cancer
Research 6 R75-R91

Tonner E, Allan GJ & Flint DJ 2000 Hormonal control of plasmin and
tissue-type plasminogen activator activity in rat milk during involution
of the mammary gland. Journal of Endocrinology 167 265-273

Tonner E, Barber MC, Allan G}, Beattie J, Webster ], Whitelaw CBA &
Flint DJ 2002 Insulin-like growth factor binding protein-5 (IGFBP-5)
induces premature cell death in the mammary glands of transgenic
mice. Development 129 4547-4557

White JM 2003 ADAMSs: modulators of cell-cell and cell-matrix interac-
tions. Current Opinion in Cell Biology 15 598-606

Wiesen J, Young P, Werb Z & Cunha G 1999 Signaling through the stro-
mal epidermal growth factor receptor is necessary for mammary ductal
development. Development 126 335-344

Wiseman BS, Sternlicht MD, Lund LR, Alexander CM, Mott J,
Bissell MJ, Soloway P, Itohara S & Werb Z 2003 Site-specific induc-
tive and inhibitory activities of MMP-2 and MMP-3 orchestrate mam-
mary gland branching morphogenesis. Journal of Cell Biology 162
1123-1133

Yant J, Buluwela L, Niranjan B, Gusterson B & Kamalati T 1998 In
vivo effects of hepatocyte growth factor/scatter factor on mouse
mammary gland development. Experimental Cellular Research 241
476-481


https://doi.org/10.1017/S0022029905001202

