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Genes for extracellular matrix-degrading 
metalloproteinases and their inhibitor, 
TIMP, are expressed during early 
mammalian development 
Carol A. Brenner, 1 Richard R. Adler, 2 Daniel A. Rappolee, Roger A. Pedersen, and Zena Werb 3 

Laboratory of Radiobiology and Environmental Health, and Department of Anatomy, University of California, San Francisco, 
California 94143-0750 USA 

Extracellular matrix (ECM) remodeling accompanies cell migration, cell--cell interactions, embryo expansion, 
uterine implantation, and tissue invasion during mammalian embryogenesis. We have found that mouse 
embryos secrete functional ECM-degrading metalloproteinases, including collagenase and stromelysin, that are 
inhibitable by the tissue inhibitor of metalloproteinases (TIMP) and that are regulated during peri-implantation 
development and endoderm differentiation, mRNA transcripts for collagenase, stromelysin, and TIMP were 
detected as maternal transcripts in the unfertilized egg, were present at the zygote and cleavage stages, and 
increased at the blastocyst stage and with endoderm differentiation. These data suggest that metalloproteinases 
function in cell-ECM interactions during growth, development, and implantation of mammalian embryos. 

[Key Words: Collagenase; stromelysin; polymerase chain reaction; tissue inhibitor of metalloproteinases; 
maternal mRNA; endoderm differentiation] 

January 31, 1989; revised version accepted March 15, 1989. 

The extracellular matrix (ECM) forms a substrate for cell 
attachment and migration and directs cell form and 
function through cell-ECM interactions. ECM macro- 
molecules first appear in the mammalian embryo in the 
initial cleavage stages and then accumulate in increasing 
amount and complexity during the blastocyst stage, im- 
plantation in the uterine wall, and differentiation into 
embryonic and extraembryonic tissues I Critchley et al. 
1979; Wartiovaara et al. 1979; Adamson 1982; Cooper 
and MacQueen 1983}. It is likely that remodeling of 
ECM accompanies the changes in embryonic and 
uterine tissues that occur during development. In 
uterine involution, tumor invasion, and rheumatoid ar- 
thritis, remodeling of the ECM requires extracellular 
proteolytic enzymes (Werb 1989}. A multigene family of 
metal-dependent proteinases, the metalloproteinases, 
have been implicated as the key, rate-limiting enzymes 
in ECM degradation {Werb 1989}. The best-characterized 
metalloproteinases are collagenase, an enzyme that de- 
grades collagens of types I, II, III, VIII, and X {Murphy 
and Reynolds 1985; Werb 1989]; stromelysin, a broad- 
spectrum enzyme that degrades fibronectin, proteo- 
glycans, type IV collagen, and laminin (Chin et al. 1985; 
Herron et al. 1986a); and a gelatinase of 68 kD that de- 
grades collagens of types IV, V, and VII {Collier et al. 
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1988}. The activity of these proteinases is regulated by 
the tissue inhibitor of metalloproteinases {TIMPI 
(Murphy et al. 1985; Herron et al. 1986a, b; Gavrilovic et 
al. 1987J. 

Little is known about the proteolytic mechanisms in- 
volved in the remodeling of ECM during early develop- 
ment. The initial attachment and adhesion of the tro- 
phoblast to the uterine epithelium is dependent upon 
components of the uterine stromal ECM, such as col- 
lagen {Sherman et al. 1980; Armant et al. 1986}. Plas- 
minogen activators (PA), which are serine proteinases, 
have been found at the time of mouse implantation and 
in oocytes and are expressed by both trophoblast cells 
and parietal endoderm {Strickland et al. 1976, 1988; 
Kubo et al. 1982; Huarte et al. 1987). However, because 
of its limited substrate specificity, PA alone is not suffi- 
cient for tissue invasion and degradation of ECM compo- 
nents such as collagen (Werb et al. 1977; Mignatti et al. 
19861. 

Our understanding of molecular events that govern 
differentiation during early mammalian embryogenesis 
is largely incomplete owing to the difficulty in obtaining 
sufficient amounts of embryonic material. Several tech- 
nical advances have allowed us to overcome these limi- 
tations. In this study, we determined proteinase activity 
in small volumes of embryo secretions by sensitive zy- 
mographic procedures, and we used the inhibitor TIMP 
to show that metalloproteinases are present in peri-im- 
plantation development. We analyzed mRNA tran- 
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scripts for stromelysin, collagenase, and TIMP in unfer- 
tilized eggs and preimplantation mouse embryos by a 
novel RNA phenotyping procedure based on the poly- 
merase chain reaction (PCRI. This procedure is sensitive 
to _-<10 RNA transcripts and can detect mRNA in a 
single cell (Rappolee et al. 1988a, b; 1989}. 

Results 

Mouse embryos secrete functional proteinases 

We first used zymography on SDS-gelatin or SDS-casein 
gels to determine whether catalytically active ECM-de- 
grading proteinases are secreted during mouse embryo- 
genesis. In general, gelatin-degrading proteinases have 
substrate preferences more like collagenases, and ca- 
sein-degrading proteinases are more like stromelysin 
(Werb 1989). Proteinases were detected in serum-free 
medium conditioned for 24 hr by unfertilized eggs (ma- 
ture oocytes), preimplantation embryos, and blastocyst 
outgrowths, and in medium conditioned for 4 hr by egg 
cylinder-stage embryos (7.5 days of gestation [d.g.])(Fig. 
1). Unfertilized eggs secreted two major gelatinases of 68 
and 92 kD; secretion of these proteinases continued 
after fertilization to the two-cell stage, decreased during 
the two- to four-cell stage, and remained low during the 
eight-cell to morula stages (Fig. 1). The two-cell stage, 
when secretion of the gelatinases decreased, corresponds 
to the time of transition from the translation of ma- 
temal to zygotic transcripts (Schultz et al. 1979a, b; 
Schultz 1986). Gelatinase secretion increased during the 
blastocyst stage, with increased activity of the 68- and 
92-kD bands and the appearance of additional bands at 
75 and 85 kD. In some experiments with higher embryo 
concentrations, a weak gelatinase at - 5 0  kD comi- 
grating with rabbit procollagenase was detected (Fig. 
1C). There was a large increase in the activity of pro- 
teinases, particularly the 92-kD gelatinase, during blas- 
tocyst outgrowth, a process corresponding to acquisition 
of invasiveness during implantation and early postim- 
plantation development in vivo (Glass et al. 1983). Cul- 
tured egg cylinder-stage embryos secreted even more of 
these proteinases. Zonae pellucidae isolated from early 
blastocysts (4.5 d.g.) showed no gelatinase activity, thus 
ruling out the possibility that the embryonic proteinases 
had been absorbed by the zonae pellucidae in the uterus 
and then released in culture. 

Embryos were also assayed for the secretion of casein- 
degrading proteinases (Fig. 1A, C). Although the eggs and 
cleavage-stage embryos occasionally showed very low- 
level secretion of a -40-kD caseinase comigrating with 
active rabbit prostromelysin, little significant caseinase 
activity was observed until the blastocyst stage, when 
embryos began to secrete caseinases migrating at 40, 51, 
130, and 180 kD. The bands at 40 and 51 kD, which co- 
migrate with rabbit stromelysin and prostromelysin, 
were also seen in blastocyst outgrowths. Although there 
were some quantitative differences in relative band 
strength from one experiment to another, the develop- 
mental regulation of the proteinases was qualitatively 
seen in more than five experiments. These data demon- 

Metalloproteinases are expressed in embryos 

strate that during peri-implantation development there 
is developmentally regulated expression of several pro- 
teinases that degrade gelatin or casein. 

Proteinases are secreted by the first differentiated 
tissues of the embryo in distinct patterns 

Preimplantation development culminates in the differ- 
entiation of the trophectoderm, which surrounds the 
blastocyst cavity, and the inner cell mass [ICM} within 
that cavity. With further development the trophecto- 
derm is involved in the implantation of the embryo in 
the maternal uterine wall and eventually contributes to 
the fetal portion of the placenta (for review, see Pedersen 
19881. The ICM contributes to the extraembryonic 
membranes and the fetus. To determine the relative se- 
cretion of proteinases by trophectoderm and ICM cells, 
the proteinase secretion of intact late blastocysts was 
compared with that of immunosurgically isolated ICMs 
(Fig. 1A, C1. The blastocysts at this stage secreted gela- 
tinases of 68, 75, 92, 120, and 130 kD, and the ICMs 
showed a similar pattern of secretion, with additional 
bands at 70 and 85 kD, although there was some vari- 
ability ill relative band intensity between experiments. 
Because of the tight junctions between the trophecto- 
dermal cells, the secreted proteinases of blastocysts 
would be expected to be enriched in secretions from the 
external surface of the trophectoderm. IGMs isolated 
from late blastocysts regenerated very little trophecto- 
derm during the 48-hr culture, and thus the proteinases 
in the medium should derive mostly from ICM cells. 
This supposition was confirmed by x-irradiating the 
ICMs before culture, so that only trophectoderm sur- 
vived (Goldstein et al. 1975). Very little proteinase se- 
cretion was observed under these conditions, suggesting 
that little trophectoderm contaminated the ICMs. Pro- 
teinases secreted by x-irradiated blastocyst outgrowths 
also were studied. Blastocyst outgrowths have primarily 
trophoblast cells. Outgrowths and ICMs had distinctly 
different patterns of secreted proteinases. After x-irra- 
diation only trophoblast cells survive, and outgrowths 
derived from x-irradiated blastocysts showed the major 
92-kD gelatinase seen in unirradiated blastocyst out- 
growths, as well as much more of the 68-kD gelatinase. 
Intact blastocysts secreted four minor casein-degrading 
proteinases at 43, 85, 90, and 97 kD, whereas ICMs 
showed less activity at 43 or 85 kD but increased ac- 
tivity at 90 and 97 kD {Fig. 1B, C). These data suggest 
that there may be both ICM- and trophectoderm-specific 
proteinases. 

The functional proteinases secreted by embryos are all 
metalloproteinases 

To determine the class of the secreted embryonic pro- 
teinases, these proteinases were separated on the sub- 
strate gels and then incubated with TIMP. Virtually all 
of the proteolytic activity secreted by embryos that was 
detected by zymography on SDS-gelatin gels was inhib- 
ited by TIMP, providing the first evidence that the major 
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Figure 1. (A) Proteinases are secreted by preimplantation mouse embryos. Proteinases secreted by mouse embryos are detectable by 
gelatin and casein SDS-substrate gel zymography. The gelatin zymograms {10% polyacrylamide) were developed for 24 hr and the 
casein zymograms for 48 hr. Each lane contains the proteins secreted into serum-free medium in 48 hr by 32 eggs or embryos: 
unfertilized eggs (mature ovulated oocytes) (lane E), one-cell embryos {lane 1 ), two-cell embryos {lane 2), morulae (lane M), blastocysts 
(lane B), zonae pellucidae isolated from early blastocysts (lane Z), or ICMs isolated from late blastocysts by immunosurgery (lane 
ICM), as well as the proteins secreted by x-irradiated ICMs (lane ICM-X), which do not regenerate primitive endoderm, blastocysts 
cultured for 4 days to produce outgrowths that contained both trophoblast and endodermal derivatives (lane Ou), and x-irradiated 
blastocysts cultured for 4 days to produce outgrowths that contained only trophoblast cells (lane Ou-X). A also shows the proteinases 
secreted in 4 hr by one egg cylinder-stage (7.5-d.g.) embryo (lane 7.5d). The proteinases secreted by A23187-stimulated rabbit synovial 
fibroblasts (lane RSF) are shown for comparison. Molecular weight standards (x 10 -3), procollagenase (proCL), collagenase (CL), 
prostromelysin (proSL), stromelysin (SL), and 68-kD gelatinase (GL) are shown on the left. The arrows on the right indicate the 
migration of embryonic proteinases. The gels are printed as negative images for clarity. (B) Proteinases secreted by mouse embryos are 
metalloproteinases. Proteinases secreted into serum-free medium by inner cell masses {lane ICM), 4-day blastocyst outgrowths {lane 
Ou), and endodermally differentiated PSA-1 and F9 cells (lanes PSA-1 and F9) were separated on SDS-gelatin gels. The zymograms 
were then developed for 24 hr in control substrate buffer or substrate buffer containing 10 ~g/ml recombinant TIMP. (C) Immunoreac- 
tive collagenase and stromelysin are synthesized and secreted by mouse blastocysts. (Left} Gelatin and casein substrate (12% poly- 
acrylamide) gels were used to analyze the proteinases secreted by 100 blastocysts (lane B) or ICMs (lane ICM) in 48 hr. Note the 
proteolytic bands in the blastocyst CM migrating at -50  kD (arrows). (Right) Immunoprecipitation of biosynthetically labeled colla- 
genase and stromelysin secreted by 200 blastocysts in 4 hr. Mouse blastocysts were labeled biosynthetically with [aSS]methionine for 4 
hr. The total secreted proteins (lane Total) and secreted proteins from 200 blastocysts immunoprecipitated by IgG isolated from 
anticollagenase (lane Anti-CL), antistromelysin (lane Anti-SL), and nonimmune sheep sera (lane NSS) were separated on a 7-15% 
SDS-polyacrylamide gradient gel and then fluorographed for 3 weeks. The immunoprecipitated bands are indicated by arrows. 
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functional embryonic proteolytic enzymes are metallo- 
proteinases (Fig. 1B). Phenylmethylsulfonyl fluoride 
(PMSF), an inhibitor of serine proteinases such as 
plasmin and plasminogen activator, has no effect on the 
embryonic proteinases. 

Blastocysts secrete immunoreactive collagenase and 
stromelysin 

The observation that a weak -50-kD gelatinase comi- 
grating with rabbit procollagenase and a -51-kD ca- 
seinase (Fig. 1 C) comigrating with rabbit prostromelysin 
(Fig. 1A) are secreted by blastocysts suggests that em- 
bryos may secrete collagenase and stromelysin. Thus, 
we sought direct evidence for secretion of specific me- 
talloproteinases by embryos. Biosynthetically labeled 
polypeptide bands of 53 and 52 kD comigrating with 
rabbit procollagenase and prostromelysin were immuno- 
precipitated from blastocyst secretions by heterologous 
antisera specific for collagenase and stromelysin, respec- 
tively (Fig. 1C). Qualitatively similar results were ob- 
tained in two independent experiments. These data indi- 
cate that proteins with immunologically cross-reactive 
epitopes shared by procollagenase and prostromelysin 
are synthesized and secreted by blastocysts. 

ICM-like embryonal carcinoma cells show altered 
secretion of proteinases with differentiation 

Shortly after differentiation of ICM and trophectoderm, 
the ICM gives rise to the primitive endoderm cells that 
are progenitors of all the extraembryonic (yolk sac and 
parietal) endoderm. To investigate the proteinases se- 
creted along with ECM molecules during differentiation 
of ICM to endoderm, we used two lines of embryonal 
carcinoma cells (F9 and PSA-1) that have an ICM-like 
phenotype and can be induced to differentiate in culture 
to form cells that morphologically and biochemically re- 
semble the parietal endoderm, one of the first differen- 
tiated derivatives of the IGM. The F9 and PSA-1 cells 
secreted many proteinases. Several of these proteinases, 
like the 68-kD gelatinase, were secreted constitutively, 
whereas differentiation of these cultures to endoderm 
was associated with an increased secretion of several 
gelatinases and caseinases, including enzymes that co- 
migrated with rabbit procollagenase and prostromelysin 
(Fig. 2A). Another embryonal carcinoma cell line, 
C3HNE, spontaneously differentiates in culture to form 
cystic bodies that have trophectodermal characteristics 
(Damjanov and Damjanov 1985). These cells also 
showed an increase in proteinase activity upon differen- 
tiation, and the major gelatinases that they secreted (Fig. 
2A) comigrated with those secreted by blastocyst out- 
growths and egg cylinder-stage embryos (Fig. 1A). 

All of the gelatinases produced by embryonal carci- 
noma cell lines were inhibited by TIMP (Fig. 1B) and by 
the chelators 1,10-phenanthroline and EDTA, which in- 
hibit metalloproteinases (Fig. 2B), but not by PMSF or 
leupeptin, which inhibit serine proteinases (data not 
shown). 

Metalloproteinases are expressed in embryos 

Metalloproteinase and TIMP gene expression is 
regulated during endoderm differentiation 

RNA from undifferentiated and endodermally differen- 
tiated PSA-1 and F9 cells was then analyzed by RNA 
blotting analysis (Fig. 2C). Although actin mRNA con- 
centration changed during differentiation, the 2-kb col- 
lagenase mRNA band seen by blotting with mouse 
collagenase cDNA at high stringency was regulated de- 
velopmentally, whereas a 1.9-kb stromelysin mRNA 
band increased only slightly, relative to actin. A 1-kb 
TIMP mRNA band increased with endoderm differentia- 
tion. The endoderm differentiation was shown by the 
induction of mRNA for tissue-type PA (tPA), as de- 
scribed previously (Rickles et al. 1988). In contrast, the 
mRNA for the 68-kD gelatinase/type IV collagenase that 
appeared to be secreted constitutively (Fig. 2A) did not 
increase with endoderm differentiation (Fig. 2C). 

Stromelysin, collagenase, and TIMP are detectable as 
maternal and zygotic mRNA transcripts 
Next we used the mRNA phenotyping procedure (Rap- 
polee et al. 1988a, b, 1989) to identify mRNA transcripts 
for collagenase, stromelysin, and TIMP in preimplanta- 
tion mouse embryos. This method couples reverse tran- 
scription (RT) of purified RNA with enzymatic amplifi- 
cation of cDNA specific sequences by the polymerase 
chain reaction (PCR), using the thermostable DNA poly- 
merase from Thermus aquaticus (Taq). The PCR reac- 
tion is primed by a pair of specific oligonucleotides that 
span a 200- to 300-bp region of the designated mRNA 
sequence. The structure of the amplified fragments used 
for RT-PCR of the metalloproteinases and TIMP is 
shown in Figure 3A. Because the oligonucleotides for 
collagenase and stromelysin are not derived from mouse 
sequences, first we verified that the procedure gave the 
correct amplified cDNA fragments for RNA isolated 
from phorbol ester-stimulated rabbit synovial fibroblasts 
(Fig. 3B). The RT-PGR analysis also gave amplified frag- 
ments for collagenase, stromelysin, and TIMP tran- 
scripts when RNA was isolated from endodermally dif- 
ferentiated F9 cells. The stromelysin and TIMP tran- 
scripts were detected in as little as 1 pg of total F9 RNA 
with these primers; however, the collagenase oligonu- 
cleotide primers were considerably less sensitive than 
the stromelysin primers with rabbit RNA, and even less 
sensitive with mouse RNA, based on equivalent se- 
creted collagenase activity; a visible ethidium bromide 
PCR signal required at least i - 1 0  ng of F9 RNA. The 
sensitivity of detection was increased by Southern blot- 
ting analysis of the PCR products. To demonstrate that 
the RT-PCR gives direct qualitative information about 
mRNA abundance, we showed that collagenase mRNA 
transcripts are induced in PSA-1 cells during endoderm 
differentiation (Fig. 3C). The RT-PCR analysis confirms 
the RNA blotting data showing that endodermally dif- 
ferentiated embryonal carcinoma cells express mRNA 
transcripts for collagenase, stromelysin, and TIMP (Fig. 
2cl. 

We then analyzed RNA isolated from uncultured 
mouse embryos. RT-PCR products for stromelysin and 
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Figure 2. Metalloproteinases and TIMP are regulated during endoderm differentiation. (A) Gelatin and casein substrate gels of pro- 
teinases secreted by undifferentiated (lane U) and endodermally differentiated (lane D) F9 and PSA-1 (3 + 18) cell cultures and by 
undifferentiated (lane U) and differentiated (lane D) trophectoderm-like C3HNE cells. Each lane contains the proteinases secreted by 

104 cells in 24 hr. The bands comigrating with procollagenase (arrowhead) and prostromelysin (arrow) are indicated. (B) In a separate 
experiment, proteinases secreted in 24 hr by differentiated F9, PSA-1, and C3HNE cells were separated on SDS-gelatin gels, and the 
gels were then developed for 24 hr in control substrate buffer or substrate buffer containing 1 mM 1,10-phenanthroline or 5 mM EDTA. 
(C) RNA blotting analysis indicates that metalloproteinases and TIMP are regulated during endoderm differentiation. Total RNA (10 
~g, normalized to ethidium bromide-stained rRNA bands) from undifferentiated (lane U) and endodermally differentiated (lane D) F9 
and undifferentiated (lane 0 § 0) and differentiated (lanes 3 § 9 and 3 § 18) PSA-1 cultures was separated on agarose gels, transferred to 
nylon membranes, and then hybridized with a2p-labeled cDNA probes for mouse collagenase (CL), rat stromelysin (SL), mouse TIMP, 
human 68-kD gelatinase (68K GL), mouse tissue plasminogen activator (tPA), and chicken actin. 

TIMP derived from the embryo RNA were readily vis- 
ible by ethidium bromide staining (Fig. 3D). A very weak 
ethidium bromide-staining PCR signal for collagenase 
was observed only for blastocyst-stage embryos after 60 
cycles of PCR (data not shown); however, the colla- 
genase PCR products were detected readily after 
Southern blotting (Fig. 3D). In some experiments two 
PCR products were seen after amplification of the 
mouse embryo and embryonal carcinoma cell line RNA. 
It is likely that the larger fragment is incompletely or 
alternatively spliced collagenase mRNA. Maternal 
mRNA transcripts for stromelysin, collagenase, and 

TIMP were present in the unfertilized egg (Fig. 3D), and 
RNA was detectable in the two-cell and eight-cell 
stages, and abundant at the blastocyst stage. These data 
suggest that some of the mRNA transcripts for strome- 
lysin, collagenase, and TIMP survive the breakdown of 
the majority of maternal mRNA species that occurs 
after fertilization (Schultz 1986), and then are present 
throughout preimplantation embryonic development as 
maternal and/or zygotic transcripts. Although strome- 
lysin and collagenase protein were clearly demonstrable 
by the SDS-substrate gels and immunoprecipitation 
only at the blastocyst stage, when there was an increase 
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Figure 3. mRNA phenotyping analysis of developing mouse embryos. (A) Design of the oligonucleotides used in the RT-PCR. The 
introns are shown as triangles, and the oligonucleotides are indicated as boxes. (B) Authentic predicted PCR fragments for collagenase, 
stromelysin, and TIMP are obtained after RT and 60 cycles of PCR of 100 ng of RNA from phorbol ester-stimulated rabbit synovial 
fibroblasts (RSF) and from F9 cells endodermally differentiated for 6 days. PCR fragments were separated on agarose gels and then 
stained with ethidium bromide. The gels are presented as negative images for clarity. (C) Collagenase mRNA transcripts are induced 
in PSA-1 cells during endoderm differentiation. RNA (100 ng) obtained from the STO fibroblast feeder layer, from undifferentiated 
PSA-1 cells (lane 0 + 0), and from PSA-I cells removed from feeder layers for 3 days, then grown as embryoid bodies for 9 days (lane 
3 + 9) or 12 days (lane 3 + 12), was reverse-transcribed and the cDNA was amplified for 60 cycles of PCR. {D) Stromelysin, TIMP, and 
collagenase mRNA transcripts are expressed during preimplantation mouse development. (Top) TIMP and stromelysin RT-PCR frag- 
ments were analyzed by ethidium bromide staining. RNA derived from the equivalent of 4.0 unfertilized eggs (mature oocytes) (lane 
E), 8.8 two-cell zygotes (lane 2), 4.4 eight-cell zygotes (lane 8), and 4.4 blastocysts (lane B) was used in each analysis. RNAs from 
undifferentiated (lane U) and differentiated (lane D) F9 cells were used as positive controls. The embryonic RNA was reverse-tran- 
scribed into cDNA and then amplified for 60 cycles of PCR. The specific fragments amplified by PCR were separated on agarose gels 
and then stained with ethidium bromide. (Bottom) TIMP and collagenase RT-PCR fragments were analyzed by Southern blotting. 
RNA from the equivalent of 3.5 unfertilized eggs (lane E), 4.5 two-cell zygotes (lane 2), 5.2 eight-cell zygotes (lane 8), and 3.7 blasto- 
cysts (lane B) was used for RT-PCR. RNA from differentiated PSA- 1 cells {lane 3 + 18) was used as a control. The PCR fragments were 
separated on agarose gels, transferred to nylon membranes, and then hybridized with 32P-labeled rabbit collagenase or mouse TIMP 
cDNA probes. (E) Stromelysin mRNA transcripts are expressed in both ICM and trophectoderm. RNA was derived from the equiva- 
lent of five immunosurgically isolated ICMs (lane ICM), 6.3 ICM plus polar trophectoderm (lane ICM +PTE) equivalents dissected 
from blastocysts, 2.3 mural trophectoderm (lane MTE) equivalents dissected from blastocysts, and 3.7 whole blastocyst equivalents 
(lane B) either with or without (lane -Z)  zonae pellucidae. The RNA was reverse-transcribed, the resulting cDNA was amplified for 
60 cycles of PCR, and fragments were analyzed by ethidium bromide staining. 
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in their RNA transcripts, the RT-PCR procedure is con- 
siderably more sensitive; therefore, it was not surprising 
to see mRNA at earlier stages than enzyme. 

We then validated the PCR reaction products by DNA 
sequencing. The sequence of the PCR cDNA fragment of 
mouse embryonic TIMP (data not shown) had a 1-bp dif- 
ference from the published sequence (Gewert et al. 
1987). Two stromelysin cDNA sequences were found in 
individual clones of the amplified fragments (Fig. 4). The 
predicted sequence of the amplified fragment of embry- 
onic mouse stromelysin (EMS-1) is more closely related 
to rat transin-1, the rat version of stromelysin (Matrisian 
et al. 1985), with a 96% amino acid conservation, than 
to rat transin-2, another member of the stromelysin 
family (Breathnach et al. 1987), with 72% amino acid 
conservation. EMS-2 has 85% amino acid homology and 
90% nucleic acid homology with EMS-1 but is no more 
closely related to rat transin-2 than is EMS-1. EMS-1 has 
77% amino acid homology with both human (Wilhelm 
et al. 1987) and rabbit (Yini et al. 1987) stromelysins, and 
EMS-2 has 83% and 79% homology with human and 
rabbit stromelysins, respectively. At the amino acid 
level, EMS-2 is identical to an uncharacterized metallo- 
proteinase cDNA isolated recently from a mouse tumor 
(Ostrowski et al. 1988). Digestion of the mouse strome- 
lysin cDNA by restriction endonucleases suggests that 
EMS-2 is present in greater abundance than EMS-1 (data 
not shown). 

Stromelysin transcripts are expressed in both ICM and 
trophectoderm of the blastocyst 

The detection of functional proteinases by SDS-sub- 
strate gel zymography (Fig. 1) suggested that trophecto- 
derm and ICM produce different metalloproteinases. Be- 
cause the trophectoderm cells are responsible for pla- 
cental invasiveness during implantation, it was of 
particular interest to determine whether any specific 
metalloproteinase transcripts are localized to the tro- 
phectoderm-specific region of the embryo. ICM sepa- 
rated from trophectoderm by immunosurgery (Solter and 
Knowles 1975), ICM with overlying polar trophecto- 
derm, and pure mural trophectoderm separated by 
manual dissection were used for mRNA phenotyping 
analysis. Stromelysin transcripts were detectable in all 
of these samples (Fig. 3E), demonstrating that both ICM 
and trophectoderm lineages produce this metallopro- 
teinase. 

Discussion 

We have provided direct evidence that the genes en- 
coding secreted metalloproteinases are expressed during 
peri-implantation development in mouse embryos. The 
68-kD gelatinase/type IV collagenase is secreted by the 
unfertilized and one-cell embryo, disappears by the four- 
cell stage, and reappears by the blastocyst stage. Secre- 
tion of this proteinase rapidly increases with blastocyst 
outgrowth, implantation, and development to the egg 
cylinder stage. Other gelatinases and caseinases appear 

at the blastocyst and blastocyst outgrowth stages. Two 
well-characterized metalloproteinases, collagenase and 
stromelysin, are secreted at the blastocyst stage. Using 
RNA phenotyping analysis (Rappolee et al. 1988a, b, 
1989), we found that TIMP, collagenase, and stromelysin 
are present as maternal transcripts in the unfertilized 
egg and then are largely retained during the breakdown 
of the majority of maternal transcripts at the two-cell 
stage. The exact time of initiation of transcription of 
metalloproteinase and TIMP genes in the zygote is, 
therefore, unclear. However, an overall increase in 
mRNA is evident at the blastocyst stage, when colla- 
genase, stromelysin, and gelatinase secretion increases 
dramatically, and when increased synthesis of ECM and 
cell migration are taking place. 

The observation that oocytes, ICM, and trophoblast 
all secrete proteinases, but have distinct pattems of 
these enzymes, also suggests tissue-specific functions. 
These data suggest a role for these gene products in oo- 
genesis or ovulation and in the early embryo when cell-  
cell and cell-ECM interactions first take place (Suther- 
land et al. 1988). In contrast to the observations on 
mRNA transcripts for the metalloproteinases and TIMP, 
tPA mRNA disappears at the two-cell stage and is not 
transcribed again until late in the differentiation of pari- 
etal endoderm several days after implantation (Strick- 
land et al. 1976, 1988; Rickles et al. 1988). Platelet-de- 
rived growth factor-A {PDGF-A) and transforming 
growth factor-a (TGF-~) also are found as maternal tran- 
scripts and then disappear and reappear during the 
cleavage stages in early mammalian development, and 
TGF-B1 appears only after zygotic transcription begins 
(Rappolee et al. 1988a). These growth factors increase at 
the blastocyst stage, the same time as the increase in 
collagenase, stromelysin, and TIMP transcripts (Rap- 
polee et al. 1988a). A possible important interaction is 
that these growth regulatory factors can regulate expres- 
sion of proteinases and TIMP (Edwards et al. 1987). It 
will be interesting to determine whether embryonic 
cells regulate inhibitors and proteinases through produc- 
tion of growth factors. 

Our data point to a role for the metalloproteinases in 
ECM remodeling from the first phases of embryonic 
cel l-ECM contacts. There is also evidence supporting a 
role of ECM degradation later in embryogenesis. During 
sea urchin gastrulation, continuous remodeling of col- 
lagen within the blastocoelic matrix (Wessel and 
McClay 1987) suggests the presence of a collagenolytic 
enzyme. Metalloproteinases and PA also have been ob- 
served in other developmental processes, including 
growing and remodeling of bone (Sellers et al. 1978; 
Dean et al. 1985), tadpole tail resorption (Gross and 
Bruschi 1971), neurite extension (Pittman 1985; Va- 
linsky and Le Douarin 1985), endothelial cell migration 
(Pepper et al. 1987; Saksela et al. 1987), branching mor- 
phogenesis (Nakanishi et al. 1986), mammary gland de- 
velopment and involution (Ossowski et al. 1979; Une- 
mori et al. 1987), transformation (Collier et al. 1988; 
Khokha et al. 1989), and ovulation (Canipari et al. 1987). 
Urokinase-type PA production by trophoblast cells par- 
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Figure 4. Mouse embryos express two stromelysin RNA transcripts, EMS-1 and EMS-2. (A) DNA sequence of EMS-1 and EMS-2 PCR 
fragments derived from RT-PCR of mouse blastocyst RNA. The asterisks show the differences between the two sequences. The boxes 
indicate the oligonucleotide primers. (B) Deduced amino acid sequences of EMS-1 and EMS-2 compared to rat transin-1 and transin-2 
and rabbit stromelysin. The common sequences are boxed. Only the sequences between the oligonucleotide primers are shown. 

allels the invasive phase of their life cycle (Strickland et 
al. 1976). 

For direct demonstrat ion of a critical role of the me- 
talloproteinases in development, it is necessary to 
modify development by modifying proteinase function. 
In prel iminary experiments we have observed that TIMP 
modulates peri- implantat ion development of mouse em- 
bryos in culture, and this underscores the functions of 
the metalloproteinases in development (Behrendtsen et 
al. 1988). Surprisingly, TIMP st imulates the migration of 
parietal endoderm-like cells from the blastocyst out- 
growths. TIMP also s t imulates  supernumerary budding 
in branching morphogenesis (Nakanishi et al. 1986), a 
process that requires both ECM stabilization and degra- 
dation, as well  as cell migration and proliferation. It is 
interesting to note that the glial-derived neurite-out- 
growth factor is also a proteinase inhibi tor  (Gloor et al. 
1986). Although ECM components such as fibronectin 
facilitate morphogenetic movements  during embryo- 
genesis (Critchley et al. 1979), and interference with 
ce l l -ECM adhesion inhibi ts  migration during embryo- 
genesis (Boucaut et al. 1984), proteinases also are pro- 
duced by migrating cells (Pittman 1985; Valinsky and Le 
Douarin 1985; Pepper et al. 1987). These data suggest 
that regulation of proteolysis of ECM components may  
be a critical step in facilitating and regulating cell mi- 
gration and/or proliferation. It should be feasible to use 
molecular  approaches such as transgenesis and homolo- 
gous recombinat ion for deleting genes or overexpressing 
them in mouse embryos to enhance our knowledge of 
the biological functions of these ECM-degrading en- 
zymes. 

E x p e r i m e n t a l  procedures  

Materials 

Taq polymerase was obtained from Perkin-Elmer Cetus. Re- 
striction enzymes were obtained from New England Biolabs 
and Bethesda Research Labs. Radioisotopes were purchased 
from Amersham. Moloney murine leukemia virus (Mo-MLV) 
reverse transcriptase was purchased from BRL or Boehringer- 
Manrtheim. Mice were purchased from Jackson Labs and 

Harlan Sprague-Dawley. Oligo(dT) primers for reverse tran- 
scription were obtained from Pharmacia. Oligonucleotide 
primers for PCR were synthesized by the UCSF Biomolecular 
Resource Center. Polyclonal sheep anti-collagenase (Hembry et 
al. 1986; Werb et al. 1986) and sheep anti-stromelysin {Werb et 
al. 1986} were a gift of G. Murphy (Strangeways Research Labo- 
ratory, Cambridge, UK). Recombinant human TIMP was a gift 
of D. Carmichael, Synergen Corporation, Boulder, Colorado. 

Mouse eggs and embryos 

Standard techniques were used for obtaining eggs and zygotes 
(Hogan et al. 1986). Female CF-1 mice (25-30 grams, Harlan 
Sprague-Dawley) were injected with 10 IU of pregnant mares' 
serum (Sigma) followed by an injection of 5 IU of human chori- 
onic gonadotropin (HCG, Organon) 48 hr later. To obtain em- 
bryos, female mice were housed overnight with F 1 hybrid males 
(C57BL/6J females x SJL/J males, Jackson Labs) immediately 
after injection of HCG. Embryos were obtained at the following 
stages: one-cell (24 hr after HCG), two-cell (48 hr after HCG), 
eight-cell (65 hr after HCG), early blastocyst (96 hr after HCG), 
and late blastocyst (120 hr after HCG). Egg cylinder-stage em- 
bryos were dissected from the uteri of mice 7.5 days after injec- 
tion of HCG. Embryos were flushed from oviducts or uteri with 
flushing medium-I (FM-I) (Spindle 1980) plus 6 mg/ml of bovine 
serum albumin (BSA). The embryos were then washed through 
three drops of fresh FM-I + BSA. Unfertilized eggs (mature oo- 
cytes) were dissected from oviducts 14 hr after injection of 
HCG and treated with hyaluronidase to remove adherent cu- 
mulus cells. Eggs and embryos were examined under a dis- 
secting microscope to ensure that no contaminating maternal 
cells were present. 

Embryo culture 

For each analysis 100-200 embryos/stage were cultured for 48 
hr in 50 ~1 of Dulbecco's modified Eagle's medium (DME) con- 
taining 0.2% lactalbumin hydrolysate (LH) in microdrops, 
which were covered with paraffin oil (Aldrich) to prevent evap- 
oration. All experiments were performed at least three times. 

Blastocyst outgrowths were made by culturing hatched blas- 
tocysts on gelatin-coated wells of 96-well microliter plates for 
24-48 hr at 37~ in 100 ~1 of DME and 10% fetal bovine serum 
(FBS). To prepare serum-free conditioned medium for SDS- 
substrate gel analysis, the medium containing FBS was replaced 
with 50 ~1 of DME-LH, and the outgrowths were cultured for 
an additional 24-48 hr. 
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Trophoblast outgrowths devoid of ICM cells were obtained 
by x-irradiating early blastocysts with 10 Gy {Goldstein et al. 
1975) and then culturing them for 3 - 4  days as described for 
whole blastocyst outgrowths. 

ICMs were obtained by immunosurgery (Solter and Knowles 
1975). Blastocysts were incubated for 15 min at 37~ in a rabbit 
anti-mouse L-cell IgG (Wiley et al. 1978), washed three times in 
FM-I + BSA, and then incubated for 40 min at 37~ in guinea 
pig complement (Sigma) to lyse the trophectoderm cells. The 
dead trophectoderm cells were removed by rapid pipetting. 
Blastocyst fragments consisting of pure mural trophectoderm or 
polar trophectoderm plus ICM were obtained by manually dis- 
secting zona-free expanded blastocysts with fine glass needles 
in FM-I on a cushion of 2% agar. 

Biosynthetic labeling and immunoprecipitation of blastocyst 
proteins 

Six hundred blastocysts were incubated for 4 hr in 300 ~1 of TE 
medium containing 1 mCi/ml of [3SS]methionine (2000 Ci/ 
mmole, Amersham). At the end of the labeling period, the con- 
ditioned culture medium was collected, and secreted proteins 
were immunoprecipitated from 100-~1 aliquots by sheep anti- 
rabbit collagenase IgG, sheep anti-rabbit stromelysin IgG, or 
nonimmune sheep IgG, followed by protein A-Sepharose. 
These samples were then separated by SDS-polyacrylamide gel 
electrophoresis. The experiments were performed twice. 

Cell culture 

The following embryonal carcinoma cell lines were used: F9 
cells, obtained from the University of California, San Francisco, 
Cell Culture Facility; PSA-1 and STO fibroblasts, obtained 
from G. Martin, University of California, San Francisco; and 
C3HNE cells, obtained from I. Damjanov (Wistar Institute). F9 
cells were cultured on gelatin (Sigma)-coated culture dishes in 
DME containing 10% heat-inactivated FBS. STO fibroblasts 
were maintained in either DME containing 10% calf serum 
{Gibco) or DME containing 5% FBS and 5% calf serum. C3HNE 
cells were cultured in RPMI medium (Gibco) containing 10% 
FBS. C3HNE trophoblast vesicles were collected by shaking off 
confluent cultures (Damjanov and Damjanov 1985). PSA- 1 cells 
were maintained on a confluent feeder layer of x-irradiated STO 
fibroblasts in DME containing 10% calf serum. To collect con- 
ditioned medium for SDS-substrate gel analysis, the confluent 
cell cultures were incubated in serum-free medium for 24 hr. 
Rabbit synovial fibroblasts were cultured and stimulated to se- 
crete proteinases as described previously {Unemori and Werb 
19881. 

Endoderm differentiation of F9 and PSA-1 cells 

F9 cells (5 x lOS), which resemble undifferentiated ICM cells, 
were seeded onto gelatin-coated lO-cm tissue culture dishes 
and cultured for up to 6 days with 5 x 10 -z M retinoic acid, 
10 -4 M dibutyryl cAMP, and 5 mM isobutylmethylxanthine in 
DME containing 10% calf serum {Strickland and Mahdavi 
1978; Solter et al. 1979; Hogan et al. 1981) to obtain cells that 
resemble the parietal endoderm, which are progeny cells of the 
primitive endoderm (Strickland et al. 1976, 1980; Hogan et al. 
1986). 

Undifferentiated PSA-1 cells were removed from x-irradiated 
STO fibroblast feeder layers and designated 0 + O. To obtain en- 
dodermally differentiated cultures (Martin et al. 1977), PSA-1 
cells were removed from the feeder layers for 3 days and then 
cultured in suspension as embryoid bodies in bacteriological 

culture dishes for up to 18 days {designated 3+[number of 
days]). These experiments were performed at least twice. 

Zymography of proteinases on SDS-substrate gels 

To determine whether ECM-degrading proteinases were se- 
creted during mouse embryogenesis, embryos, embryonal 
tissues, and embryonal carcinoma cells were cultured sepa- 
rately for 24 or 48 hr in DME-LH or RPMI-LH. The conditioned 
medium was then analyzed by zymography, as described pre- 
viously {Herron et al. 1986b; Unemori and Werb 1986). Condi- 
tioned medium (5-20 ~1) was diluted with 4x  SDS sample 
buffer without 2-mercaptoethanol, and then loaded onto 10% 
or 12% SDS-polyacrylamide gels containing 1 mg/ml of either 
gelatin or casein. After electrophoresis these gels were washed 
twice for 15 rain in 2.5% Triton X-100 (Sigma) and incubated 
for 24 to 48 hr at 37~ in 350 mM Tris-HC1 buffer (pH 7.6), 
containing 10 mM CaC12. Gels were then stained in Coomassie 
Blue R250, followed by destaining. Clear bands indicate the 
presence of proteolytic enzymes. The photographs of the gels 
are printed as negative images for clarity. 

RNA preparation 

A microadaptation (Rappolee et al. 1988a, b, 1989) of the guani- 
dine thiocyanate (GuSCNJ/CsC1 gradient ultracentrifugation 
procedure (Chirgwin et al. 1979) was used to prepare total RNA 
from embryos. One to 100 eggs or embryos were washed 
through six drops of FM-I, added to 100 ~1 of GuSCN solution 
containing 20 g.g of Escherichia coli ribosomal RNA as carrier, 
and then layered over 100 wl of 5.7 M CsC1 and centrifuged for 
20 x 106g-min/cm gradient in the TL-100 rotor of a Beckman 
TL-I00 bench-top centrifuge. Yields of RNA, determined by 
reading A~o, were generally 35-60%. Total RNA used for posi- 
tive controls and for RNA blotting analysis was prepared by the 
standard GuSCN/CsC1 procedure {Chirgwin et al. 1979) from 
PSA-1 cells, from 1:9 cells differentiated as described above, and 
from rabbit synovial fibroblasts treated with 100 ng/ml of 
12-O-tetradecanoylphorbol-13-acetate for 24 hr, as described 
previously (Frisch et al. 1987). The concentration of RNA was 
determined by Ago, and the normalization was checked by run- 
ning samples on agarose gels and staining the rRNA bands with 
ethidium bromide. 

mRNA phenotyping analysis 

The single-cell mRNA phenotyping analysis, consisting of re- 
verse transcription of mRNA followed by amplification of 
cDNA fragments by PCR, was performed essentially as de- 
scribed previously {Rappolee et al. 1988a, b, 1989). Briefly, the 
RNA was reverse-transcribed with Mo-MLV reverse transcrip- 
tase and oligo{dT) priming. Reverse transcription was repeated 
by denaturing at 93~ flash-cooling on ice, and reincubating 
with an additional 50 U of Mo-MLV reverse transcriptase. PCR 
was performed essentially as described previously (Saiki et al. 
1988). A small portion of RT products (1 ~1, stated in the figure 
legends as the number of embryo-equivalents in that aliquot} 
was mixed with 1 unit of Taq DNA polymerase and 50 pmoles 
of the 20- to 25-base-long oligonucleotide 5' and 3' sequence- 
specific primers in a buffer containing 10 mM Tris-HC1 (pH 8.3), 
2.5 mM MgClw 50 mM KC1, and 5 ~g of acetylated bovine 
serum albumin, in a 50-}~1 volume. The mixture was overlaid 
with mineral oil to prevent evaporation and then amplified by 
PCR in a repeated three-temperature cycle on a Perkin-Elmer 
Cetus Thermocycler programmable heating block. The PCR 
fragments were separated on 2-4% agarose gels and then 
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stained with ethidium bromide. The gels were photographed 
and printed as negative images for clarity. In some experiments 
the separated PCR fragments were transferred to nylon mem- 
branes and hybridized with a2p-labeled cDNA probes. Experi- 
ments were performed at least three times with independent 
embryo preparations. 

Oligonucleotides 

Oligonucleotides were designed by the rules outlined by Rap- 
polee et al. (1989). The structures of the oligonucleotides used 
in this study were designed from known sequences as follows: 
Stromelysin (Matrisian et al. 1985; Fini et al. 1987; Wilhelm et 
al. 1987; Frisch et al. 1987; Werb, unpublished sequence of 
rabbit stromelysin): 

5'Oligonucleotide: 5 '-CTGGAGGTTTGATGAGAAGA-3'  
3'Oligonucleotide: 5 ' -AAACCAGCTGTTGCTCTTCA-3 '  

Collagenase (Whitham et al. 1986; Frisch et al. 1987; Werb, un- 
published sequence of rabbit collagenase): 

5'Oligonucleotide: 5 ' -ACAGCTCCTTTGGCTTCCCT-3 '  
3'Oligonucleotide: 5 ' -TTGAACCAGCTATTAGCTTT-3 '  

TIMP (Gewert et al. 1987): 
5'Oligonucleotide: 5 ' -ACCACCTTATACCAGCGTTA-3 '  
3'Oligonucleotide: 5'-AAACAGGGAAACACTGTGCA-3' 

cDNA probes 

The cDNA probes used in this study were obtained from the 
following sources: rabbit collagenase, pCL1 (Frisch et al. 1987); 
rabbit stromelysin, pSL2 (Frisch et al. 1987); mouse tPA, gift of 
R. Rickles (SUNY-Stonybrook; Rickles et al. 1988); chicken 
actin, pAl, gift of M. Kirschner (University of California, San 
Francisco; Cleveland et al. 1980); rat transin-1, pTR1, gift of R. 
Breathnach (University of Strasbourg; Matrisian et al. 1985); 
human stromelysin, gift of G. Goldberg (Washington Univer- 
sity, St. Louis; Wilhelm et al. 1987); human 68-kD gelatinase/ 
type IV collagenase, gift of G. Goldberg (Washington Univer- 
sity, St. Louis; Collier et al. 1988); mouse TIMP, gift of B. Wil- 
liams (University of Toronto; Gewert et al. 1987). For mouse 
collagenase and mouse stromelysin eDNA, the PCR-amplified 
fragments derived from F9 or PSA-1 RNA were purified by 
agarose gel electrophoresis. 

DNA sequence analysis 

PCR fragments were purified, phosphorylated, and then ligated 
into M13 vectors for single-strand sequencing using Sequenase 
by standard procedures (Church and Gilbert 1984; Tabor and 
Richardson 1987). At least two independent M13 clones were 
used to validate each sequence, generally in opposite orienta- 
tions. 

RNA blotting 

RNA isolated from F9 and PSA-1 cells was separated and run on 
denaturing agarose gels, transferred to nylon membranes by 
capillary action (Thomas 1980; Reed and Mann 1985), and then 
UV cross-linked {Lehrach et al. 1977; Church and Gilbert 1984). 
The RNA was then hybridized with inserts from eDNA clones 
or PCR-amplified cDNA radiolabeled with [azP]dCTP by nick- 
translation (Maniatis et al. 1982). 
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