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Abstract

Matrix metalloproteinases are a highly regulated family of
enzymes, that together can degrade most components of the
extracellular matrix. These proteins are active in normal
and pathological processes involving tissue remodeling;
however, their sites of synthesis and specific roles are poorly
understood. Using in situ hybridization, we determined cel-
lular distributions of matrix metalloproteinases and tissue
inhibitor of metalloproteinase-1, an inhibitor of matrix me-
talloproteinases, in endometrium during the reproductive
cycle. The mRNAsfor all the metalloproteinases were de-
tected in menstrual endometrium, but with different tissue
distributions. The mRNAfor matrilysin was localized to
epithelium, while the others were detected in stromal cells.
Only the transcripts for the 72-kD gelatinase and tissue
inhibitor of metalloproteinases-1 were detected throughout
the cycle. Transcripts for stromelysin-2 and the 92-kD gela-
tinase were only detected in late secretory and menstrual
endometrium, while those for matrilysin, the 72-kD gela-
tinase, and stromelysin-3 were also consistently detected in
proliferative endometrium. These data indicate that matrix
metalloproteinases are expressed in cell-type, tissue, and re-
productive cycle-specific patterns, consistent with regulation
by steroid hormones, and with specific roles in the complex
tissue growth and remodeling processes occurring in the
endometrium during the reproductive cycle. (J. Clin. Invest.
1994.94:946-953.) Key words: in situ hybridization * repro-
ductive cycle * matrilysin - stromelysin - RNA

Introduction

Remodeling of the extracellular matrix is an integral part of
normal tissue growth and differentiation, as well as pathological
processes involving abnormal growth and tissue destruction.
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Various members of a large family of matrix metalloproteinases
(MMPs)' have been shown to be active in these processes
(for reviews see references 1-4). The MMPsare collagenases,
gelatinases, and stromelysins, with distinct but partially overlap-
ping substrate specificities. Together they are capable of degrad-
ing most, if not all, of the components of the extracellular
matrix. Most have been shown to be transcriptionally regulated
by various oncogenes, cytokines, tumor promotors, growth fac-
tors, and other biologically active agents. All are secreted as
proenzymes and require activation for proteolytic activity.
MMPactivity can be inhibited by another family of proteins,
the tissue inhibitors of metalloproteinases (TIMPs), consisting
of the related proteins TIMP-1 (5), TIMP-2 (6), and ChIMP-
3 (7). TIMP-1 expression is highly regulated and has been
associated with the same tissues and cells expressing MMPs
(2, 8). Thus, the regulation of MMPand TIMP activity in
tissues is complex and occurs at many levels.

MMPactivity, synthesis, or secretion by a variety of cell
types has been extensively studied and implicated as important
in numerous pathological processes involving tissue destruction,
including wound healing (8), arthritis (9), and tumor invasion
and metastasis (10). These proteins' roles in normal tissue
formation and remodeling has been less frequently studied.
MMPactivity or expression has been detected in ovulation
( 11), embryo implantation ( 12), and mammary gland involu-
tion following lactation (13), all highly orchestrated events
which are tightly regulated by hormones. MMPshave also been
implicated in endometrial remodeling (14-17). One of the stro-
melysins, matrilysin, was initially isolated from involuting rat
uteri (17). Conditioned media of endometrial explants has been
shown to release matrix metalloproteinase activity in vitro, and
the activity was shown to be inhibited by progesterone (Osteen,
K., W. Rodgers, M. Gaire, J. Hargrove, F. Gorstein, and L.
Matrisian, manuscript submitted for publication) (15, 16).

Recently, using in situ and Northern hybridization and im-
munohistochemistry, we determined that matrilysin expression
is restricted to the epithelium of the endometrium and that its
expression varies during the menstrual cycle in a pattern consis-
tent with regulation by progesterone (14). Matrilysin mRNA,
localized by in situ hybridization, was always associated with
matrilysin antigen in epithelial cells; while matrilysin antigen
was also detected in stromal tissue during the menstrual phase.
These data were consistent with diffusion of matrilysin antigen
throughout stroma during the menstrual phase and suggested
that matrilysin was a likely effector of the tissue breakdown
occurring during menstruation. These data also indicated that
detection of MMPmRNAby in situ hybridization was a better

1. Abbreviations used in this paper: MMP, matrix metalloproteinase;
TIMP, tissue inhibitor of metalloproteinase.
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indicator of cellular MMPexpression than immunohistochemi-
cal localization of MMPantigen due to the likely diffusion of
matrilysin antigen in tissues.

The understanding of the roles played by MMPsand TIMPs
in normal and pathological processes has been hampered by a
lack of information on the expression of individual members
of the MMPand TIMP families in these tissues. To place our
observations of endometrial matrilysin expression in perspec-
tive of the spectrum of expression of other members of the
MMPand TIMP families, we extended our localization studies
to examine, at the level of metalloproteinase RNAexpression,
the patterns of expression of most of the known MMPsand
TIMP-1 to provide insight into the roles MMPsand TIMP
may play in the dramatic tissue remodeling and degeneration
occurring in the cycling endometrium and in normal tissues in
general.

Methods

Tissues. This study was conducted in accordance with institutional com-
mittees for the protection of human subjects, using tissue in excess of
that required for diagnostic purposes. The majority of the tissues used
in this study were those of Rodgers et al. (14). Endometrial samples
were obtained at the time of endometrial biopsy or hysterectomy, from
women, ages 20 to 40, without a history of endometrial dysfunction, as
determined by review of medical records. Tissues for RNA isolation
were immediately frozen in liquid nitrogen and stored at -80'C. Hyster-
ectomy specimens were placed on ice until examined and fixed in 10%
neutral buffered formalin. Endometrial biopsy specimens were immedi-
ately fixed in 10% neutral buffered formalin. Endometrium were exam-
ined histologically, dated from hematoxylin and eosin stained sections
according to the criterion of Noyes et al. (18) and grouped according
to the stage of an idealized 28-d reproductive cycle as: proliferative
(days 7-15), secretory (days 16-24), late secretory (days 25-27),
and menstrual (days 28-6). Sections were cut at 5 HIm and mounted
on 3-aminopropyltriethoxysilane-coated slides (Sigma Chemical Co.,
St. Louis, MO) (19).

Hybridization probes. Hybridization probes were prepared from
cloned human MMPcDNAs. All cDNAs were cloned in pGEMvectors
(Promega, Madison, WI) except the stromelysin-3, and gelatinase
cDNAs which were in Bluescript vectors (Stratagene, La Jolla, CA).
The cDNAs for stromelysin-l (transin, MMP-3, EC 3.4.24.27), strome-
lysin-2 (MMP-10, EC 3.4.24.22), and matrilysin (PUMP-1, MMP-7,
EC 3.4.24.23) are those used by McDonnell et al. (20) and are 552,
530, and 849 bp, respectively. The cDNA for interstitial collagenase
(Type I collagenase, MMP-1, EC 3.4.24.7) is a 640 bp ClaI/BglIII
fragment of pHCOLLfrom Muller et al. (21) and the cDNAfor strome-
lysin-3 (467 bp) is from Basset et al. (22). The cDNA for human 72-
kD gelatinase (72-kD Type IV gelatinase, MMP-2, EC 3.4.24.24), is
the 884-bp PvuII-BamnHI fragment from position 910-1794 of pBS-
GEL (23). The cDNA for human 92-kD gelatinase (92-kD Type IV
gelatinase, MMP-9, EC 3.4.24.35) is a 900-bp SmaI-HindIII fragment
from position 852-1751 of pBS-92 (24). The cDNA for TIMP-1 is an
810 bp EcoRI fragment containing the entire coding region of TIMP-1
(25) cloned in pGEM-3Z (8). For in situ hybridization, full-length
RNAtranscripts from the sense and antisense strands were synthesized
from the linearized plasmids by in vitro transcription using 3H-UTP
(New England Nuclear, Boston, MA) to specific activities of approxi-
mately 108 dpm/Ig. For Northern blot hybridizations, single stranded
RNAprobes were prepared using 32P-UTP (14). The MMPprobes used
did not cross hybridize with other MMPcDNAs or RNAsby Northern,
Southern, and in situ hybridization (20, 26).

In situ hybridization. In situ hybridization was performed as de-
scribed in Rodgers et al. (14). Briefly, 5-yrm sections were treated with
proteinase K, acetylated with acetic anhydride in triethanolamine, treated
with hybridization solution(50%I formamide; 0.3 MNaCl, 20 mMTris-
HCl, 5 mMEDTA, pH 8.0; 0.2% BSA, ficoll, and polyvinylpyrolidone;

10% dextran sulfate; 500 Mg/ml yeast RNA, 100 ng/ml UTP) without
probe at 50-550C for 1 h, and covered with hybridization solution
containing 0.1-0.3 pg/ml of probe. Sections were heated to 100I C and
incubated at 50-550C for 18 h. After hybridization the slides were
washed in 4x SSC, treated with 30 gg/ml RNase A and 1 U/ml ribo-
nuclease TI in (0.5 MNaCl, 0.01 MTris, 1 mMEDTA, pH 8.0; 370C,
30 min), washed in 2x SSC at room temperature, 0.1 X SSC at 650C
for 60 mins, and washed in 0.1 x SSCat room temperature for 1 h. The
sections were dehydrated, dipped in Kodak NTB-2 emulsion, exposed
for 4 and 8 wk at 40C, and developed in D-19 (Eastman Kodak Co.,
Rochester, NY). Control hybridizations using the sense transcript were
done on adjacent sections in all experiments. Hybridization signals were
scored by comparing patterns of silver grain deposition between the
antisense (messenger RNA) probe hybridizations and sense (control)
probe hybridizations using dark field illumination and a lOX objective.
Intensity of hybridization was semi quantitated as 0 (negative) or 1, 2,
or 3 (weakly to strongly positive). The majority of positive cases had
moderate to strong (2 to 3) hybridization scores. Counting of grains in
positive areas on selected cases indicated that these scores represented

- 3 (score of 1) to greater than 10-fold (score of 3) more grains/
positive cell using the antisense probe than the sense probe. All tissues
were assayed at least two times with each probe. Identification of hybrid-
ized cells was confirmed using 40x objective with transmitted illumina-
tion. All tissues studied exhibited positive patterns of hybridization with
at least one and usually two or more of the probes.

Northern analysis. Northern blots used in Rodgers et al. (14) were
stripped and reprobed for this study. Blots were stripped by adding
100IC 0.1 x SSC, 5%SDS to the blots and shaking for 30 min at 650C,
repeating and rinsing with water. Hybridization was in 4x SSPE, 50%
formamide buffer with 1% SDS, 0.5% nonfat dried milk, 0.5 mg/ml
denatured carrier DNA, and 0.25 mg/ml yeast tRNA and 2 x 106 cpm
of probe/ml. All hybridizations were at 60°C overnight, followed by
two brief rinses in 2x SSC/0.1% SDS at room temperature, two 30-
min washings in l x SSC/0.1% SDS at 670C, and two 30 min washings
in 0.2x SSC/0. 1%SDSat 670C. RNAretention in all blots was checked
by hybridization of stripped blots to a chicken /3-actin probe.

Results

In situ hybridization of sections of endometrial tissues permitted
us to determine the cellular sites of synthesis of MMPand
TIMP- 1 RNAswhile preserving the cellular relationships within
the tissue. Endometrial tissues were either immediately fixed in
formalin at the time of biopsy or rapidly fixed after dissection
from hysterectomy specimens which were obtained on ice and
rapidly processed. No differences in the results from these tis-
sues were obtained. Table I summarizes the hybridization re-
sults. Differences in the numbers of specimens studied for dif-
ferent probes is due to exhaustion of tissue blocks of some
specimens before all MMPsor TIMP- 1 were assayed. Represen-
tative photomicrographs of the hybridization reactions are in
Figs. 1 and 2. All tissues were positive for at least one probe.
MMPantisense (mRNA) probes reacted with either epithelial
cells (Figs. 1, A and L, and 2 H) or stromal cells (e.g., Fig. 1,
D and P) within tissues. Sense probes yielded minimal back-
ground hybridization (e.g., Fig. 1, F, H, J, and N). The hybrid-
ization signals in positive tissues was usually obvious (3x to
greater than lOx background) and present in large areas of the
tissues. Occasionally, individual cells or small groups of cells
(< 5% of the tissue) were positive (e.g., Fig. 2 G) -these
cases are indicated as focally positive in Table I. Weak hybrid-
ization was repeatedly obtained in 2 of 8 proliferative endome-
trial specimens with antisense probe to stromelysin-1 and in 2
of 6 late secretory specimens with antisense probe to TIMP-
1. In these cases the antisense (mRNA) probe hybridizations
contained less than 2x the background number of grains as
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Table I. Results of In situ Hybridization Assays for Matrix Metalloproteinases and TIMP-I

Antisense hybridization probe (No. positive/No. assayed)

Endometrium Mat Strom-i Strom-2 Strom-3 Int Col 72-kD G 92-kD G TIMP-I

Proliferative
Epithelium 9/9 0/8 0/8 0/8 0/7 0/7 0/7 2/7*
Stroma 0/9 2/8§ 0/8 8/8 2/7§ 6/7 0/7 7/7

Secretory
Epithelium 0/12 0/12 0/12 0/12 0/12 0/10 0/10 0/12
Stroma 0/12 0/12 0/12 0/12 0/12 8/10 0/10 9/12$

Late Secretory
Epithelium 10/11* 0/6 0/6 0/6 0/5 0/10 0/10 2/6§
Stroma 0/11 0/6 4/6* 3/6* 0/5 9/10 0/10 6/6

Menstrual
Epithelium 9/9 0/8 0/8 0/8 1/* 2/8* 0/8 8/8
Stroma 0/9 8/8 8/8 8/8 7/7* 7/8 6/8* 8/8

* Focal positivity; $ prominent perivascular and periglandular distribution;
collagenase; kD G, kD gelatinase.

the same cells in the sense probe hybridizations. This level of
hybridization is difficult to visualize and may represent either
low levels of mRNAsin these tissues or false positive interpreta-
tion. The other patterns of in situ hybridization of probes were
obvious and consistent for different tissues in the same stage
of the reproductive cycle.

Cellular distributions of MMPand TIMP-J RNAs. Matri-
lysin RNAexpression was restricted to epithelial cells (Figs.
1, A and L and 2 H). All other MMPswere detected predomi-
nantly or exclusively in stromal tissue (e.g., stromelysins-3
and -2, Fig. 1, D and P). The 72-kD gelatinase and interstitial
collagenase RNAs were focally detected in epithelium in 2 of
8 and 1 of 7 menstrual specimens respectively. The 72-kD
gelatinase RNAwas predominantly detected in the stromal tis-
sue of endometrium from all stages of the cycle (Fig. 1 G
and 2 I). In proliferative endometrium, different MMPprobes
yielded differences in intensity but not distribution of hybridiza-
tion signal, with the majority of typical stromal cells containing
MMPRNA(e.g., Fig. 1 D). In early menstrual samples subtle
differences in intensity of hybridization of stromal cells
throughout the same tissue sections probed for different MMPs
were observed. Antisense probe for stromelysin-l was most
abundantly reactive with stromal elements immediately adjacent
to glandular epithelium (Fig. 2 C), while probes for the 72-kD
gelatinase (Fig. 2 A), and stromelysin-2 (Fig. 1, 0 and P),
and stromelysin-3 (Fig. 1 M) were distributed throughout the
stromal tissue. No specific localization of MMPprobes was
observed relative to vascular tissues.

TIMP-l RNAwas detected in both epithelium and stroma
with different proportions of stroma and epithelium reacting,
depending on the stage of the cycle. TIMP-1 RNAwas abundant
in small arteriolar and capillary vascular tissue in the secretory
endometrium (Fig. 1 I), and in both the epithelium (Fig. 2 P.
top left) and periglandular stroma (Fig. 2 P. bottom right) of
different areas of the same section of menstrual endometrium.

Temporal expression of MMPand TIMP-J RNAs. MMP
RNAswere expressed in the endometrium in reproductive stage
specific groups, summarized in Fig. 3. Matrilysin and stromely-
sin-3 RNAs were detected in proliferative (Fig. 1, A, B, and
D), late secretory (Fig. 1, L, M, and N) and menstrual (Fig. 2,

§ weak positivity. Mat, matrilysin; Strom, Stromelysin; Int Col, interstitial

H and J) specimens; they were not detected in early or mid
secretory endometrium. The 72-kD gelatinase (Figs. 1, E and
G, and 2, A, B, and I) and TIMP-l (Figs. 1, I, and 2, E and
P) RNAswere detected throughout the cycle; indeed, they were
the only RNAs detected in the early to mid secretory endome-
trium (Figs. 1, G-K). Stromelysin-2 (Figs. 1, 0 and P, and 2
0) and, except for weak expression in a few samples of prolifer-
ative endometrium, stromelysin-l (Fig. 2 C) RNAs were de-
tected only in late secretory and menstrual endometrium. The
92-kD gelatinase (Fig. 2, Mand N) and interstitial collagenase
(Fig. 2, G and L) RNAs were focally detected predominantly
in menstrual endometrial stroma.

In previous studies, matrilysin RNAwas focally abundant
in restricted isolated endometrial glands in some specimens of
late secretory endometrium (see reference 14). In this study,
stromelysin-2, and stromelysin-3 are also focally distributed in
the stroma of late secretory endometrium, but not in the exact
region exhibiting matrilysin expression (data not shown). Stro-
melysin-l RNAwas not detected in late secretory endometrium.
The 72-kD gelatinase RNAwas more widely distributed and
more frequently detected in the stromal cells from the late secre-
tory period than the RNAs for stromelysin-3 or stromelysin-2.
The intensity of the hybridization of the 72-k]) gelatinase probe
was greatest in menstrual tissues. Stromal cells expressing MMP
RNAswere more widely distributed in these tissues than glands
expressing matrilysin RNA(data not shown). The intensity of
TIMP1 probe hybridization paralleled that of the 72-kD gela-
tinase probe.

In menstrual endometrium all MMPswere detected, but in
different tissue distributions. Matrilysin was present throughout
the epithelium in tissue from the functionalis of early menstrual
endometrium (Fig. 1 L). The surrounding stromal cells con-
tained abundant stromelysin-3 (Fig. 1 M), stromelysin-2 (Fig.
1, 0 and P), 72-kD gelatinase (Fig. 2 A and B), and somewhat
less abundant stromelysin-l (Fig. 2C) RNAs. Interstitial colla-
genase (Fig. 2 G) and 92-kD gelatinase (data not shown) RNAs
were focally detected in stroma, in the same tissue regions in
either the same or adjacent cells. In endometrial specimens from
hysterectomies in the menstrual phase, the cells of the basalis
endometrium express MMPRNAs in the same pattern found
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Figure 1. MMPand TIMP-1 mRNAexpression in proliferative, secretory and early menstrual endometrium. Dark field photomicrographs of in situ
hybridizations of riboprobes to adjacent sections of proliferative phase (hysterectomy, A-F), secretory phase (endometrial biopsy, G, H; hysterec-
tomy, I-K) and early menstrual (day 27-28 with focal hemmhorage, endometrial biopsy, L-P) endometrium with the following probes: (A)
matrilysin antisense, (B) stromelysin-3 antisense, (C) stromelysin-3 sense (control; slightly overexposed to show tissue), (D) stromelysin-3 antisense
(high power of B), (E and G) 72-kD gelatinase antisense, (F and H) 72-kD gelatinase sense, (I) TIMP-1 antisense, (J) TIMP-1 sense, (K)
matrilysin antisense (showing lack of matrilysin hybridization to secretory endometrium), (L) matrilysin antisense, (M) stromelysin-3 antisense,
and (N) stromelysin-3 sense, (0) stromelysin-2 antisense, (P) stromelysin-2 (high power of 0). A-C, E-0 (25X). D and P (x1OO).



I.

Figure 2. MMPand TIMP- 1 mRNAexpression in menstrual endometrium. Photomicrographs of in situ hybridizations of riboprobes to adjacent
sections of early menstrual (day 27-28 with focal hemmhorage, endometrial biopsy, A-F) and menstrual (biopsy, G; hysterectomy, H-P)
endometrium with the following probes: (A, B) 72-kD gelatinase antisense, (C) stromelysin-l antisense, and (D) stromelysin-l sense (control),
(E) TIMP-1 antisense, (F) TIMP-l sense, (G) interstitial collagenase antisense, (H) matrilysin antisense, (I) 72-kD gelatinase antisense, (J)
stromelysin-3 antisense, and (K) stromelysin-3 sense, (L) interstitial collagenase antisense, (M and N) 92-kD gelatinase antisense, (0) stromelysin-
2 antisense, (P) TIMP-l antisense. A, C, D-F, H-M, and 0-P (X25, dark field). B, G, and N (XlOO0, DIC).
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in proliferative endometrium-i.e., matrilysin (Fig. 2 H), 72-
kD gelatinase (Fig. 2 I) and stromelysin-3 (Fig. 2 J) are found
in the epithelium and stromal cells respectively from the basalis
endometrium (bottom of the sections) to the luminal menstrual
tissue. The stromal cells of the luminal surface of the menstrual
basalis endometrium showed intense hybridization in a band-
like distribution for stromelysin-2 (Fig. 2 0), 92-kD gelatinase
(Fig. 2, Mand N), stromelysin-I and interstitial collagenase
(Fig. 2 L) RNAs. Stromelysins-2, the 92-kD gelatinase and
interstitial collagenase expression was particularly interesting
in that the mRNAfor these metalloproteinases was identified
in the stromal cells of virtually all specimens only during the
menstrual phase of the reproductive cycle. In menstrual speci-
mens, collagenase and 92-kD gelatinase expression was much
more focal (Fig. 2 G) than the expression of the other MMPs,
being localized only to select regions of the stroma and not
observed throughout the entire biopsy samples.

TIMP-1 RNAwas detected in both stromal and epithelial
cells in menstrual specimens in complicated patterns which var-

ied greatly from region to region in the tissue. In some areas

the epithelium had an intense hybridization signal while in other
areas the stroma was most intense (Fig. 2 P).

Northern hybridization analysis. To confirm that the in situ
hybridization method is sufficiently sensitive to exclude expres-
sion of RNAs which were not detected in the proliferative and
secretory tissues, Northern hybridization was performed on

stripped blots of endometrial RNAs isolated from endometrial
biopsies used in previous studies of matrilysin RNAexpression
(14). Stromelysin-2 RNA (Fig. 4 A) was not detected in all
three specimens of RNAfrom early proliferative endometrium
and was detected in 2 of 3 specimens from mid-late secretory
endometrium. Positive hybridization for stromelysin-3 RNA
(Fig. 4 B) was obtained in all proliferative RNAsamples and in
the same mid-late secretory samples reacting with stromelysin-2
probe. Positive hybridization for the actin probe (Fig. 4 B)
confirmed the presence of hybridizable RNAon the blots. 72-
kD gelatinase RNAwas detected in all specimens, and stromely-
sin-I RNAwas not detected in any of the specimens from the
same blot (data not shown).

Figure 4. Northern blot analysis of stromelysin-3 and stromelysin-2
RNAs in endometrium. (A) Hybridization of stromelysin-2 antisense
probe. (B) Hybridization of stromelysin-3 and actin antisense probes to
stripped membrane used in the experiment shown in A. 5 /Zg of total
RNAfrom the following tissues were analyzed: (lanes 1-3) early, mid
and late proliferative endometrium, (lanes 4 and 5) early secretory
endometrium, (lanes 6-8) mid and late secretory endometrium.

Discussion

Sensitivity and specificity of the in situ hybridization assay.

The concordance of results from three independent assays of
matrilysin expression (in situ hybridization, Northern blot anal-
ysis and immunolocalization) in Rodgers et al. (14) and the
concordance between Northern and in situ hybridization results
for stromelysins-2 and -3 and the 72-kD collagenase in this
report indicate that the in situ hybridization method is as sensi-
tive as Northern hybridization for assay of MMPRNAs, even

for determination of the absence of RNAin endometrium. The
in situ hybridization method is theoretically able to detect as

few as 10 transcripts/cell (27), which is considerably less sensi-
tive than the Northern hybridization method. So far this sensitiv-
ity appears adequate for determination of MMPtranscription in
these tissues. Presumably, this is due to relatively large changes
in cellular RNAconcentrations which are likely associated with
MMPexpression in these tissues. When the RNAs are not de-
tected in the secretory phase, the RNAis presumably rapidly
degraded below the level of detection of either method. When
MMPsare being produced, their RNAsare sufficiently abundant
so that they can be detected by either hybridization method.

Analysis of patterns of hybridization with the different
MMPprobes confirms that they do not cross react with other
MMPRNAs in the in situ hybridization assays; thus, the pat-
terns of hybridization with the various probes reflect biologi-
cally plausible distributions of MMPmRNAswithin the tissues.
The localization of hybridization of matrilysin probes to epithe-
lium in tissues where other MMPsare present in stroma and
not detected in epithelium confirms lack of cross reaction of
the matrilysin probe with other MMPRNAsand lack or reaction
of other MMPprobes with matrilysin RNA. Lack of hybridiza-
tion of the stromelysin-2 probe to proliferative phase stroma,
which contains stromelysins-l and -3, and 72-kD gelatinase
RNAs, confirms lack of cross reactivity of this probe with these
MMPRNAs. Lack of hybridization of stromelysin-l probe to
proliferative endometrium reacting strongly with stromelysin-3
confirms lack of cross reactivity between these reagents. Be-
cause the 72-kD gelatinase is detected in stroma of all endome-
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trial samples, there is no objective data that this probe does
not cross react with other MMPRNAs when they are present;
however lack of reactivity of other MMPprobes to secretory
endometrial tissues confirms lack of cross reactivity between
them and 72-kD gelatinase RNA. Similarly, since interstitial
collagenase and 92-kD gelatinase RNAprobes react with the
same tissues, there is no objective data that the probes for these
MMPsdo not cross react with these RNAsin the in situ hybrid-
ization assays. The hybridization patterns of these probes on
samples of human colon cancers, however, confirms that there
is no cross-reaction (26).

Patterns of hybridization suggest steroidal regulation and
differential functions. The cycling endometrium is an informa-
tive and attractive system in which to study MMPand TIMP
expression. It is a dynamic tissue, composed of tubular epithelial
glands contiguous with surface epithelium and a dynamic con-
nective tissue stroma, which contains specialized stromal cells,
fibroblasts, vascular elements, and a variable population of tran-
sient and resident inflammatory cells. The endometrium under-
goes monthly cycles of rapid growth, remodeling, and differen-
tiation, directly or indirectly in response to changes in ovarian
steroid hormones, principally estradiol (18, 28). After ovula-
tion, the rapid growth of the proliferative phase ceases abruptly,
and secretory differentiation occurs principally under the influ-
ence of progesterone. In the absence of pregnancy, progesterone
declines, coincident with breakdown of the functionalis region
of the endometrium, which is expelled with the menstrual flow.
Estradiol rises at the end of menstruation, coincident with a
new cycle of tissue renewal originating from the intact basalis
region of the endometrium. The mechanism of action of these
hormones and other factors on endometrium is complex and
remains to be completely elucidated.

The lack of expression of all of the MMPsexcept for the
72-kD gelatinase in secretory endometrium, suggests that the
mRNAsfor the proenzymes of these proteins may be regulated
by steroid hormones, in particular, that they may be negatively
regulated by progesterone. This hypothesis has been tested in
explant cultures of human endometrium confirming that proges-
terone inhibits the expression of matrilysin, stromelysin-1 and
stromelysin-3 protein or RNAin vitro (Osteen, K., W. Rodgers,
M. Gaire, J. Hargrove, F. Goldstein, and L. Matrisian, manu-
script submitted for publication). Similarly, progesterone has
been shown to inhibit the expression of the 72- and 92-kD
gelatinase and interstitial collagenase enzyme activities in endo-
metrial explants (16). In addition, progesterone withdrawal,
equivalent to the late secretory/early menstrual phase, promotes
secretion of the 72-kD gelatinase by endometrial stromal cells
decidualized in vitro (data not shown, L. Giudice). The inten-
sity of the hybridization signal for 72-kD gelatinase is less
intense in specimens in the secretory interval and dramatically
increases in late secretory and early menstrual endometrium
indicating that quantitative regulation of expression of this en-
zyme by progesterone may also occur. Thus, it is likely that the
expression of the majority of MMPsin endometrium may be
inhibited by progesterone. This hypothesis is consistent with
the structure of MMPgenes. The matrilysin (29) and stromely-
sin (30) promotors have sequences resembling steroid hor-
mone-response elements. Glucocorticoids have been shown to
repress collagenase expression ( 31 ) and retinoic acid to repress
stromelysin expression (32) via an interaction with these steroid
hormone receptors and factors recognizing the AP-1 site in the
promoters of these genes.

Although the members of the MMPfamily appear to be

regulated similarly by progesterone during the secretory phase
of the cycle, they display distinct differences in their expression
patterns. Matrilysin is the only MMPwith expression restricted
to the epithelium, suggesting that MMPgene expression is in-
fluenced by tissue-specific regulatory elements. There are differ-
ences in the cellular distribution of stromal MMPRNAs, i.e.,
localization of stromelysin-I RNAto periglandular stroma as
compared to more uniform expression of stromelysin-2 and -3
in menstrual specimens. These patterns may reflect the presence
of autocrine or paracrine regulatory elements, or a combination
of influences that regulate the various MMPgenes indepen-
dently. The expression of the MMPfamily members in a glob-
ally coordinated but individually distinct manner suggests that
each enzyme makes an important contribution to a concerted
effort that mediates localized changes in endometrial extracellu-
lar matrix.

The patterns of expression of MMPswithin endometrial
tissues suggest potential roles played coordinately by these en-
zymes. Matrilysin, stromelysin-3 and the 72-kD gelatinase
RNAs are abundant in proliferative endometrium and in basalis
menstrual endometrium, which is the tissue which proliferates
to replace tissue lost during menstruation, suggesting that these
MMPsplay roles in tissue growth and remodeling. Lack of
expression of all MMPsexcept the 72-kD gelatinase in prolifer-
ative endometrium suggests that differentiation of endometrium
does not require a diverse set of MMPs. MMPsmay also be
inhibited in mid secretory endometrium to facilitate embryo
implantation. All MMPsexamined demonstrated a high level
of RNAexpression during the early menstrual phase, suggesting
that these enzymes play a role in the breakdown and loss of
this tissue. The mRNAsfor stromelysin-2 and the 92-kD gela-
tinase were expressed only in menstrual tissues, suggesting that
these enzymes may be particularly critical for this activity. The
expression of stromelysin-1 and interstitial collagenase RNA
was most prominent in menstrual tissue as well, implicating
their activity in menstruation.

Interestingly, the 92-kD gelatinase and interstitial collagen-
ase RNAare found most abundantly in the surface of the basalis
endometrium. This observation, and the observation that these
MMPsare only detected focally, but with strong hybridization
signals, in curettings from menstrual endometrium suggests that
their expression may be localized within the endometrium, per-
haps to a band of tissue at the interphase between the endome-
trium destined to be lost during menstruation and the basalis
endometrium, from which the endometrium regenerates. If this
is the case, this band of tissue may be the only region in the
endometrium expressing all MMPsin abundance with a poten-
tial combined matrix substrate specificity capable of rapid tissue
breakdown. Alternatively, the focal expression of these MMPs
may reflect tissue remodeling/wound healing which is oc-
curring at the surface of the basalis endometrium and in other
regions of endometrium simultaneously with breakdown of
functionalis endometrium.

The apparent lack of temporal regulation of TIMP- I mRNA
expression during the menstrual cycle and the complex and
variable patterns of TLMP-1 RNAexpression in different areas
and cells of the same endometrial tissue is interesting. It is
possible that the hybridization patterns with the TIMP-1 probes
may not necessarily reflect only TIMP-1 RNAexpression. The
probe for TIMP-1 is a transcript of the full length TIMP-1
cDNA. Whether this probe cross reacts with RNAs with se-

quence homology with TIMP-1 mRNA(perhaps other members
of the TIMP family) is not known. Alternatively, the complex
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patterns of TIMP- 1 RNAexpression may reflect complex para-
crine or autocrine mechanisms of regulation of TIMP- 1 RNA
by individual stromal and epithelial cells within tissue microen-
vironments in the endometrium.

The RNAfor stromelysin-3 is abundant in normal prolifera-
tive and menstrual endometrium. This MMPwas originally
isolated as a novel transcript of the stroma adjacent to invasive
mammary carcinomas (22, 33). Its abundant expression in en-
dometrium suggests a role in normal tissue growth, which
should be taken into account in evaluating its role in neoplastic
processes. Similarly, the patterns of MMPand TIMP-1 expres-
sion in endometrium provide clues for the regulation of MMP
activity in endometrium and for the roles played by various
MMPs. Further study of metalloproteinase gene expression in
the cycling human endometrium may shed light on the molecu-
lar mechanisms of steroidal regulation of MMPsand an under-
standing of how MMPregulation in normal and abnormal endo-
metrium effects tissue remodeling and growth.

Acknowledgments

The cDNAs for human matrilysin, interstitial collagenase, stromelysin-
1, and stromelysin-2 were kind gifts of Dr. Richard Breathnach. The
72- and 92-kD gelatinase cDNAs were kind gifts of Dr. Gregory Gold-
berg. The stromelysin-3 cDNAwas a kind gift of Dr. P. Basset and the
cDNA for TIMP-1 was kindly provided by Dr. George Stricklin.

This work was supported by the National Institutes of Health grants
HD30472 (W.H. Rodgers) and HD28128 (K. Osteen), HD25220 (L.
Giudice), and HD25580 (L. M. Matrisian).

References

1. Birkedal-Hansen, H., W. Moore, M. Bodden, L. Windsor, B. Birkedal-
Hansen, A. DeCarlo, and J. Engler. 1993. Matrix metalloproteinases: a review.
Oral Biology and Medicine. 4:197-250.

2. Woessner, J. Jr. 1991. Matrix metalloproteinases and their inhibitors in
connective tissue remodeling. FASEB(Fed. Am. Soc. Exp. Biol.) J. 5:2145-2154.

3. Alexander, C., and Z. Werb. 1991. Extracellular matrix degradation. In Cell
Biology Of The Extracellular Matrix. E. Hay, editor. Plenum Publishing, New
York. 255-302.

4. Matrisian, L. 1992. The matrix degrading metalloproteinases. Bioessays.
14:455-459.

5. Stricklin, G., and H. Welgus. 1983. Human skin fibroblast collagenase
inhibitor: purification and biochemical characterization. J. Biol. Chem.
258:12252-12258.

6. Stetler-Stevenson, W., H. Krutzsch, and L. Liotta. 1989. Tissue inhibitor
of metalloproteinase (TIMP-2): a new member of the metalloproteinase family.
J. Biol. Chem. 264:17374-17378.

7. Pavloff, N., P. Staskus, N. Kishnani, and S. Hawkes. 1992. A new inhibitor
of metalloproteinases from chicken: ChIMP-3. A third member of the TIMP
family. J. Biol. Chem. 267:17321-17326.

8. Stricklin, G., L. Li, V. Jancic, B. Wenczak, and L. Nanney. 1993. Localiza-
tion of mRNAsRepresenting collagenase and TIMP in sections of healing human
bum wounds. Am. J. Pathol. 143:1657-1666.

9. Harris, E., Jr., and C. Mainardi. 1992. Connective tissue in joints: target of
destruction in rheumatoid arthritis. In Collagen. Vol. 5. Pathobiochemistry. A.
Kang and M. Ninmi, editors. CRCPress, Boca Raton, FL. 199-215.

10. Liotta, L., and W. Stetler-Stevenson. 1990. Metalloproteinases and cancer
invasion. Semin. Cancer Biol. 1:99-106.

11. Curry, T., J. Mann, M. Huang, and S. Keeble. 1992. Gelatinase and
proteoglycanase activity during the periovulatory period in the rat. Biol. Reprod.
46:256-264.

12. Librach, C. L., Z. Werb, M. L. Fitzgerald, K. Chiu, N. M. Corwin, R. A.

Esteves, D. Grobelny, R. Galardy, C. H. Damsky, and S. J. Fisher. 1991. 92-kD
type IV collagenase mediates invasion of human cytotrophoblasts. J. Cell Biol.
113:437-449.

13. Lefebvre, O., C. Wolf, J. Limacher, P. Hutin, C. Wendling, M. LeMeur,
P. Basset, and M. Rio. 1992. The breast cancer-associated stromelysin-3 gene is
expressed during mouse mammary gland apoptosis. J. Cell Biol. 119:997-1002.

14. Rodgers, W. H., K. G. Osteen, L. M. Matrisian, M. Navre, L. C. Giudice,
and F. G. Gorstein. 1993. Expression and localization of matrilysin, a matrix
metalloproteinase, in human endometrium during the reproductive cycle. J. Ob-
stet. Gynecol. 168:9413-9417.

15. Martelli, M., A. Campana, and P. Bischof. 1993. Secretion of matrix
metalloproteinases by human endometrial cells in vitro. J. Reprod. Fertil. 98:67-
76.

16. Marbaix, E., J. Donnez, P. Courtoy, and Y. Eeckhout. 1992. Progesterone
regulates the activity of collagenase and related gelatinases A and B in human
endometrial explants. Proc. Natl. Acad. Sci. USA. 89:11789-11793.

17. Woessner, J., Jr., and C. Taplin. 1988. Purification and properties of a
small latent matrix metalloproteinase of the rat uterus. J. Biol. Chem. 263:16918-
16925.

18. Noyes, R. W., A. F. Hertig, and J. Rock. 1950. Dating the endometrial
biopsy. Fertil. Steril. 1:3-25.

19. Rentrop, M., B. Knapp, H. Winter, and J. Schweizer. 1986. Aminoalkylsi-
lane-treated glass slides as support for in situ hybridization of keratin cDNAs to
frozen tissue sections under varying fixation and pretreatment conditions. Histo-
chem. J. 18:271-276.

20. McDonnell, S. M., M. Navre, R. J. Coffey, and L. M. Matrisian. 1991.
Expression and localization of the matrix metalloproteinase PUMP-1 (MMP-7)
in human gastric and colon carcinomas. Mol. Carcinog. 4:527-533.

21. Muller, D., B. Quantin, M. C. Gesnel, C. R. Millon-Collard, J. Abecassis,
and R. Breathnach. 1988. The collagenase gene family in humans consists of at
least four members. Biochem. J. 253:187-192.

22. Basset, P., J. P. Bellocq, C. Wolf, I. Stoll, P. Hutin, J. M. Limacher,
0. L. Podhajcer, M. P. Chenard, M. C. Rio, and P. Chambon. 1990. A novel
metalloproteinase gene specifically expressed in stromal cells of breast carcino-
mas. Nature (Lond.). 348:699-704.

23. Collier, I. E., S. M. Wilhelm, A. Z. Eisen, B. L. Marmer, G. A. Grand,
J. L. Seltzer, A. Kronberger, E. A. Hauer, and G. Goldberg. 1988. H-ras oncogene-
transformed human bronchial epithelial cells (TBE-1 ) secrete a single metallopro-
tease capable of degrading basement membrane collagen. J. Biol. Chem.
263:6579-6587.

24. Wilhelm, S. M., I. E. Collier, B. L. Marmer, A. Z. Eisen, G. A. Grant,
and G. I. Goldberg. 19XX. SV-40-transformed human lung fibroblasts secrete a
92-kDa Type IV collagenase which is identical to that secreted by normal human
macrophages. J. Biol. Chem. 264:17213-17221.

25. Carmichael, D. F., A. Sommer, R. C. Thompson, D. C. Anderson, C. G.
Smith, H. G. Welgus, and G. P. Stricklin. 1986. Primary Structure and cDNA
cloning of human fibroblast collagenase inhibitor. Proc. Natl. Acad. Sci. USA.
83:2407-2411.

26. Newell, K., J. Witty, W. Rodgers, and L. Matrisian. 1994. Expression and
localization of matrix-degrading metalloproteinases during colorectal tumorigene-
sis. Mol. Carcinog. In press.

27. Cox, K. H., D. M. DeLeon, L. M. Angerer, and R. C. Angerer. 1984.
Detection of mRNAsin sea urchin embryos by in situ hybridization using asym-
metric RNAprobes. Dev. Biol. 101:485-502.

28. Healy, D., and G. Hodgen. 1989. The Endocrinology of Human endome-
trium. Obstet. Gynecol. Survey. 38:509-530.

29. Gaire, M., Z. Magbanua, S. McDonnell, L. McNeil, D. Lovett, and L.
Matrisian. 1994. Structure and expression of the human gene for the matrix
metalloproteinase matrilylsin. J. Biol. Chem. 269:2032-2040.

30. Frisch, S., and H. Ruley. 1987. Transcription from the stromelysin pro-
moter is induced by interleukin- 1 and repressed by dexamethasone. J. Biol. Chem.
262:16300-16304.

31. Jonat, C., H. Rahmsdorf, K.-K. Park, A. Cato, S. Gebel, H. Ponta, and P.
Herrlich. 1990. Anti-tumor promotion and anti-inflammation: Down-modulation
of AP-1 (Fos/Jun) activity by glucocorticoid hormone. Cell. 62:1189-1204.

32. Nicholson, R., S. Mader, S. Nagpal, M. Leid, C. Rochette-Egly, and P.
Chambon. 1990. Negative regulation of the rat stromelysin gene promoter by
retinoic acid is mediated by an AP-1 binding site. EMBO(Eur. Mol. Biol. Organ.)
J. 9:4443-4454.

33. Wolf, C., N. Router, Y. Lutz, C. Adida, M. Loriot, J. Bellocq, P. Chambon,
and P. Basset. 1993. Stromelysin 3 belongs to a subgroup of proteinases expressed
in breast carcinoma fibroblastic cells and possibly implicated in tumor progression.
Proc. Natl. Acad. Sci. USA. 90:1843-1847.

Matrix Metalloproteinases in Cycling Endometrium 953


