Molecular Biology of the Cell
Vol. 6, 851-869, July 1995

The Metalloproteinase Matrilysin Is Preferentially
Expressed by Epithelial Cells in a Tissue-restricted

Pattern in the Mouse

Carole L. Wilson, Kathleen J. Heppner, Laura A. Rudolph, and

Lynn M. Matrisian*

Department of Cell Biology, Vanderbilt University Medical School, Nashville, Tennessee 37232

Submitted July 25, 1994; Accepted May 1, 1995
Monitoring Editor: Keith R. Yamamoto

To explore the role of the matrix metalloproteinase matrilysin (MAT) in normal tissue
remodeling, we cloned the murine homologue of MAT from postpartum uterus using
RACE polymerase chain reaction and examined its pattern of expression in embryonic,
neonatal, and adult mice. The murine coding sequence and the corresponding predicted
protein sequence were found to be 75% and 70% identical to the human sequences,
respectively, and organization of the six exons comprising the gene is similar to the
human gene. Northern analysis and in situ hybridization revealed that MAT is expressed
in the normal cycling, pregnant, and postpartum uterus, with levels of expression highest
in the involuting uterus at early time points (6 h to 1.5 days postpartum). The mRNA was
confined to epithelial cells lining the lumen and some glandular structures. High con-
stitutive levels of MAT transcripts were also detected in the small intestine, where
expression was localized to the epithelial Paneth cells at the base of the crypts. Similarly,
MAT expression was found in epithelial cells of the efferent ducts, in the initial segment
and cauda of the epididymis, and in an extra-hepatic branch of the bile duct. MAT
transcripts were detectable only by reverse transcription-polymerase chain reaction in
the colon, kidney, lung, skeletal muscle, skin, stomach, juvenile uterus, and normal,
lactating, and involuting mammary gland, as was expression primarily late in embryo-
genesis. Analysis of MAT expression during postnatal development indicated that al-
though MAT is expressed in the juvenile small intestine and reproductive organs, the
accumulation of significant levels of MAT mRNA appears to correlate with organ
maturation. These results show that MAT expression is restricted to specific organs in the
mouse, where the mRNA is produced exclusively by epithelial cells, and suggest that in
addition to matrix degradation and remodeling, MAT may play an important role in the
differentiated function of these organs.

INTRODUCTION

Matrix metalloproteinases (MMPs) comprise a family
of enzymes that are capable of degrading the major
components of the extracellular matrix (ECM) under
physiological conditions (reviewed in Alexander and
Werb, 1989; Matrisian, 1990, 1992; Woessner, 1991).
Changes in the ECM can have a profound effect on a
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wide variety of cellular responses, from adhesion and
proliferation to cell migration and differentiation.
MMPs have been implicated in several normal pro-
cesses of tissue remodeling, such as embryonic devel-
opment, wound healing, trophoblast implantation,
and organ morphogenesis, as well as various disease
states, including tumor invasion and metastasis, rheu-
matoid arthritis, and osteoporosis. The MMPs are
grouped loosely by substrate specificity and include
the collagenases, the 72- and 92-kDa gelatinases, and
the stromelysins, which include the stromelysin-like
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enzyme matrilysin (MAT). In general, the stromelysin
class of MMPs can degrade a broad range of sub-
strates, such as fibronectin, laminin, elastin, denatured
collagen and collagen fragments, and proteoglycans
(reviewed in Birkedal-Hansen et al., 1993). MAT is
structurally distinct from the other known MMPs in
that it consists of only the three domains essential for
activity: the signal or presequence to direct secretion
of the zymogen from the cell, the prosequence to
maintain latency, and the Zn**-binding catalytic do-
main. The other MMPs contain at least one additional
domain that is not required for proteolytic activity but
may influence substrate specificity. For example, the
carboxy-terminal vitronectin-like domain in collage-
nase endows this enzyme with the ability to recognize
and cleave fibrillar collagens (Murphy et al., 1992;
Hirose et al., 1993).

Human MAT was originally cloned from a cDNA
library prepared from a mixture of human tumors
(Muller et al., 1988), and recently was isolated from
mesangial cells (Marti et al., 1992). Characterization of
the genomic structure showed that organization of the
first five exons of the six that comprise the human
gene is similar to other MMP family members (Gaire et
al., 1994). Furthermore, the MAT promoter contains
conserved AP-1 and PEA3 elements, which in part
mediate the up-regulation of MAT transcripts in re-
sponse to epidermal growth factor and phorbol esters
(Gaire et al, 1994). MAT was originally termed
pump-1 (putative metalloproteinase) based on its ho-
mology to stromelysin-1 and the collagenases; recom-
binant pump-1 protein expressed in COS cells (Quan-
tin et al., 1989) was found to have identical properties
to a small uterine MMP (ump) isolated from the rat
(Sellers and Woessner, 1980). In the rat uterus, MAT
activity peaks on the day after parturition, suggesting
that the enzyme is involved in involution, or resorp-
tion, of the uterus (Woessner and Taplin, 1988; Quan-
tin ef al., 1989).

Although expression of MAT has been associated
primarily with neoplastic lesions (Basset et al., 1990;
McDonnell et al., 1991; Pajouh et al., 1991; Newell et al.,
1994), evidence for its expression in normal human
tissues is beginning to accumulate. For example, in the
menstrual cycle, MAT mRNA and protein localize to
the glandular epithelium of the endometrium during
the proliferative, late secretory, and menstrual phases
(Rodgers et al., 1993). Recently, the protein has been
found in the outer root sheath of the hair follicles and
in the eccrine glands of adult skin (Karelina et al.,
1994). In these examples, MAT is restricted to the
epithelial component, whereas the majority of other
MMPs are produced primarily by mesenchymal cells
in the stroma (reviewed in Crawford and Matrisian,
1995). The ability of MAT to digest basement mem-
brane components laminin, type IV collagen, and en-
tactin in vitro (Miyazaki et al., 1991, Murphy et al.,
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1991; Sires et al., 1993) points to a role for this enzyme
in basement membrane degradation.

The unique structure of the MAT protein and its
pattern of localization to epithelial tissues in some
normal and pathological conditions suggest that this
MMP may function in tissue reorganization in vivo in
a manner distinct from that of other MMPs. An un-
derstanding of the role of MAT in normal tissue re-
modeling could provide insight into the role of this
enzyme in tumor progression. The mouse is an ideal
model system in which to explore the functions of
MAT in vivo, particularly because this organism can
be genetically manipulated. Therefore, we cloned the
cDNA and gene for murine MAT to compare with the
human sequence, and examined its expression in nor-
mal tissues in the mouse.

MATERIALS AND METHODS

Tissue Preparation and RNA Extraction

Uterine and mammary tissue, as well as embryos at different stages
of development, were obtained from outbred ICR mice. Other tis-
sues were dissected from C57BL/6N mice or B6/DBA F, hybrids.
Mice at 8 wk of age were considered to be adult, and the day on
which pups were found was designated the P1 stage. In females,
stages of the estrus cycle were determined by histological analysis of
vaginal smears as described by Rugh (1968). Animals were killed by
cervical dislocation under inhalation anesthesia, and dissected tis-
sue to be used for RNA extraction was quickly frozen on dry ice or
in liquid nitrogen. Tissue was homogenized in a guanidinium thio-
cyanate-acid phenol solution, and total RNA was extracted essen-
tially as described by Chomczynski and Sacchi (1987). Tissues to be
used for in situ hybridization were immediately fixed in either
formalin or fresh 4% paraformaldehyde in phosphate-buffered sa-
line (PBS). Tissues were then dehydrated and processed for embed-
ding in paraffin by standard procedures. Specific regions of the
small and large intestines were identified according to the anatom-
ical guide to laboratory animals published by Popesko et al. (1992).
Tissue was dissected from approximately the middle of each region
as mapped in the guide.

¢DNA Cloning

The 3’ end of the cDNA for murine MAT was cloned using the 3’
rapid amplification of cDNA ends (RACE) technique as described
by Frohman et al. (1988). Primers used for these studies were gen-
erated in the Vanderbilt University Medical Center Oligonucleotide
Synthesizing Facility, unless otherwise noted. Other reagents for 3’
RACE were obtained from Perkin-Elmer (Norwalk, CT). Approxi-
mately 1 ug of total cellular RNA isolated from day 1 postpartum
uterus was mixed with the following reagents in a final volume of
20 ul: 5 mM MgCl,, 10 mM Tris-HCI, pH 8.3, 50 mM KCl, 500 uM
each dNTP, 20 U RNase inhibitor, 50 U Moloney murine leukemia
virus reverse transcriptase, and 0.5 ug of an adaptor-poly d(T)
primer [5'-GACTCGAGTCGACGCGGCCGC(T),7-3']. The adaptor
sequence contained Xhol, Sall, and Notl restriction enzyme sites as
part of the polymerase chain reaction (PCR) and cloning strategy.
Reverse transcription (RT) was carried out at 45°C for 1 h, then
repeated with additional reverse transcriptase. The reaction was
diluted to 50 ul, and 1 ul was used for PCR amplification under the
following conditions: 0.5-5.0 mM MgCl,, 10 mM Tris-HCl, pH 8.3,
50 mM KCl, 200 uM each dNTP, and 25 pmol of each primer in 50
wl final volume. The forward primer was derived from the begin-
ning of the exon 3 sequence (MMEX3; see below) and contained a
Hindlll site at the 5’ end (5'-GCAAGCTT-CTTACCTCGGATCG-
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TAGTGGA-3'), whereas the reverse primer was specific for the
adaptor sequence (5'-GACTCGAGTCGACGCGGCCGC-3'). The
initial reaction consisted of a 40-min extension as described by
Frohman et al. (1988). Forty cycles of PCR were then carried out (1
min at 95°C, 1 min at 55°C, and 3 min at 72°C), followed by
extension at 72°C for 15 min. Twenty-five microliters of each sample
was electrophoresed in a 1% agarose gel. Although products could
not be visualized by ethidium bromide staining, two closely migrat-
ing bands of approximately 700 bp were detected by Southern
blotting and hybridization with a radiolabeled MMEX3 fragment
(see below) in the PCR reaction that contained 3 mM MgCl,. The
remainder of that PCR reaction was digested with HindIII and XkoI,
ligated into an appropriately cut pGEM7Zf(+) vector, and used to
transform competent DH5a bacteria. Colonies were screened by
hybridization with MMEX3. Three positive clones were identi-
fied, one of which was shown to contain murine MAT sequence
(MMAT2) by Southern blotting and dideoxy sequencing (Sequenase
Version 2.0 DNA Sequencing kit, United States Biochemical, Cleve-
land, OH). The poly A tail was removed by cleavage at an ApaLl site
following the polyadenylation sequence to yield the plasmid
pGEM7-MMATAH. The cDNA fragment was excised from this
g)lasmid with HindIII and Apal for use as a hybridization probe. All
2P-labeled probes were prepared using a random priming kit
(Boehringer Mannheim, Indianapolis, IN). Restriction enzymes
were purchased from either Promega (Madison, WI) or New En-
gland Biolabs (Beverly, MA).

The 5" RACE System from Life Technologies (Gaithersburg, MD)
was used for cloning the 5’ end of murine MAT cDNA, again from
1 pg of total RNA from day 1 postpartum uterus. RNA was mixed
with 2 pmol of the reverse primer derived from the exon 6 sequence
(5'-CCAGTGAGTGCAGACCGT-3'); RT, dCTP tailing, and DNA
purification were performed as directed by the manufacturer. PCR
amplification was carried out as described for 3' RACE, except 2.5
mM MgCl, and 20 pmol of each primer were used. The forward,
or anchor, primer (Life Technologies; 5'-CUACUACUACUAG-
GCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3') contained
three restriction enzyme sites, Mlul, Sall, and Spel, and could anneal
to the poly C tail on the cDNA by virtue of the stretch of G bases.
The reverse primer contained a sequence spanning the boundary
between exons 3 and 4 in MMAT2 as well as an Xhol restriction
enzyme site (5'-GCCTCGAG-CTGTCTCCATGATCTCTCCT-3').
Forty cycles of amplification were performed using the same pa-
rameters as for 3' RACE. One-half of the PCR reaction was purified
using the WIZARD PCR Prep Purification System (Promega) and
used for a second round of amplification (30 cycles). For this round,
the Universal Amplification Primer in the 5' RACE kit was used as
the forward primer (5'-CUACUACUACUAGGCCACGCGTCGAC-
TAGTAC-3'). A product of ~600 bp was detected by gel electro-
phoresis, Southern blotting, and hybridization with a radiolabeled
fragment containing exon 2 from the murine gene (see below). The
DNA was purified using a WIZARD-PCR column, cut with Xhol
and Mlul, and ligated into pGEM7Zf(+) linearized with the same
enzymes. Colonies obtained after transformation were screened by
hybridization using the exon 2 genomic fragment. By sequencing,
three positive clones were obtained, one of which contained a
sequence corresponding to exons 1, 2, and 3 (MMATT1); the other 2
clones were missing exon 1 sequence and were not analyzed further.

Isolation and Southern Blot Analysis of
Genomic Clones

A 22001 library prepared from strain C3H genomic DNA (obtained
from C.V.E. Wright, Vanderbilt University) was screened at low
stringency (35% formamide, 35°C hybridization, 37°C washes) us-
ing a radiolabeled human MAT cDNA fragment (Muller et al., 1988).
From the single positive clone obtained, a 500-bp AccI fragment was
subcloned into pGEM7Zf(+) and sequenced, and was shown to
contain exon 3 based on homology to the human MAT sequence. A
200-bp NiaIV fragment from this subclone was ligated into a Smal-
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cut pGEM7Zf(+) vector and the construct was called MMEX3. The
clone contained all 149 bp of exon 3, and 15 bp and 11 bp of 5’ and
3’ flanking intron sequence, respectively.

The MMEX3 fragment was used to probe a AFIXII mouse genomic
library prepared from strain 129/Sv DNA (Stratagene, La Jolla, CA)
under high stringency conditions. Three identical clones were iden-
tified, one of which was used for DNA isolation. The insert of
approximately 15 kb was excised with NotI and subcloned into
pGEMS5Zf(+). From this plasmid other subclones were generated
for mapping and sequencing of the gene: pPGEM7-MuPB1, contain-
ing a 6.5-kb BamHI fragment (exons 2, 3, 4, 5, and 6); pGEM5-
MuPNRYV, containing a 6-kb NotI-EcoRV fragment (exons 1, 2, and
most of 3); pPGEM7-MMATGEX1, containing a 700-bp EcoRI-Sphl
fragment (exon 1); and PGEM7-SRVHE, containing a 500-bp Hin-
dIII-EcoRI fragment (exon 2). Exons were mapped by restriction
enzyme digestion and Southern blotting using mouse MAT cDNA
fragments and a XhoI-BstEII fragment from the human cDNA con-
taining sequence corresponding to exons 1 and 2. Exon-intron
boundaries were determined by sequencing and comparison to the
murine cDNA and to the human gene.

Northern Blotting

Ten to 20 ug of total cellular RNA were electrophoretically sepa-
rated in 1% agarose gels containing formaldehyde and morpholin-
opropanesulfonic acid buffer, and transferred to nitrocellulose. Blots
were hybridized at 42°C under high-stringency conditions (50%
formamide and 5x SSC) using the radiolabeled MAT cDNA frag-
ment from pGEM7-MMATAH. Washes were carried out at 50°C in
0.1x SSC. After stripping the blot, hybridization with cDNA corre-
sponding to the mouse cytoplasmic 7S RNA (Balmain et al., 1982)
was used to control for loading.

RT-PCR

MAT transcripts were amplified from approximately 0.25-0.5 ug of
total RNA using the Thermostable rTth Reverse Transcriptase RNA
PCR Kit (Perkin-Elmer) as described by the manufacturer. The
forward primer was derived from cDNA sequence that spans exons
4 and 5 (5'-GTGAGGACGCAGGAGTGAAC-3') and the reverse
primer from the 3’-untranslated region in exon 6 (5'-ACAGGTG-
CAGCTCAGGAAGG-3'). An annealing temperature of 63°C was
used both for the RT reaction and for 35 cycles of PCR, giving rise
to a product of 292 bp. For most tissue RNAs, mouse glyceralde-
hyde phosphate dehydrogenase was amplified in a separate reac-
tion to verify the presence of intact mRNA. The forward and reverse
primers used were 5-TGAAGGTCGGTGTGAACGGATTTGGC-3'
and5'-CATGTAGGCCATGAGGTCCACCAC-3, respectively, yield-
ing a product of 983 bp. For embryonic RNAs, amplification of
murine 72-kDa gelatinase mRNA was used as the control (forward
primer, 5'-GGTGGCAATGCTGATGGACA-3'; reverse primer, 5'-
TTGGTTCTCCAGCTTCAGGT-3).

Riboprobe Preparation and In Situ Hybridization

Plasmid pGEM7-MMATAH (containing MMAT2 sequence but
lacking the poly A tail) was linearized with Apal to generate the

.antisense MAT riboprobe using T7 RNA polymerase. The HindIII-

Apal fragment from pGEM7-MMATAH was subcloned into the
Bluescript KS vector to use the same polymerase to prepare the
sense-strand riboprobe from HindlIl-linearized template. Plasmid
D4CL9B containing 421 bp of the cDNA for cryptdin-1 in Bluescript
SK(—) was generously provided by A. Ouellette (Harvard Medical
School, Boston, MA). To generate templates for transcription using
either T3 (antisense) or T7 (sense) RNA polymerase, the plasmid
was linearized with HindIIl or BamHI, respectively. In vitro tran-
scription was performed using [**S]JUTP (Amersham, Arlington
Heights, IL).

853



C.L. Wilson et al.

Sections of each tissue from 5-7 um were treated as described
previously (McDonnell et al., 1991), except that prehybridization of
the slides, as well as hybridization, was carried out at 50°C. For
autoradiography, slides were dipped in photographic emulsion
(type NTB2; Kodak, Rochester, NY) and exposed for 5 days to 3 wk.
After exposure, the slides were developed and the sections coun-
terstained with either 0.2% toluidine blue or Mayer’s hematoxylin.

BrdU Immunohistochemistry

Mice were injected intraperitoneally with 5-bromo-2-deoxyuridine
(BrdU; Sigma) in 10 mM PBS at 50 mg/kg body weight. After 1 h,
animals were killed and the small intestine was removed and fixed
in 4% paraformaldehyde. Tissue was embedded in paraffin and
sectioned. Staining for BrdU was performed essentially as described
previously (Ward et al., 1988). Briefly, sections were incubated with
a 1:400 dilution of a monoclonal rat antibody against BrdU (Accu-
rate Chem. and Sci., Westbury, NY) in PBS, followed by a 1:100
dilution of biotinylated rabbit anti-rat antibody (Vector Laborato-
ries, Burlingame, CA) in PBS. Labeled cells were visualized using an
avidin-biotin peroxidase complex (Vectastain ABC kit, Vector Lab-
oratories) and AEC chromogen (Biomeda, Foster City, CA). Sections
were counterstained with Mayer’s hematoxylin.

RESULTS

Cloning of the Mouse MAT cDNA and Gene

The murine homologue of MAT was cloned from
postpartum uterus using the RACE technique (Fro-
hman et al., 1988) to amplify the 5’ and 3’ ends from
reverse-transcribed cDNA in two separate steps. Uteri
were removed from several outbred ICR mice 1 day
after parturition, and total RNA was isolated. To clone
the 3’ end of the cDNA, an adaptor-poly d(T) primer
was used for RT from the mRNA. The resulting cDNA
served as a template for PCR amplification of se-
quence between a primer specific for the adaptor se-
quence at the 3’ end and an MAT-specific primer as
described in MATERIALS AND METHODS. The
MAT-specific primer was derived from a sequence
contained in the third exon of the mouse gene
(MMEXS3; Figure 1B), which was isolated by screening
a mouse genomic library with the human MAT cDNA
under low stringency conditions. RACE products
were analyzed by gel electrophoresis and Southern
blotting. A single clone (MMAT2) was found that
hybridized to the MMEX3 probe and was a fragment
of approximately the expected size (~700 bp; Figure
1A), based on the human cDNA. Sequences corre-
sponding to most of exon 3 and all of exons 4, 5, and
6 were identified after the fragment was cloned into a
PGEM vector, sequenced, and compared with the hu-
man cDNA and gene. The sequence was verified on
both strands using two subclones (MMAT2a and
MMAT2b) of MMAT?2 (Figure 1A).

Sequence upstream of exon 4 was obtained using
the 5 RACE strategy as outlined in MATERIALS
AND METHODS. This technique involves tailing the
initial ¢cDNA strand with dCTP, followed by PCR
amplification with a gene-specific primer derived
from MMAT?2 sequence and an adaptor primer capa-
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ble of annealing to the poly C tail. The 5 RACE
product (MMAT1; Figure 1A) was shown to contain
sequence corresponding to exons 1, 2, and 3 by com-
parison to the human sequence. Together, MMAT1
and MMAT2 comprise a cDNA of 1072 bp, of which
the coding sequence is 75% and 90% identical to hu-
man and rat MAT cDNA, respectively.

Using MMEX3 as a probe, a murine MAT genomic
DNA clone was isolated from a library prepared
from strain 129/Sv DNA. MMAT?2, several deriva-
tive fragments of MMAT2, and a segment of the
human cDNA corresponding to exons 1 and 2 were
used to map subclones of the original A clone. Or-
ganization of the exons within the genomic DNA is
schematically represented in Figure 1B, along with
the strategy used for sequencing. Like the human
gene (Gaire et al., 1994), six exons comprise the
mouse gene and each exon is composed of the same
number of nucleotides, with two exceptions (Table
1): exon 1 contains 157 bp, rather than 155, and exon
6 is shorter by 51 bp in the mouse (248 bp) in
contrast to the human (299 bp; Gaire et al., 1994).
The size of each intron listed in Table 1 was esti-
mated by restriction enzyme mapping and Southern
blotting of the genomic subclones. Note that the
exact size of exon 1 as reported here is based on the
cDNA obtained by RT-PCR, and has not been con-
firmed by primer extension analysis of the mRNA.
However, genomic sequence upstream of exon 1
shows that the center of the TATA box (i.e., at the
second T) in the promoter is at position —20 relative
to the proposed start site of transcription (our un-
published results), which falls within the consensus
range (—36 to —20) determined by Bucher (1990).
This observation suggests that MMAT1 most likely
contains a full-length 5'-untranslated region.

The sequence of the exons derived from subclones
of the original genomic segment is compared with
the mouse cDNA sequence in Figure 1C. There ap-
pear to be seven nucleotide differences between the
c¢DNA and genomic sequences, five of which are
confined to the 5'- and 3’-untranslated regions in
exons 1 and 6, respectively. In exon 4, there are two
positions in which there is an A in the cDNA but a
G in the gene. The first difference, at nucleotide 631,
is in the wobble position in the codon for lysine, and
does not affect the amino acid residue. In contrast,
the nucleotide difference at position 651 results in
substitution of an aspartic acid residue for a glycine
residue encoded by the genomic sequence. Because
this amino acid change is not conservative, and a
glycine residue is encoded at this position in both
the rat and human cDNAs, it is probable that the
nucleotide difference at position 651 is due to an
error in replication by TAQ polymerase in the 3’
RACE procedure. Although the other six differences
may be due to replication errors as well, changes in
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the noncoding regions also can be ascribed to dif-
ferences in sequence between the mouse strains
used for cloning the cDNA and the gene (ICR and
129/Sv, respectively).

Both the mouse and rat MAT cDNAs differ from
the human sequence in several ways. First, the ro-
dent sequences contain two in-frame ATG codons in
exon 1 at bp positions 41 and 50 (34 and 43 in the
rat), which are boxed in Figure 1C. Only the latter
codon is found in the human cDNA. The context in
which the first codon occurs in the rodent sequences
is not as favorable as the second for translation
initiation, according to the scanning-model guide-
lines outlined by Kozak (reviewed in Kozak, 1989).
The downstream ATG codon contains a highly con-
served purine residue at position —3, whereas the
upstream codon contains a T at this position; a
purine at —3 is usually indicative of a strong initi-
ation codon (Kozak, 1989). Initiation from the up-
stream ATG would result in a protein product con-
taining a three-amino acid extension at the amino-
terminus of the pre domain, as depicted in Figure 2.
Second, translation of MAT protein in both the
mouse and the rat terminates early with respect to
the human; the codon at position 839 (835 in the rat)
is followed by two adjacent termination codons
(Figure 1C), resulting in a protein which is three
amino acids shorter than the human gene product
(Figure 2). However, recombinant human MAT pro-
duced in Chinese hamster ovary cells and its corre-
sponding activated form lack the three carboxy-
terminal amino acids encoded by the human gene
(Barnett et al., 1994), suggesting that these residues
do not contribute to the known biological activity of
MAT. Lastly, the rodent cDNAs and the murine
gene contain one polyadenylation consensus se-
quence (boxed in Figure 1C), in contrast to two sites
that were recently reported for a human cDNA de-
rived from mesangial cells (Marti et al., 1992) and for
the human gene (Gaire et al., 1994).

As might be expected, the murine and rat deduced
amino acid sequences are more homologous to each
other (87%) than either sequence is to the human
(70%). The consensus PRCGVPDV sequence in the
prodomain containing the cysteine residue involved
in enzyme latency is perfectly conserved among the
three species (Figure 2). In addition, positioning of
the histidine residues that coordinate the zinc
atom in the sequence HEXGHXXGXXH is also main-
tained. The protein product from all three species,
mouse, rat, and human, is predicted to contain a
threonine residue that immediately precedes the
HEXGHXXGXXH region and is not found in other
MMPs (arrow, Figure 2; Birkedal-Hansen et al.,
1993).
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Expression and Localization of MAT mRNA in
Female Reproductive Organs

The rodent postpartum uterus undergoes rapid invo-
lution as the organ returns to pre-pregnancy size, a
process that requires approximately 5 days (reviewed
in Mullins and Rohrlich, 1983). MAT is expressed in
the rat uterus immediately after parturition, but is
undetectable by day 5 (Sellers and Woessner, 1980;
Woessner and Taplin, 1988; Quantin et al., 1989). As a
matrix-degrading metalloproteinase, MAT may have
an important role in remodeling of this tissue dur-
ing involution. To determine whether MAT is ex-
pressed in the mouse postpartum uterus in a man-
ner similar to the rat, a Northern analysis of total
RNA at different time points was performed using
radiolabeled MMAT2 c¢cDNA as a probe. MAT tran-
scripts of approximately 1.1 kb were abundant from
6 h to 1.5 days postpartum, with message levels
decreasing at days 2.5 and 3.5 (Figure 3A). By day
4.5, little, if any, mRNA could be detected; the size
of the uterus was also indistinguishable from that of
nonpregnant animals at this time point. MAT ex-
pression does occur in the uterus of both virgin and
pregnant animals, but at a lower level than that in
the involuting uterus (Figure 3B). MAT mRNA was
detectable in the uterus of 4- and 5-wk old females
by RT-PCR, but not by Northern blotting (Table 2),
suggesting that a high level of MAT expression
correlates with the onset of the estrus cycle. The
specific stage(s) of the cycle during which MAT is
expressed is currently under investigation (Rudolph
and Matrisian, unpublished data).

The difference in overall morphology between the
uterus at 1.5 days versus 3.5 days postpartum is ap-
parent in the bright-field photographs in panels A and
B of Figure 4. The uterus becomes reduced in size
primarily through loss of collagen (Harkness and Mo-
ralee, 1956), and a marked decrease in the surface area
of the lumenal epithelium can be observed (Figure 4).
MAT transcripts were localized in transverse sections
of involuting uterus by in situ hybridization. As
shown in Figure 4, panel C, hybridization of the anti-
sense riboprobe was intense and continuous along the
epithelium lining the lumen of the uterus at 1.5 days.
A similar pattern of expression was observed in the rat
using a rat MAT riboprobe (our unpublished results).
High-power magnification (Figure 4, panel E) of the
section clearly shows silver grains only in the epithe-
lial cells. In addition, hybridization was observed in
some glands of the uterus (see Figure 4, panel C). At
3.5 days postpartum (Figure 4, panels D and F), hy-
bridization was greatly diminished. MAT localizes to
the lumenal epithelium in uterus samples from adult
virgin and pregnant animals as well (our unpublished
results).
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A 3' RACE Product
MMAT2
3a 4 | 5 | 6
fias 1 1 jAAAA
5' RACE Product
Y A —
MMATI
<
1 2 3 +
CCCCDI !, !‘? 3 B E b | 6
a a
: 4—‘—5. [ T [ 1 JAAAA
<—= o > o >
< 1] 3 8]
MMAT2a MMAT2b

500 bp

cDNA 1 CGGAAAACATCAAAGTAGCTCTGAGAACAATCGCCT’G’I*I@SCAGC’I@AGCTCACCCTGTTCTGCT‘I‘TGTGTGTC
GENE AG

112
81 TGCTGCCAGGCCACCTGGCCCTGC CACTGTCCCAGGAAGCTGGAGA‘IGTGAGCGCACATCAGTGGGAACAGGCTCAG‘AAT
161 TATCTTAGAAAATTTTACCCTCATGACTCTAAAACAAAGAAGGTCAATAGTCTAGTGGACAACCTCAAGGAAATGCAGAA

241 GTTCTTTGGCCTGCCCATGACTGGAAAACTCTCCCCCTACATCATGGAAATAATGCAGAAACCTAGGTGTGGAGTGCCAG
213
321 ATGTTGCAGAATACTCACTAATGCCAAACAGTCCAAAATGGCATTCCAGAATTGTCACCTACA( TTGTATCCTATACT

401 TCAGACTTACCTCGGATCGTAGTGGATCAAATCGTGAAAAAAGCTCTCAGAATGTGGAGTATGCAGATCCCACTGAACTT
»

3|4
481 CAAGAGGGTTAGTTGGGGGACTGCGGATATCATAATTGGC TTCGCAMA&#KAMAMCTTCCCCTTTGATG
L

561 GGCCAGGGAACACTCTAGGTCATGCCTTCGCACCTGGGCCAGGCCTAGGCGGAGATGCTCACTTTGACAAAGATGAGTAC
G

415
641 IGGACTGATGATGAGGACGCAG*SAG‘IGAACTTCCTG TTTGCTGCCACCCATGAATTTGGCCACTCTCTGGGTCTGAGTCA
G

(ASP — GLY)
721 CTCTTCTGTTCCCGGTACTGTGATGTACCCTACCTATCAAAGAGACTACTCAGAAGACTTCAGTCTTACAAAGGACGACA

5|6
801 TTGCAGGCATTCAGAAGTTATA AAAGAGGAACACGC t ATGCAGACAGATCACAGAAACGGTCTGCACTCA
. €
881 CTGGGTCCTCCATTGCATCCCTCAGCTGGCATGAACAAATGCCCTTCCTGAGCTGCACCTGTCTCCCTCTTCCTTGTGCT
C T

961 GTGGATGGATTTTGCACATCCCTCTGAGGGTCATCTTGACGGAATGATTCTGACTAATCTCAGGTAACATGAAGTTGCGA

G
1041 GACATCAA@TGTCATGTGCACAAATA

Figure 1.
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Table 1. Exon-intron junctions in the mouse matrilysin gene

Exon/intron Exon-intron junctions Exon size (bp) Intron size (bp)
o ...CTCAGgtatatcctt 157 ~2300
2 tgtctaccagAATTA... ...TACAGgtgaggctca 227 ~200
3 gtgccttcagAATTG... ...GAGAGgtaagaatgg 149 ~450
4 ctgtttgcagATCAT... ...CGCAGgtacagtatc 129 ~1350
5 ctgtctgtagGAGTG... ...ATATGgtaataatca 162 ~1400
6 ttcttatcagGAAAG... ...AAATA.....c.c... 248

Exons were mapped in the genomic subclones described in the MATERIALS AND METHODS. Mapping was performed by restriction
enzyme digestion and Southern hybridization using the mouse and human cDNAs as probes. Exon and partial intron sequence was obtained
using the primers indicated in Figure 1B for sequencing. Exon-intron boundaries were located by the GT/AG rule and comparison to the
cDNA sequence. Intron sizes were estimated on agarose gels from the distance in base pairs between diagnostic restriction enzyme sites in
the exons.

Because the mammary gland also undergoes major
changes during juvenile development, pregnancy, lac-
tation, and involution (reviewed in Neville and
Daniel, 1987), we analyzed total RNA extracted from
the left inguinal and thoracic mammary glands by
RT-PCR for MAT expression at different stages in the
reproductive cycle. Using primers derived from the
exon 4/5 sequence and the 3’-untranslated region, the
expected 292-bp product was detected from tissue at
metestrus Il and during lactation (6 h, 2.5 days, and 5.5
days postpartum) and involution (3 days post-wean-
ing) (Table 2). However, the level of expression ap-
pears to be very low, because transcripts could not be
localized by in situ hybridization or detected by
Northern blotting (Table 2). The stages at which MAT
is expressed in the uterus and mammary gland are
summarized in Table 2.

Analysis of MAT Expression in Major Adult Tissues

Other major organs in the adult mouse were examined
by Northern blotting of total RNA to determine
whether MAT is expressed in normal tissue. As shown

in Figure 5, a high level of expression, comparable to
that in the postpartum uterus, was evident only in the
small intestine. MAT transcripts were not usually de-
tectable in other organs of the gastrointestinal tract
(colon and stomach). RNA extracted from the male
gonad, which includes the testis, epididymis, and ex-
tra-testicular ducts, showed variability in the profile of
bands obtained among individual animals. For exam-
ple, in sample A, a band at approximately 1.1 kb was
present at low intensity; in sample B, at least two
higher molecular weight bands hybridized weakly to
the MMAT2 ¢cDNA probe, but not the expected 1.1-kb
band. It should be noted that several high molecular
weight bands hybridize to the same probe in total
RNA from the small intestine and involuting uterus
(arrowheads, Figure 5). However, as shown in Figure
6, the expected 292-bp product was generated by RT-
PCR of total RNA from the sample B gonad (compare
with postpartum uterus and small intestine). Several
organs that were negative for MAT expression by
Northern analysis, namely the colon, kidney, liver,
lung, skeletal muscle, skin, and stomach, also showed

Figure 1 cont. Sequence analysis of murine MAT cDNA and structure of the gene. (A) The exon boundaries in the 5’ and 3' RACE products
(MMAT1 and MMAT?, respectively) are denoted by the vertical bars. MMAT1 (546 bp) contains sequence corresponding to exons 1, 2, and
3, and 13 nucleotides of exon 4 (designated 4a). The poly C tail was added to the 3’ end of the noncoding strand as part of the PCR cloning
strategy. MMAT2 (666 bp) contains sequence corresponding to all but 21 nucleotides of exon 3 (designated 3a), and exons 4, 5, and 6, as well
as the poly A tail. Sequence overlap between MMAT1 and MMAT? is indicated by the stippled boxes. The 3' RACE product was cleaved at
the Mscl restriction site in exon 5 and the resulting fragments (MMAT2a and MMAT2b) were subcloned for sequencing on both strands. The
location of primers used for sequencing and the extent of sequence determined are shown by the arrows. A solid box on the arrow indicates
a sequence-specific primer, and an open box indicates a universal primer (SP6, T7, or T3). (B) An 8.5-kb fragment from the genomic clone
containing the exons (stippled boxes) in the gene is diagrammed. Primers derived from the 5' and 3’ ends of each exon as indicated were
used for dideoxy sequencing. Exon and partial intron sequence was obtained from genomic subclones as detailed in MATERIALS AND
METHODS. The MMEX3 fragment, which was isolated from the C3H genomic library and contains all of exon 3 and 26 bp of flanking intron
sequence, was used to derive the RACE primers and to probe the 129/Sv library. B = BamH]I, H = HindIll, RI = EcoRI, and S = Sphl. (C)
The cDNA sequence from MMAT1 and MMAT?2 is shown compared with exon sequence derived from the genomic clone. The two possible
translation initiation codons are boxed, as well as the termination codons (TGATAG) and polyadenylation consensus sequence (AATAAA).
The A at position 651 in the cDNA gives rise to an aspartic acid residue, whereas the G at this position in exon 4 of the gene encodes a glycine,
as indicated. Nucleotides comprising the gene-specific primers used in the 5’ («-) and 3’ (—) RACE techniques are underlined. GenBank
accession numbers: 136244 (cDNA), L36243 (genomic exon 1), L36242 (genomic exon 2), L36241 (genomic exon 3), L36240 (genomic exon 4),
L36239 (genomic exon 5), L36238 (genomic exon 6).
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(MAA) MQLTLFCFVCLLPGHLA.L‘PLSQEAGDVSAHQWEQAQNYLRKFY PHDSKTK

mouse Figure 2. Comparison of the deduced amino
;at R R; c ETL L acid sequences of mouse, rat, and human
uman  --- MR VL S P GM EL D KR LY E MAT. The predicted amino acid sequence of
o mouse MAT is shown compared with the rat

mouse  KVNSLVDNLKEMOKFFGLPMTGKLSPYIMEIMQKPRCGVPDVAEYSLMPNSPKW and human sequences. Only the amino acid
rat AT A K R E RV F residues of rat and human MAT that differ
human NA EAK I M NSRVI F from the murine sequence are depicted. In the

mouse and rat, initiation of translation at the
first ATG in Figure 1C would result in the

mouse HSRIVTYRIVSYTSDLPRIVVDQIVKKALRMWSMQIPLNFKRVSWGTADIIIGF three additional residues (MAA) shown in
rat T T FL R parentheses at the amino terminus. The puta-
human T KV RO HT RLS N GKE HRKYV M tive boundaries of the pre and pro domains
are indicated by the solid and open arrows,

mouse ARRDHGDSFPFDGPGNTLGHAFAPGPGLGGDAHFDKDEYWTDGEDAGVNFLFAA he%&eé%‘ﬁxb’c){;;cg;‘qsﬁgﬁ spflgcil\:\l;le)r\l,l ::i
i:rian gA NY a T E R SSE I YV and the T residue unique to MAT is deno?ed
by an arrow. The arrowhead marks the amino

’ acid residue (G) in the mouse sequence,

mouse  THEFGHSLGLSHSSVPGTVMYPTYQRDYSEDFSLTKDDIAGIQKLYGKRNTL---  Wwhich is the same as that encoded by the rat
rat L G ss G H K -— and human cDNAs and murine gene, but dif-
human L MG D NA GNGDPQN K SQ K SNSRKK fers from that encoded by the murine cDNA.

low levels of the 292-bp product (Figure 6). Southern
blotting and hybridization with MMAT2 ¢DNA veri-
fied that this product originated from MAT mRNA
(our unpublished results). Brain, heart, and spleen
were consistently negative by both Northern and RT-
PCR analysis.

We used in situ hybridization to localize MAT
mRNA in organs that showed expression by Northern
and RT-PCR analysis. In the small intestine, expres-
sion was detected in the duodenum, jejunum, and

A Post-partum Uterus Post-
Hours Days Virgin _Pregnant partum

6 Adult _8.5d 16.5d 1.5d

12 20 1.5 25 35 45 55

MAT

Figure 3. MAT expression in the uterus. Total cellular RNA was
isolated from the uterus of one animal at each time point indicated.
The MAT transcript at approximately 1.1 kb was detected by North-
ern blotting and hybridization with radiolabeled mouse MAT
cDNA. The blot was stripped and re-probed for cytoplasmic 7S
RNA as a control for equal loading. Each lane contains 10 ug of total
RNA. RNA isolated from the uterus at different time points after
parturition is shown in panel A, with day 0.5 defined as noon on the
day when pups are first found. RNA from the uterus of adult virgin
and pregnant animals is shown in comparison to the postpartum
uterus in panel B.
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ileum (Figure 7, panels A-C). Transverse sections of
each region revealed a pattern of hybridization that
circumscribed the base of the tissue and was less
intense in the duodenum (Figure 7, panel A) in con-
trast to the jejunum (Figure 7, panel B) and ileum
(Figure 7, panel C). Sense-strand riboprobes did not
hybridize to the sections, as shown for the ileum in
Figure 7, panel D. Furthermore, expression was not
detected in any region of the colon (Figure 7, panel E),
although the mRNA could be detected by RT-PCR
(Figure 6).

Table 2. Expression of MAT in female reproductive organs

Mammary gland Uterus
Juvenile Juvenile
P28 —R P28 —N/+R
P35 —R P35 —N/4+R
Virgin Adult Virgin Adult +N
Estrus -R Pregnant
Metestrus 1 —R 85d +N
Metestrus I —N/+R 16.5d +N
Diestrus - Involuting
Proestrus ~R 6h +N
Lactating 12h +N
6h ~N/+R 20h +N
25d —N/+R 15d +N
65d —N/+R 25d +N
Involuting =N/ 4R 35d +N
3d —N/4+R 45d -N

Expression of MAT was analyzed by Northern blotting (N) and/or
RT-PCR (R) of total RNA extracted from the left thoracic and ingui-
nal mammary glands and the uterus at the indicated stages. The
forward and reverse primers for RT-PCR were derived from cDNA
sequence spanning exons 4 and 5 and from the 3'-untranslated
region in exon 6, respectively, giving rise to a product of 292 bp.
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4

Figure 4. Localization of MAT mRNA in the postpartum uterus. Transverse sections of the uterus at days 1.5 (A, C, and E) and 3.5 (B, D,
and F) postpartum were analyzed by in situ hybridization with the antisense MAT ribroprobe. Photographs were taken with either
bright-field (A, B, E, and F) or dark-field (C and D) illumination at 12.5X (A-D) and 500X magnification (E and F).

High-power magnification of the jejunum in panel F  intestinal glands (arrows). The site of hybridization of
of Figure 7 shows that MAT transcripts are confined to  the riboprobe was identical in the duodenum and
cells at the base of the crypts of Lieburkuhn, or the  ileum as well, although not every crypt in the duode-
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Figure 5. Expression of MAT in normal adult tissues. MAT ex-
pression in the tissues indicated was assessed by Northern analysis
as in Figure 3. Each lane contains 15-20 ug of total RNA.

num was positive (see Figure 7, panel A). Primitive
columnar cells that give rise to the differentiated cells
of the villi flank the base of the crypt, whereas the
granular Paneth cells reside at the base proper. The
positioning of the cells and the pattern of hybridiza-
tion suggested that MAT is expressed in the Paneth
cells. To verify this interpretation, a riboprobe derived
from a cDNA encoding a Paneth-cell marker, crypt-
din-1, was used for in situ hybridization of the small
intestine. As shown in panel G of Figure 7 for the
jejunum, the pattern of hybridization clearly over-
lapped that of MAT (arrows). In a complementary
approach, we used an assay for DNA synthesis to
distinguish between Paneth cells, which do not mi-
tose, and other primitive cells in the crypt. Animals
were injected with bromodeoxyuridine (BrdU) 1 h
before harvesting the small intestine; tissue sections
were then stained with an antibody against BrdU. As
depicted in panel H of Figure 7, cells positive for BrdU
uptake reside above the base of the crypt and do not
appear to correspond to those that hybridize to the
MAT cRNA. Taken together, these results indicate that
the Paneth cells are the source of MAT expression in
the small intestine.

Northern and RT-PCR analysis revealed that MAT
is expressed in the adult male gonad. Therefore, in situ
hybridization was used to localize the mRNA in
parasagittal sections of the gonad from males at 6 wk,
10 wk, and 10 mo of age. An example of the hybrid-
ization pattern in tissue from a 10-wk old animal is
shown in Figure 8. The MMAT?2 antisense riboprobe
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Small Intestine
Male Gonad

Figure 6. RT-PCR analysis of MAT expression in normal aduit
tissues. 0.5 pg of total RNA extracted from the indicated tissues was
used for RT-PCR as described in MATERIALS AND METHODS.
Twenty microliters of each 100-ul reaction was analyzed by gel
electrophoresis (1.4% agarose) and ethidium bromide staining. A
control reaction in which the RT step was omitted (—RT) is shown
for postpartum uterus RNA and is representative of the results
obtained for the other organ RNAs. Marker sizes (in bp) are indi-
cated to the left.

hybridized intensely to epithelial cells lining the effer-
ent ducts, which transport sperm from the testis to the
epididymis (Figure 8, panel A). A group of efferent
ducts entering the initial segment of the epididymis
was positive for MAT expression (Figure 8, panels C
and D). In addition, a low level of hybridization was
observed in the proximal area of the initial segment of
the epididymis (Figure 8, panel D), as well as in at
least part of the cauda, where mature, fully differen-
tiated sperm accumulate in the lumen (Figure 8, pan-
els E and F). However, this pattern seemed to be
restricted to animals older than 6 wk of age (our
unpublished results). In both areas of the epididymis,
the pattern of hybridization was not as uniformly
intense in every cell as in the efferent ducts. The testis,
caput and corpus epididymis, and vas deferens were
negative at all ages of adult that were examined.
Although MAT mRNA was identified in the adult
colon, kidney, liver, lung, skeletal muscle, skin, and
stomach by RT-PCR, we were unable to localize ex-
pression by in situ hybridization. However, MAT
transcripts were identified fortuitously in an extra-
hepatic branch of the bile duct by in situ hybridization
of neonatal liver sections (P1 stage). As shown in
Figure 9, the MMAT2 antisense riboprobe hybridized
specifically to epithelial cells lining the duct (Figure 9,
panel A), whereas the sense-strand riboprobe did not
(Figure 9, panel B). Hybridization of the cRNA to
ducts within the liver at P1 and adult stages could not
be detected. Presumably, MAT transcripts detected in
the adult by RT-PCR would also localize to similar
extra-hepatic structures; these were not present in the
tissue samples that were analyzed by in situ hybrid-
ization. Also, in other organs, the level of expression
may be too low to detect by methods that lack the
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sensitivity of RT-PCR, or only a few cells may be
producing the message. Other organs containing glan-
dular-like epithelium were examined by in situ hy-
bridization as well; the prostate, bladder, pancreas,
salivary gland, and esophagus were all negative.

Expression of MAT during Embryonic and Postnatal
Development

Both embryonic and perinatal development of the
mouse are accompanied by extensive tissue remodel-
ing and turnover of ECM molecules, which may in-
volve MMPs and their inhibitors (reviewed in Matri-
sian and Hogan, 1990). For example, Brenner et al.
(1989) have shown that transcripts for collagenase,
stromelysin-1, and TIMP-1 increase at the blastocyst
stage and during differentiation of embryonal carci-
noma cells into endoderm. Furthermore, the mRNA
for the 72- and 92-kDa gelatinases, TIMP-1 and
TIMP-3, has been localized to specific embryonic tis-
sues by in situ hybridization (Nomura et al., 1989;
Reponen et al., 1992, 1994; Apte et al., 1994). To deter-
mine whether MAT is also expressed during embryo-
genesis, a combination of RT-PCR and in situ hybrid-
ization was used to analyze embryos from E9.5 to E18
(day E0.5 defined as noon on the day after coitus).
Sagittal sections of paraffin-embedded embryos at
E9.5, E14, E15, E16, and E18 were probed with
MMAT2 cRNA. Specific hybridization of the antisense
riboprobe was not detected at any of these stages,
except in epithelial cells lining the residual lumen of
the maternal uterus (our unpublished results). The
deciduum was also negative for MAT expression.
However, we were able to detect very low levels of the
292-bp PCR product from total RNA at stages E9.5, as
well as E15.5, E16.5, and E17.5 (arrow, Figure 10).
Intermediate stages were negative by ethidium bro-
mide staining (e.g., see E13.5, Figure 10). It is possible
that the PCR product obtained at stage E9.5 could, in
part, be due to the presence of maternal MAT tran-
scripts in the uterus, because it is more difficult to
dissect embryos away from uterine tissue at this stage.
The 292-bp band was detected when the PCR products
were blotted and probed with radiolabeled MMAT?2
c¢DNA (our unpublished results).

We examined several organs that showed MAT ex-
pression in the adult at different stages in postnatal
development to establish a time course of the appear-
ance of MAT mRNA. Expression at P1 and P7 was
assessed primarily by in situ hybridization, whereas a
combination of methods (Northern blotting, RT-PCR,
and in situ hybridization) was used to analyze expres-
sion at P13, P17, P32, and P42. As shown in Table 3,
MAT transcripts were first detectable by RT-PCR in
the colon and stomach at 2-2.5 wk (P13 and P17) in
juvenile development. Expression in the small intes-
tine and liver was evident as early as the P1 stage by
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RT-PCR and in situ hybridization, respectively. It is
possible that expression in the other organs occurs at
P1 and P7, but at a level or in areas that were not
detectable by in situ hybridization. MAT mRNA was
discernible in the juvenile small intestine and male
gonad by Northern analysis, albeit at low levels, at
stage P13 (Table 3). However, in both organs, MAT
transcripts could not be detected by in situ hybridiza-
tion at this stage, in contrast to the adult. Furthermore,
MAT mRNA in the immature uterus was detectable
only by RT-PCR (Table 2). Taken together, these find-
ings show that although expression of MAT occurs in
the juvenile small intestine, male gonad, and uterus,
significant levels of message are associated with the
onset of maturity.

DISCUSSION

We have cloned the mouse homologue of the MMP
MAT and have analyzed its expression pattern in the
developing embryo and in neonatal and adult ani-
mals. Overlapping cDNAs (MMAT1 and MMAT?2)
were obtained from the involuting postpartum uterus
using the 5 and 3’ RACE techniques, and the pre-
dicted protein sequence was shown to be 70% and
87% identical to the human and rat MAT sequences,
respectively. Mapping of a genomic clone demon-
strated that the structure of the gene is similar to that
of the human in that six exons encode the pre, pro, and
catalytic domains that comprise MAT. Several motifs
related to enzyme activity, including the PRCGVPDV
and HEXGHXXXGH sequences, are well conserved in
the mouse cDNA. Most notably, in the mouse and rat
cDNAs, translation terminates three codons upstream
of the analogous human sequence, which should re-
sult in a slightly shorter mature protein (170 residues
versus 173 in the human protein). Interestingly, re-
combinant human MAT also lacks these residues, pre-
sumably due to proteolytic processing (Barnett et al.,
1994). Finally, in exon 1 of both rodent sequences,
there are two ATG codons separated by nine nucleoti-
des, with the second codon corresponding to the ATG
in the human sequence. Based on the Kozak guide-
lines, translation most likely initiates at this second
ATG in the mouse sequence, although this has not
been demonstrated experimentally.

Expression and localization of MAT mRNA in nor-
mal adult tissues was assessed by a combination of
Northern analysis, RT-PCR, and in situ hybridization.
MAT was found to be expressed at significant levels
(i.e., detectable by Northern blotting) in the epithelial
cells lining the lumen and some glands of the cycling,
pregnant, and involuting uterus, in the Paneth cells in
small intestinal crypts, and in epithelial cells lining the
efferent ducts of the male reproductive tract. In situ
analysis revealed hybridization in part of the initial
segment and cauda of the epididymis in mature adult
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Figure 7.

Molecular Biology of the Cell

862



males. Expression in the adult colon, kidney, liver,
lung, skeletal muscle, skin, stomach, and in nonpreg-
nant, lactating, and involuting mammary gland was
detectable only by RT-PCR. Although MAT mRNA
could be localized to a branch of the bile duct exiting
the liver, at least at the P1 stage of juvenile develop-
ment, by in situ hybridization, the site(s) of expression
in organs other than the small intestine, uterus, and
male gonad could not be identified using this tech-
nique. It is possible that the level of MAT expression in
these tissues is below the threshold of sensitivity of the
in situ assay, if only a few cells are synthesizing MAT
mRNA, and at very low levels. Furthermore, areas of
tissue where MAT is expressed may not have been
represented in the sections analyzed by in situ hybrid-
ization. In some of these tissues, the source of MAT
expression may be transient infiltrating cells, rather
than resident parenchymal cells. For example, it is
known that MAT is expressed in both unstimulated
peripheral blood monocytes from humans and in
monocyte-derived macrophages allowed to differenti-
ate in vitro, although expression is not detectable in
alveolar macrophages (Busiek et al., 1992). However,
hybridization of the MAT antisense riboprobe to
mononuclear phagocytes was not observed in any of
the mouse tissue sections examined.

In situ hybridization with the MAT riboprobe local-
ized MAT mRNA to glandular-like epithelium (.e.,
simple columnar epithelial cells) in the organs in
which the gene is expressed in the mouse. Restriction
of MAT expression primarily to epithelial cells paral-
lels the pattern of expression observed in both normal
and neoplastic tissue from humans. For example,
MAT mRNA has been detected in a number of ade-
nomas and adenocarcinomas from various tissues
(Basset et al., 1990; McDonnell et al., 1991; Muller et al.,
1991; Pajouh et al., 1991; Newell et al., 1994). In addi-
tion, matrilysin protein is produced in a rectal carci-
noma-derived cell line (Miyazaki et al., 1990), in cuta-
neous squamous-cell carcinomas at the tumor-stroma
interface (Karelina et al., 1994), and in the basal layer of
fetal epidermis, the outer root sheath of adult hair
follicles, and in the secretory cells of the eccrine glands
(Karelina et al., 1994); both the mRNA and protein are
found in the glandular epithelium of the cycling en-
dometrium (Rodgers et al., 1993). Expression of MAT
in epithelial cells is unusual, in that most of the MMPs
are produced in stromal cells (reviewed in Crawford
and Matrisian, 1995). The finding that MAT expres-
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sion is essentially restricted to epithelial cells, as well
as the fact that MAT is not expressed by all glandular
epithelium in the mouse, suggest that the elaboration
of MAT by these cells in specific organs is important in
processes of tissue function. Although we cannot rule
out the possibility that the mRNA synthesized in these
organs is not translated into protein, in previous stud-
ies on human tissue, we and others have found a good
correlation between expression of the message and the
protein for MAT (McDonnell et al., 1991; Powell et al.,
1993; Rodgers et al., 1993). ,

Because the ECM is extensively re-organized during
both embryonic and postnatal development, expres-
sion of MAT was examined at different time points in
the ontogeny of the mouse using the same techniques
described for the adult. Transcripts were detected by
RT-PCR of total RNA from embryos at 9.5, 15.5, 16.5,
and 17.5 days postcoitum. Despite these results, we
were unable to localize MAT mRNA in sections of
embryos at any stage in development. To date, only
the gelatinases and TIMP-1 and -3 have been localized
to specific tissues during embryogenesis (Nomura et
al., 1989; Reponen et al., 1992, 1994; Apte et al., 1994).
With the exception of the salivary gland, expression of
the 72-kDa gelatinase occurs primarily in mesenchy-
mal tissue from stage E10 to E15 (Reponen et al., 1992).
The 92-kDa gelatinase shows a highly restricted ex-
pression pattern, in that the mRNA is only detected in
cells of the osteoclast lineage (Reponen et al., 1994).
Similarly, high levels of TIMP-1 are expressed in os-
teogenic tissues in the head and limb at later stages in
development (Nomura et al., 1989). TIMP-3 expres-
sion, on the other hand, occurs not only in cartilage,
but also in the skin, liver, and in epithelium of bron-
chial tubes, the bile duct, colon, and kidney (Apte et
al., 1994), all of which are potential areas of MAT
expression, at least in the adult. Because it is likely that
MAT is expressed in the epithelial cells of embryonic
organs at stages where it was detected by RT-PCR,
these findings raise the possibility that TIMP-3 and
MAT are coordinately regulated in some tissues. We
are currently investigating the use of more sensitive
techniques, such as in situ RT-PCR, to attempt to
localize MAT transcripts during embryogenesis.

Organs that showed the presence of MAT tran-
scripts by Northern blotting of adult RNAs were ex-
amined at different stages in juvenile development to
determine the time course and qualitative level of
expression. In the small intestine, expression was de-

Figure 7 cont. Localization of MAT mRNA to Paneth cells in the small intestine. Transverse sections of the duodenum (A), jejunum (B and
F), ileum (C and D), and descending colon (E) were analyzed by in situ hybridization using the antisense MAT riboprobe (A-C, E, and F)
or the sense-strand control (D). Photographs in panels A-E were taken with dark-field illumination at 30X magnification. High-power
magnification (500X) of the jejunum (F) shows silver grains over the Paneth cells at the base of the intestinal crypts (arrows). An antisense
cryptdin-1 riboprobe hybridizes to cells in the same location (arrows) in the jejunum (G; magnification = 640). The sense-strand control was
negative. In H, the arrowheads indicate cells lacking incorporation of BrdU in jejunum dissected from an animal injected with the nucleotide

analogue. Magnification = 640X.
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Figure 8. Localization of MAT mRNA in the male reproductive tract. Testis, epididymis, and extra-testicular ducts were dissected as a unit
from a 10-wk old C57BL/6N male, fixed, embedded, sectioned parasagittally, and processed for in situ hybridization as described in
MATERIALS AND METHODS. Shown in panels A and B are cross-sections of efferent ducts hybridized with either the antisense MAT
riboprobe (A) or the sense-strand control (B). Magnification = 400X. Panels C (bright field) and D (dark field) show a low-power
magnification (50X) of the efferent ducts (at right) entering the initial segment of the epididymis (at left). The section was hybridized with
the antisense MAT riboprobe. A portion of the cauda is shown in panels E (bright field) and F (dark field) hybridizing to the same probe.
Magnification = 40X. The sense-strand controls did not show hybridization above background.

tectable as early as the P1 stage by RT-PCR. However, =~ MAT mRNA, could be detected in the majority of
the mRNA could not be localized by in situ hybrid-  small intestinal crypts at P13, in agreement with re-
ization, even at 2 wk of age. In contrast, transcripts for ~ sults obtained by others (Ouellette et al., 1989; Bry et
the enteric defensin cryptdin-1, which co-localize with  al., 1994). Although crypts have formed by 2 wk into
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Figure 9. Localization of MAT mRNA in the neonatal liver. Cross-sectional segments of the torso from a P1 animal were embedded in
paraffin wax and transverse sections were made and analyzed by in situ hybridization. Panels A and B show high-power magnification
(400X) of a section containing the liver. The antisense MAT riboprobe hybridized to a branch of the bile duct exiting the liver (A), whereas

the sense-strand control did not (B).

postnatal development, the small intestine continues
to undergo morphogenetic changes until P21 (Bry et
al., 1994). MAT expression in the male gonad was
faintly discernible by Northern analysis at the P13
stage, but not by in situ hybridization, indicating that
the message is produced at low levels in the sexually
immature animal. In fact, expression in the cauda was
not observed in animals at 6 wk of age. Likewise, MAT
mRNA in the juvenile uterus could be amplified by
RT-PCR at P28 and P35, but was not detectable by
Northern blotting except in cycling females. As in the
adult, expression in the colon, liver, and stomach of
juvenile animals could be detected only by RT-PCR.
Taken together, these results show that MAT expres-
sion occurs at relatively low levels in the juvenile
small intestine, uterus, and male gonad, and increases
with maturation of the mice into adulthood. Expres-
sion in other organs, such as the colon and liver,
appears to be consistently low in both juveniles and
adults. Based on these data, we propose that MAT
expression in the mouse is more closely linked with
differentiated organ function than with morphoge-
netic processes occurring in developing and immature
tissue. It is possible that low levels of MAT expression,
i.e., detectable only by RT-PCR, are important in cer-
tain organs in highly localized areas; however, it
seems likely that the intense levels of expression of
this MMP must correlate with as yet unknown func-
. tional processes in the adult organs examined. This
idea lends a new perspective to the role of matrix-
degrading enzymes in vivo. Although numerous stud-
ies have shown a strong correlation between the elab-
oration of MMPs and degradative and invasive events
during tumor progression, an enzyme such as MAT
may have additional roles. For example, we have dem-
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onstrated that the overexpression of MAT in a non-
metastatic colon carcinoma cell line results in in-
creased tumorigenicity, suggesting that MAT may be
involved in cell growth and proliferation (Witty et al.,
1994).

Although the pattern of MAT mRNA expression
does not explain its specific function(s), it does pro-
vide clues as to possible roles for this MMP. We have
shown that MAT mRNA appears in the uterus exclu-
sively in resident epithelial cells, and, in agreement
with previous work (Woessner and Taplin, 1988), at
particularly high levels during involution. The process
of involution involves the degradation of collagen,
elastin, proteoglycans, and muscle proteins (reviewed
in Mullins and Rohrlich, 1983). MAT is able to degrade
fibronectin, proteoglycans, and elastin (Quantin et al.,
1989; Murphy et al., 1991). Furthermore, it can digest

506/517

14
298
2207201

Figure 10. RT-PCR analysis of MAT transcripts in embryonic
RNAs. 0.25 pug of total RNA isolated from whole embryos at differ-
ent times postcoitum (with day 0.5 defined as noon on the day the
seminal plug was found) was subjected to RT-PCR analysis. PCR
product in 75 ul of the 100-ul reaction was concentrated by ethanol
precipitation and electrophoresed in a 1.4% agarose gel as shown in
Figure 6. From postpartum uterus RNA, an amount of product
equivalent to 37.5 ul of the original reaction volume was also
included as a positive control. Products obtained in the absence (—)
and presence (+) of reverse transcriptase activity are shown for each
time point.
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Table 3. Postnatal expression of MAT

Organ P1 P7 P13 P17 P32 P42 >P56
Colon =! =! =N/ +R =N/ +R =N/+R =N/ +R —N/+R
Liver +! X —N/4R N/ 4R _N/4R _N/4R N/ 4R
Male gonad -1 -1 —1/4N 4N +N +N 4N
SI _l/+R _l/+R _l/+N +N +N +N +N
Stomach -1 -1 —N/4R —N/4R N/ 4R _N/4R _N/4R

Pups at stages P1 and P7 were sacrificed by decapitation and segments of torso were fixed in paraformaldehyde and embedded in paraffin
wax. Expression of MAT mRNA in organs at these stages was assessed by in situ hybridization (I) of tissue cross-sections using the MMAT2
riboprobe. In addition, small intestine (SI) was dissected from P1 and P7 animals for RNA extraction and RT-PCR (R) analysis as described
in MATERIALS AND METHODS. Expression in organs dissected from animals from P13 to adulthood (=P56) was examined initially by
Northern blotting (N), and then by RT-PCR if negative by Northern analysis. Note that the P13 small intestine and male gonad were also
analyzed by in situ hybridization. The X denotes stages that were not examined.

collagen strands initially cleaved by collagenase
(Quantin et al., 1989), of which the smooth muscle cells
of the myometrium appear to be the major source
(Blair et al., 1986). Because expression of degradative
enzymes in the uterus differs spatially and temporally,
as well as in cell-type and substrate specificity (Ru-
dolph and Matrisian, unpublished data), MAT may
cooperate with other MMPs and proteases to effect
complete tissue resorption in the uterus. Because MAT
can activate procollagenase and progelatinase A
(Quantin et al., 1989; Crabbe et al., 1994), an equally
attractive possibility is that MAT expression is re-
quired for the activity of these MMPs in the involuting
uterus. Changes in the architecture of uterine tissue
also occur during the estrus cycle and pregnancy,
when MAT is expressed, and may involve similar
mechanisms. Furthermore, MAT may have a related
role in matrix remodeling in the lactating and involut-
ing mammary gland as well, although the level of
expression is much lower than that in the uterus.
Expression of MAT at specific stages in the estrus
cycle may be subject to regulation by steroid hor-
mones, as has been suggested for this MMP and others
in the human endometrium (Osteen et al., 1994; Rodg-
ers et al., 1994) and in the male rat, where castration
results in the induction of MAT mRNA in epithelial
cells of the ventral prostate as it undergoes involution
(Powell, W.C., Domann, F.E., Mitichen, J.M., Matri-
sian, L.M., Nagle, R.B., and Bowden, G.T., Matrilysin
expression in the involuting rat ventral prostate, Pow-
ell, Domann, Mitichen, Matrisian, Nagle, and Bowden,
unpublished data).

Like the involuting uterus, the small intestine is
characterized by rapid tissue and cell turnover. MAT
mRNA was detected in the crypts in all three regions
of the small intestine and was localized to the Paneth
cells that reside at the extreme base of the crypts.
Because Paneth cells express defense molecules in-
cluding lysozyme (Speece, 1964), TNF (Keshav et al.,
1990; Tan et al., 1993), CD1 Ag (Lacasse and Martin,
1992), and bacteriocidal peptides called cryptdins (en-
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teric defensins), they are believed to have a role in
controlling intestinal microorganisms (Eisenhauer et
al., 1992; Selsted et al., 1992). Unlike villus cells, which
have a rapid turnover rate (3—4 days) and are shed
into the lumen of the small intestine, Paneth cells
degenerate every 3 wk and are phagocytized by adja-
cent columar cells (Cheng, 1974; Bjerknes and Cheng,
1981). MAT may have some role in this degenerative
process, perhaps by mediating degradation of the
basement membrane. Alternatively, MAT may affect
the differentiation or maturation of Paneth cells by
modulating the composition of the local ECM; alter-
ations in the ECM have been shown to change the
functional and morphological phenotype of some cells
(reviewed in Lin and Bissell, 1993). Another possibility
is that MAT expression may affect processing of other
molecules produced by Paneth cells. It was recently
demonstrated that a recombinant, truncated version of
TNF-a can be cleaved in vitro to its mature form by
MAT, among other MMPs (Gearing et al., 1994). The
mRNA for this cytokine is produced in Paneth cells,
although the protein product has not been detected
yet in either murine or human small intestine (Keshav
et al., 1990; Tan et al., 1993). Similarly, cryptdins are
synthesized as larger precursors in these cells and are
processed to their biologically active 6-kDa forms by
an unknown mechanism, leading to the supposition
that MAT may be involved in the activation of pro-
cryptdins.

We speculate that MAT may have some role in
sperm maturation in the male reproductive tract, per-
haps by a mechanism that may also involve proteo-
lytic processing. High levels of MAT mRNA are syn-
thesized in the epithelial cells of the efferent ducts,
which originate from the testis as three to seven indi-
vidual tubules that unite to form the single duct of the
epididymis (reviewed in Fekete, 1941). We observed
intense expression of MAT along the entire length of
the efferent ducts, and, in mature animals, in the epi-
didymis in the proximal area of the initial segment
and part of the cauda. Although it is not known
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whether the rete testis expresses MAT, the testis
proper, the caput and corpus epididymis, and the vas
deferens, which exits the cauda, were all shown to be
negative by in situ hybridization. The nature of the
transcripts produced in the male gonad are of partic-
ular interest; several high molecular weight bands
were visible on Northern blots of some samples, either
in addition to or in lieu of the expected 1.1-kb band.
This pattern was especially characteristic of adult an-
imals, and also occurred in RNA from the small intes-
tine and involuting uterus. These high molecular
weight bands may represent unprocessed transcripts,
or may be a result of cross-hybridization of the
MMAT2 cDNA probe to as yet undescribed MAT-
related messages. Regardless, identification of mRNA
encoding a matrix-degrading enzyme in epithelial
cells of the male reproductive tract is intriguing, par-
ticularly in light of its differential localization in the
extra-testicular duct system. Precursor regions in both
the a and B subunits of PH-30, a sperm surface protein
that has been implicated in sperm-egg fusion, contain
metalloproteinase domains that align with those
found in snake venom proteins (Wolfsberg et al., 1993);
furthermore, the pro-a subunit contains the consensus
active-site HEXGHXXXGH motif. This metallopro-
teinase domain has been proposed to function in early
spermatogenesis, perhaps by processing of the g sub-
unit (Wolfsberg et al., 1993). The a subunit is cleaved
to its mature form in the testis, whereas the 8 subunit
is not completely processed until sperm have reached
the cauda (Blobel et al., 1990). In rodents, caudal sperm
are fully fertilization competent, a state that is be-
lieved to be mediated by biochemical modifications of
surface proteins such as PH-30, PH-20, and AH-50 as
the sperm transit through the extra-testicular duct sys-
tem (Phelps et al., 1990). Taken together, these obser-
vations raise the possibility that MAT may have such
a role in processing of sperm antigens during matu-
ration, either directly or indirectly, given its localiza-
tion to the efferent ducts and portions of the epididy-
mis. Another possibility is that MAT expression may
affect the expression or function of other molecules
differentially localized along the extra-testicular duct
system, such as sulfated glycoproteins 1 and 2 (re-
viewed in Hermo et al., 1994). Defining the role of
MAT in this system and other organs can be ad-
dressed by genetically manipulating MAT levels in
vivo. Experiments are underway to generate MAT-
deficient mice by gene targeting and to examine the
effect of the mutation on normal processes, with par-
ticular focus on gastrointestinal and reproductive
function.
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