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I found that spp, caleyclin, MEP, MRP and transin exhibit unique
spatial and temporal patterns of expression in the female reproductive
tissues. Calcyclin mRNA increased 5-10 fold over the level seen in virgin
uterus, peaking on day 10. spp mRNA was undetectable in virgin uterus
and increased to a maximal level, 24 times higher than that of calcyclin, on

day 11. 1In situ hybridization revealed that spp was expressed in the

decidua capsularis as well as in granulated metrial gland cells. Calcyclin
expression in adjacent sections was a 'diffuse band' with the highest
intensity in the decidua capsularis and dzcidua lateralis.

Studies with artificial deciduomas showed that the presence of an
embryo was not necessary, ana that the hormonal environment in a pregnant
animal was sufficient for expression of all these genes in the maternal

tissues.
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ABSTRACT
¢DNA libraries were constructed using the Okayama/Berg cloning
strategy, and full length cDNA clones for the growth factor inducible genes
TIMP, MRP, MEP and calcyclin were isolated, and used to study the temporal
and spatial patterns of expression of these genes. The TIMP and MRP

¢DNAs were used to express the murine proteins in E. coli. The native

proteins were found to be expressed only at low levels, although fusion
proteins with MRP and TIMP sequences at the carboxyl terminus of B-

galactosidase were expressed at high levels in E. coli. The purified fusion

proteins were used to raise MRP and TIMP specitic antisera.

To determine the effect of an upstream overlapping ORF, TIMP
transcripts either containing or lacking the AUG of the 5' ORF were
generated by SP6 polymerase, and translated in reticulocyte lysates. The

in vitro translated TIMP was immunoprecipitable with TIMP antiserum.

TIMP was translated up to 10-fold more efficiently from the transcript
lacking the upstream AUG.

RNA was isolated from the reproductive tissues dissected from female
mice on each day of pregnancy and analysed on Northern and slot blots.
TIMP mRNA levels were highest on day 7, and then decreased with a
specific time course in each of placenta, decidua and uterus during
pregnancy. A burst of TIMP expression was observed in the amnion on
days 10 and 18. The TIMP mRNA levels in ovary were high in virgin mice,
and low throughout gestation until day 18 when they increased to a level 25-
fold higher than seen in any other tissue. This burst of TIMP expression

coincided with an induction of transin-2 in the ovary.
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I found that spp, calcyclin, MEP, MRP and transin exhibit unique
spatial and temporal patterns of expression in the female reproductive
tissues. Calcyclin mRNA increased 5-10 fold over the level seen in virgin
uterus, peaking on day 10. spp mRNA was undetectable in virgin uterus
and increased to a maximal level, 24 times higher than that of calcyclin, on

day 11. 1In situ hybridization revealed that spp was expressed in the

decidua capsularis as well as in granulated metrial gland cells. Calcyclin
expression in adjacent sections was a 'diffuse band' with the highest
intensity in the decidua capsularis and dzcidua lateralis.

Studies with artificial deciduomas showed that the presence of an
embryo was not necessary, ana that the hormonal environment in a pregnant

animal was sufficient for expression of all these genes in the maternal

tissues.
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CHAPTER 1 - INTRODUCTION

1.1.1 Cell Cycle Dependent Gene Exprassion

In the classical mammalian cell cycle, synthesis of DNA (S) and mitosis
(M) are two discrete events separated by two gaps, Gl and G2 (Howard and
Pele, 1953). Quiescent cells are in a resting state referred to as GO0, and
can be stimulated to enter Gl of the cell cycle by the addition of serum
growth factors. Stages S, G2 and M are of a determinate length, and the
variability of the length of G1 is responsible for different cell cycle times of

daughter cells (Pardee et al., 1978). Brooks et al. (1980) described a

probabilistic model where a cell's progression through the cell cycle is
controlled by random events A and L that mark the beginning of 2
processes. The A state is similiar to G1, whereas the random event at the
beginning of the L state of the Brooks model may take place at any time in
the ceil cycle and is linked to the centriole cycle.

Experimental study of the mammalian cell cycle involves the stimulation
of quiescent tissue culture cells with growth factors. These cells pass
several control points and reach S phase about 12 hours (h) later. The
first contrnl point is termed competence, which is achieved by the addition
of platlet derived growth factor (PDGF) or fibroblast growth factor (FGF)

(Pledger et ai., 1977). Competent cells no longer require PDGF or FGF

and 'progress' to the control point 'V'in ~ 6 h, in the presence of epidermal

growth factor (EGF) and insulin-like growth factor-1 (IGF-1) (Leof et al.,

1981). Progression to the next control point, termed the restriction point

(R) requires efficient protein synthesis (Rossow et al., 1979) and the
continued presence of IGF-1 (Leof et al., 1981), but does not require new

transcription (Campisi and Pardee, 1984). Cells initiate DNA synthesis



2
about 2 h later, when and if they pass the last controi point 'W' at the G1-
S boundary (Das, 1981). For cycling cells the state of competence is

achieved in the previous cell cycle (Scher et al., 1979), and the only

growth factor required to progress from Gl to S is IGF-1 (Campisi and
Pardee, 1984).

In order to understand the cell cycle, it is important to define the
role of cell cycle dependent (CCD) genes, and how their expression is
regulated, because a subset of these genes will play a role in cell cycle
regulation and also play a role in cellular transformation. One method that
has been used sucessfully to identify CCD genes is differential screening of
a cDNA library with probes made from mRNA isolated from cells in different

growth states (reviewed in Denhardt et al., 1986). Accordingly, Ferrari

and Baserga (1987) detected 0.3-1.0% of the genes as being growth factor
inducible. Linzer and Nathans (1983) have suggested that the number of
cell cycle regulated genes is 50-100. In a more recent report, 82
independent growth factor inducible sequences were isolated by differential

screening of a cDNA library (Almendral et al., 1988).

The specific expression of histone genes at S phase is a good example
of the levels at which cell cycle dependent genes can be regulated. A five-
fold increase in the rate of histone H3 transcription leads to a 50-fold

increase in the cytoplasmic level of H3 mRNA (DeLisle et al., 1983), partly
resulting from increased stability of histone mRNAs in S phase (Heintz et
al., 1983;. A stem loop structure at the 3' end of H3 mRNA was required
to couple stability of the mRNA with DNA replication (Levine et al., 1987).
This structure appeared to be the target of a nuclease since shorter histone

mRNAs, lacking 5 or 12 nucleotides from the 3' end, were observed when
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the transcripts were being rapidly degraded after DNA replication had
stopped (Ross et al., 1986).

Fusion of B-globin coding sequences downstream of the human H3
promoter and leader sequence conferred the histone-like properties of
hydroxyurea sensitivity and cycloheximide superinduction onto the 8-globin
transcripts (Morris et al., 1986). Analysis of deletion mutants revealed
several features of the human histone H4 promoter region, such as the
specific binding of a protein H4TF-1 to the region -79 to -102, and several
GC-rich repeat sequences between -60 and -105 that play a role in
transcriptional efficiency (Daily et al., 1986). The histone-specific
hexamer GACTTC was shown to be necessary for maximal H4 transcription,
and may be involved in the coordinate cell cycle dependent expression of the
histone genes (Sive et al.. 1986).

1.1.2 Regulation of Transcription

Serum inducible genes such as c-fos and c-jun are activated early and
independently of new protein synthesis, while the transcription of more
slowly activated genes requires protein synthesis as evidenced by their
inhibition in the presence of cycloheximide (Lau and Nathans, 1987). Some
of the early genes encode transcription factors. The protein product Jun
is part of the AP-1 transcription complex, and is responsible for the
sequence specific interaction with DNA (Chiu et al., 1988), which is
potentiated by Fos via a 'leucine zipper' motif (Landschultz . al., 1988;

Kouzarides et al., 1988). Synthetic peptides of the Fos and Jun leucine

zipper regions form heterodimers with a 1000-fold preference ocver

homodimers, demonstrating the specificity of the interaction (O'Shea et al.,

1989).
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Induction of the later genes by cAMP or TPA (via protein kinase C
(PKC)) mediated pathways involves response elements in the gene that bind
different transcription factors (reviewed in Karin, 1989). The AP-1
recognition site (among others) directs induction by TPA and not cAMP,

while the AP-2 site mediates induction by both agents (Imagawa et al.,

1987). The interactions can be more complex, e.g. the proenkephalin
promoter contains binding sites for AP-1, AP-2, AP-4 and ENKTF-1.
Interestingly, this promoter is not induced by TPA alone and requires a

phospho-diesterase inhibitor in combination (Comb et al., 1988).

Transcription factors Oct-1 and Oct-2 bind to the octamer sequence
element ATGCAAAT found in a wide variety of promoters and enhancers
(reviewed in Schaffner, 1989). Specificity is conferred by tissue specific
factors which bind adjacent sequence motifs. A TATA box in conjunction
with the histone H2B octamer binds the lymphocyte specific Oct-2, but is

inactive in non-lymphoid cells (Miiller et aIl., 1988). The CCAAT and GC

boxes are found adjacent to the octamer in housekeeping genes. The region

of homology between Oct-1 a’ ¥ Oct-2 contains a homeobox (Scheidereit =t
al., 1988), which is important in regulating development.

1.1.3 Oncogenes

Stimuli which determine the growth, quiescence or differentiation
state of a cell arise from a combination of hormonal elements such as growth
factors and structural elements including the extracellular matrix (ECM) and
neighbouring cell surfaces. The signals for many of these events are the
proteins encoded by proto-oncogenes, which are the cellular homologues of
the viral genes responsible for the neoplastic properties of RNA tumour

virus transformed cells (Bishop, 1981). Proto-oncogenes can become
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activated into oncogenes through mutations which effect either their level

of expression (e.g. myc, fos, int) or structural changes in the encoded
proteins (ras, src, pd3; Balmain, 1985). A co-operative effect of
oncogenes was demonstrated by the ability of cloned ras to transform only
cells previously immortalized by over-expression of myc (Land et al., 1983;
Newbold and Overell, 1983). Upregulation of rasi with a mutation at codon

12 is sufficient to transform primary rodent cells, although the fully
transformed cells also had a variety of chromosomal abberations (Spandidos

and Wilke, 1984).

Expression of myc or ras in various tissues in transgenic mice
(reviewed in Groner et al., 1987) revealed a tissue and developmental

specificity for transformation by each of these genes. The elastase-1 (el)
tissue specific promoter was used to demonstrate that the pancreatic acinar

cells were efficiently transformed by ras and not by myc (Quaife et al.,
1987). However, myc was more effective than ras at producing tumours in

the mammary gland when expressed under control of the whey acidic protein

(Wap) promoter (Andres et al., 1987) which is known to be activated at a

late stage in pregnancy. There was a higher incidence of mammary tumours

(50% of mice within 6 months) when ras was under control of the mouse

mammary tumour virus long terminal repeat (MMTV LTR) which is expressed

in mammary epithelium at earlier stages (Sinn et al., 1987). The tumour
potential of myc in mammary tissue was not dependent on the state of
differentiation. Tissues from an Fl cross of MMTV LTR-myc and MMTV
LTR-ras transgenic mice in which ras was tumorigenic displayed accelerated

tumor formation when both ras as well as myc were overexpressed (Sinn et



al., 1987).

The normal p2l gene product of ras has GTPase activity that is
impaired by a mutation at codon 12 (McGrath et al., 1984). Loss of the

GTPase activity results in an inability by p21 to activate yeast adenylate

cyclase (Broek et al., 1985).

The c-myc gene product is a nuclear protein that binds strongly to
DNA (Watt et al., 1985; Rapp et al., 1986) and is involved in DNA
synthesis (Studzinski et al., 1986). Myc expression is very complex and

regulated at several levels. In this context, there are three promoters,
along with two additional upstream open reading frames (ORF) in the
additional 5' sequence from P0 and P1 (Bentley and Groudine, 1986). There

are also three noncontiguous regions of the myc gene which show high levels

of transcription in the antisense direction (Nepveu and Mercu, 1986), a

negative element present in the promoter region (Remmers et al., 1985) and
a positive modulator in exon 1 (Yang et al., 1986). The 3' region of myc

mRNA contains two AU-rich sequences which serve as sites for
endonucleolytic degradation after the poly A tail is removed (Brewer and

Ross, 1988), and further, the protein contains PEST regions (Rogers =t
al., 1986) which are associated with unstable proteins.

In MMTV induced tumors the provirus integrates within 30 kb of and

activates expression from int-1 (Nusse et al., 1984) or int-2 (Peters et
al., 1983). Expression of int mRNA increases from undetectable levels to
1-10 copies per tumor cell (Fung et al., 1985). Normal expression of int-

1 is restricted to the neural tube of day (d) 8-13 embryos, and to the testis

of post-puberal mice (Schackleford and Varmus, 1987). Int-2 is expressed
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up to d 7.5 of embryonic development (Jakobovits et al., 1986). Regions
of int-1 and int-2 share about 50% similarity at the amino acid level, and
int-2 is also similar to basic FGF (Dickson and Peters, 1987).

Other transforming members of the FGF family include hst/KS3 (Delli-
Bovi et al., 1987) and FGF5 (Zhan et al., 1988). These two proteins,
along with int-2 protein, contain hydrophobic leader sequences which
facilitate their secretion and provide an autocrine feedback loop. Over
expression of these FGF-like proteins with leader sequences correlates
posidvely with tumour growth potential. Interestingly, three additional
forms of basic FGF with N-terminal extensions of 4.7, 5.3 and 6.4
kiloDaltons (kDa) are synthesized by a human hepatoma cell line. These
FGFs, which also retain the FGF activity, resuit from initiation of
translation at CUG codons 5' to the AUG start site (Florkeiwicz and Sommer,

1989). Some other oncogenes and growth factor related products are v-sis
and PDGF (Doolittle et alI., 1983); v-erb-B and the EGF receptor
(Downward et al., 1983); v-fms and their CSF-1 receptor (Scherr et al.,
1985); v-ros has homology to the insulin receptor (Ebina et al., 1985) and
c-erb-A codes for the glucocorticoid receptor (Sap et al., 1986).
1.1.4 Tissue-Specific Gene Expression

Some examples of promcters that direct tissue specific expression of
cloned genes are given above. The co-ordinate regulation of a set of
tissue-specific structural genes is more efficient than independent
regulation of each gene. A deletion on mouse chromosome 7 resulted in low
levels of expression of a subset of liver-specific genes including glucose-

6-phosphatase, tyrosine aminotransferase (TAT) and phosphoenol pyruvate
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carboxykinase (PEPCK). The deletion does not affect the structure of

these genes, since they are located on other chromosomes (Cori et al.,
1983; Peterson et al., 1985; Loose et al., 1986). The PEPCK mRNA level

was less than 10% of normal while the transcription was only reduced to 25-
50% of the normal level, suggesting that post transcriptional mechanisms

were also affected by the chromosome 7 deletion (Loose < al., 1986). A

developmental aspect of this liver-specific regulation is that TAT was not
inducible by glucocorticoids in foetal liver, but became inducible withi.: ?

h after birth (Perry et al., 1983).

Albumin and a-fetoprotein are related proteins that have different
developmental patterns of regulation. Both genes are expressed in the
foetal liver, yolk sac and gut. The level of a-fetoprotein drops drastically
after birth while albumin expression continues unchanged. The post-partum
decline of a-fetoprotein (and another gene, H19) expression is conferred by -

raf (Pachnis et al., 1984). The unlinked allele Rif controis the induction

of a-fetoprotein during liver regeneration (Balayew and Tilghman, 1982).
An exogenous a-fetoprotein gene with 7 kb of 5' sequence was expressed
correctly in transgenic mice, demonstrating that the sequences required for

regulation by Rif and raf were present in this region (Krumlauf et al.,

1985).

Homeotic genes, first identified in Drosophila, have been extensively
studied and provide an excellent example of tissue and development specific
regulation. The 'homeobox' is a 180-base pair (bp) segment of DNA coding
for a helix-turn-helix motif in the protein which by itseif has DNA binding
ability (Pabo and Sauer, 1984). Enhanced binding and specificity is likely

conferred by protein-protein interactions. The Drosophila homeotic
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sequence has been used to isolate other homeobox genes in Drosophila,
mouse (McGinnis et al., 1984a; 1984b) and human (Levine et al., 1984).
Direct evidence that homeobox genes encode specific transcription
factors has come from sequence analysis of cloned transcription factors.
Cloning of the human lymphocyte Ig specific transcription factor Oct-2
revealed a helix-turn-helix motif with 33% similiarity to the concensus
homeodomain (Ko et al., 1988). Purified Oct-2 was found to bind the Ig
specific octamer sequence and to the Drosophila 'engrailed' consensus
sequence (Scheidereit et al., 1988). A homeodomain was also identified in

the 33 kDa transcription factor Pit-1, which is responsible for the cell type
expression of the recently diverged growth hormone and prolactin genes

(Ingraham et al., 1988).
In Drosophila, homeobox genes determine the number and polarity of

body segments (see Gehring and Hiromi, 1986). The murine homeobox
genes isolated so far belong to three classes that are designated by a
number ar.d the prefix 'Hox' for the Antp-like, 'En' for engrailed-like and
'cdx' for the caudal-like class of Drosophila genes. The spatial and temporal
pattern of murine homeobox expression is consistent with their playing a
role in the determination of cell fate. Most Hox- and En-genes are
expressed primarily in the nervous system as well as in other tissues of
mesodermal and ectodermal origin (reviewed in Holland and Hogan, 1988a).
cdx-1 is expressed exclusively in the intestinal epithelium (derived from
endoderm) beginning at d 14 of gestation and continuing into adulthood

(Duprey et al., 1988). The expression of Hox-1.5 is clearly higher .n the

posterior than in the anterior presomitic mesoderm (Gaunt, 1987), and Hox~
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1.5 is detectable at a slightly earlier stage than Hox-3.1 (Gaunt, 1988). A

typical pattern of spatial expression has sharp invariant anterior limit, with
a less defined posterior boundary whose position changes during
development. The central nervous system (CNS) and the adjacent mesodern
sometimes show the same anterior-posterior limits of expression (Holland and

Hogan, 1988b); an exception is Hox-3.1 which has a more anterior boundary
in the nervous system than in the prevertebrae (Le Mouellic et al., 1988).
Short and long versions of Xenopus XIHbox protein 1 are generated bv

translation of two related mRNAs. The long mRNA is transcribed from an
upstream promoter and contains an AUG which is 5' to, and in frame with,

the start codon for the short protein (Cho et al., 1988). Specific

antibodies that recognize either the long, or both the long and short version
of the XIHbox 1 protein also recognize the murine homologues.
Immunostaining disclosed that the short protein always had a more anterior
position in the embryo than the long protein. Like other homeobox genes,
each of these proteins also had a more anterior boundary in the CNS than
in the adjacent mesoderm, and expression in the CNS persisted longer in

development (Oliver et al., 1988).

The promoter elements recognized by the homeobox containing Oct-2
and Pit-1 transcription factors have been identified, although the genes
controlled by homeodomains that determine mammalian regionalization have

yet to be found. Indications that (in Drosophila) homeobox proteins can

recognize more than one site, and furthermore that more than one protein
can bind a specific site, lead to the proposal that both the affinity and
concentration of homeobox proteins regulate the gene activity (Levine and

Hoey, 1988). As in Drosophila, an interesting aspect of murine homeobox
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regulation is the colinearity between the anterior-posterior pattern of

expression and the position of a particular Hox-gene in its cluster. Hox-1.6

is at the 3' end of the cluster, and has the most anterior border of

expression of the Hox-1.1 to 1.6 cluster (Duboule and Dollé, 1989). An
even more definitive gradient of expression has been shown for the Hox-2

cluster. Each succesive gene from 5' to 3' has a more anterior boundary in

the CNS (Graham et al., 1989). It is clearly evident that there is a

specific spatial and temporal expression of the homeobox genes. Some effect
tissue specific development, while others promote regionalization.
1.1.5 Cancer

A decreased requirement for growth factors leads to a growth
advantage for the transfomed cell. Growth factors increase the expression

of some proto-oncogenes (myc, fos; Muller et al., 1984). Inappropriate
expression of either myc or fos leads to the same growth advantage as

stimulation by growth factors. Expression of oncogenes related to growth
factors or their receptors transforms the cell through related mechanisms.

The proto-oncogenes are essential for cell growth, while the homeotic
genes are responsible for pattern formation and differentiation. Although
a role for homeobox genes in cancer has not been demonstrated, they are
expressed during differentiation of murine teratocarcinoma cells (Colberg-

Poley et al., 1985), which can be induced to form muscie or nerve
(McBurney et al., 1982). Teratocarcinoma cells develop normally when
placed in the strong individuation field of a blastocyst (Mintz et al., 1975).

Just as important as the mutations that lead to activation of proto-
oncogenes is the way a cell perceives its environment, since this influences

growth of the cell as well as its response to growth factors. Ingber and
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Folkman (1989a) postulate that the ECM conveys regulatory information to
(endothelial) cells through both mechanical and chemical mechanisms. The
insoluble ECM provides a surface on which cells can spread and generate
tension within the cytoskeleton. In the presence of growth factor,
endothelial cells were induced to proliferate when the insoluble ECM
provided a surface on which they could spread; and they differentiated
toward capillary tube formation when lower ECM densities permitted cell
shortening (Ingber and Folkman, 1989b). Specific sequences in ECM
proteins are also capable of mediating these effects. In this context, the
sequence arginine-glycine-aspartic acid (RGD) in the laminin A chain is

involved in cell attachment. Grant et al. (1989) showed that the addition

of a synthetic peptide with the sequence YIGSR, which is in the B chain of
laminin, induced capillary tube formation by endothelial cells.
1.2 TIMP

Tissue inhibitor of metalloproteinases is a specific inhibitor of the
metalloproteinases, including enzymes such as collagenase(s), gelatinase and
stromelysin. Other naturally occuring metalloproteinase inhibitors are the
M, 750,000 a,-macroglobulin, which constitutes 95% of the collagenase

inhibitor activity in human plasma (Woolley et al., 1976); a group of low M,
(10,000-20,000) inhibitors found in extracts of bone, cartilage and aorta
(Harris et al., 1984); M, 6,000 and 12,000 proteins present in the culture
medium of chick skin (Shinkai et al., 1977) and a 66,000 M_ protein
secreted by rabbit chondrocytes (Morris, 1989).

TIMP was identified as a potent collagenase inhibitor present in the

culture medium of foetal rabbit bone explants (Sellers et al., 1977). It was

later shown to also inhibit the degradation of gelatin and proteoglycaus by
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two other metalloproteinases (Sellers et al., 1979) and was subsequently
named TIMP (Caws'on et al., 1981). TIMP was first isolated from explant
and tissue culture media, and later from serum, amniotic fluid,
cerebrospinal fluid, vitreous humour synmovial fluid and was shown to he
stored in platelets (reviewed in Cawston, 1986). TIMP has been purified to
homogeneity from several of these sources including explant and tissue
culture cell media as well as amniotic fluid.

The M, of mature TIMP is 28,000 in SDS-polyacrylamide gels. The
size of the core protein predicted from the amino acid sequence is M, 23,144

for human TIMP (Docherty et al., 1985) and M, 22,500 for murine TIMP
(Edwards et al., 1986). There are two potential N-glycosylation sites in

both murine and human TIMP amino acid sequences. During processing, the
M, 2,500 signal peptide is cleaved and cerbohydrates representing 20% of the
secreted molecule by weight (Kishi and Hakakawa, 1984) are added. The 12
cysteines in mature TIMP form 6 disulfide bridges; free sulfhydryl groups
were not detected in active TIMP (Kishi and Hakakawa, 1984), although a
free sulfhydryl group has been reported to be necessary for the ac tivity of
another collagenase inhibitor isolated from polymorphonuclear leukocytes
(Macartney and Tscheche, 1984). The presence of disulfide bridges is
consistent with the sensitivity of TIMP activity to reducing agents and its
remarkable stability at low pH or when heated (90°C for 1 h).

TIMP binds in a 1:1 stoichiometry with active metalloproteinases, and

forms an M, 54,000 complex with collagenase (Cawston et al., 1983), an M,
43,000 complex with proteoglycanase (Galloway et al., 1983) and an M,
86,000 complex with gelatinase (Murphy et al., 1985a). The binding is

essentially irreversible with a K; of 1.4 x 10°1° M (Cawston et al., 1983).
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The role of TIMP was first proposed to be 'a ubiquitous inhibitor'
that acted as a fail-safe mechanism to prevent tissue resorption by limiting

collagenase activity to the site of its secretion (Reynolds et al., 1977).

TIMP has been localized by immunofluorescent staining to the areas of wound
healing that are actively undergoing tissue remodelling (see 4.1). The time
course of appearance of TIMP lagged one day behind the appearance of
collagenase, suggesting a coordinated expression of these two proteins.

A drop in TIMP levels is associated with some pathological conditions.
Collagenase activity was observed to be higher and TIMP levels were
depressed in the synovial fluid from arthritic joints. This is due, at least
in part, to a mononuclear cell factor (MCF) and a synovial factor which
stimulates the production of proteinases and prostaglandin E by cartilage
and bone cells. Corticosteroids such as hydrocortisone, which are used to
treat rheumatoid arthritis, act »y inhibiting MCF action and stimulating

TIMP production by these cells (McGuire et al., 1982). The proteases

secreted by the neutrophils that invade inflamed joints can degrade TIMP

(Okada et al., 1988).

TIMP also plays a role in controlling the invasive and metastatic
potential of cells. An inverse correlation was demonstrated between TIMP

levels and the invasive potential of intracranial tumors (Halaka et al.,

1983). The addition of purified TIMP blocked the invasion of metastatic

cells in vitro in an amnion invasion assay (Thorgeirson et al., 1982;
Schultz et a1., 1988); and intraperitoneal injections of TIMP drastically

reduced the lung colonization poicntial of B16F10 melanoma cells injected

subcutaneously in nude mice (Schultz et al., 1988). 'Normal' Swiss 3T3

cells acquired a tumorigenic and metastatic propensity when their secreted
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TIMP levels were reduced 50% by an antisense RNA expression vector,
demonstrating that small changes in the balance between TIMP and

metalloproteinases can have dramatic consequences (Khokha et al., 1989).

Changes in TIMP and metalloproteinase activities influence the
extracellular matrix (ECM) deposition and degradation. In fibroblast cells
in tissue culture, transforming growth factor-8 (TGF-B8) stimulates TIMP

expression either alone (Overall et al., 1989) or in synergism with growth
factors (Edwards et al., 1987a). At the same time TGF-B blocks induction

of collagenase, resulting in conditions which favor extracellular matrix
depoesition. Similarly, the naturally occuring all-trans- and all-cis-retinoic
acids increase TIMP and decrease collagenase activity secreted into the
medum by fibroblasts (Clark et al., 1987). Conversely to TGF-0,
interleukin-la suppresses TIMP synthesis and induces collagenase in rabbit

cervical fibroblasts, resulting in a net degradation of ECM components (Ito

et al., 1988). The induction of collagenase was also sensitive to 17-83-
estradiol. Murphy et al. (1985b), however, reported an induction of TIMP

in human fibroblasts by interleukin I. TIMP mRNA levels are also elevated
by serum, PDGF, FGF, TPA, Newcastle disease virus (NDV), and dsRMA

(Edwards et al., 1985%5a; Gewert et al., 1987; Denhardt et al., 1987).

TIMP is a single copy gene in both human and mouse, and resides on
the X chromosome (Spurr et al., 1987; Mullins et al., 1988). The control
elements identified so far in the mouse gene reside in the first intron. This
region was respensible for conferring virus inducibility, and also enhanced

constitutive expression from an upstream promoter (Coulombe et al., 1988).

Edwards et al. (1986) observed a progressive time dependent shortening
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of the poly A tails in serum-induced TIMP mRNA which may reflect aging of
the mRNA and may play a role in the mRNA half life.

1.3 MRP
Mitogen regulated protein was first detected, by 35S-labelling, as a
30,000-39,000 M, glycoprotein that was secreted into the medum following

stimulation of Swiss 3T3 cells with serum, FGF or EGF (Nilsen-Hamilton et
al., 1980). The non-glycosylated core protein has an M, of 22,000. A
partial length MRP cDNA was isolated by immunoscreening of a gt 11
expression library (Parfett et al., 1985). The nucleotide sequence of the

MRP cDNA was identical to another cDNA called proliferin, which wa-
isolated by differential screening of a c¢cDNA library made from serum
stimulated cells (Linzer and Nathans, 1983). The two reported proliferin
cDNAs differ from each other at four positions, resulting in three amino acid
substitutions. PLF-1 was generated from fibroblast mRNA, and PLF-2 from

placental mRNA (Linzer et al., 1985).

The stimulation of MRP synthesis by growth factors is due primarily
to an increase of transcription. Although incompletely processed
transcripts are present in the nuclei of resting cells, there is no detectable
mRNA in the cytoplasm (Linzer and Wilder, 1987). MRP mRNA as well as
the secreted protein levels increase from 6 to 18 h after stimulation by
growth factors, and the induction is blocked by transcriptional inhibitors

(Nilsen-Hamilton et al., 1980; Parfett et al., 1985). Two PLF-1 promoters

which have been isolated are serum inducible in a CAT assay. The 15-fold
higher level of transcription from one of the two prcmoters may be due to
the presence of a histone H2B-like element at -94 to -85 (Linzer and

Mordacq, 1987). Connor et al. (1989) showed that a third promoter (pi1f3)
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was also responsive to TGF-a, and contained a negative regulatory element
at -1101 to -1073. The stability of the protein appears to be controlled by

its degradation in the lysosomes (Nilsen-Hamilton et al., 1981).

Synthesis of MRP is associated with the process of immortalization.

Primary mouse embryo fibroblasts (MEFs) do not make MRP (Parfett et al.,

1985). However, when they are cultured by the 3T3 regime (3 x 105 cells
per 5 cm dish passed every 3 d) MRP mRNA accumulates in the cytoplasm
and MRP is secreted starting about passage 10 as the cells recover from

crisis, (Edwards et al., 1987). The only known in vivo site of MRP

synthesis is the trophoblast giant cells of the mid-gestationzi placenta (Lee

et al., 1988). It has been proposed that MRP acts as an autocrine growth

factor, although this has yet to be demonstrated. Recombinar’ wmurine
MRP/PLF-1 from CHO cells binds to the mannose-6-phosphate . ceptor,
which is known to function in directing acid hydreclases toe the lysosomal
compartment, although MRP isolated from placenta fails to do so (Lee and
Nathans, 1988). The over-expression of PLF-1 in both muscle and 10T}
derived myoblasts inhibits their differentiation into myotubes, although

over-expression of PLF-2 has no such effect (Wilder et al., 1989). A

specific carbohydrate moiety of PLF-1 may be necessary for its function, or
alternatively, over-expression of PLF-1 may indirectly interfere with
differentiation by overloading the lysosomes. The implication of this is not
clear since PLF-2 is expressed at higher levels than PLF-1 in tissue culture
cells and placenta (Wilder and Linzer, 1987).
1.4 spp

The ¢cDNA for secreted phosphoprotein (spp) was isolated as a TPA-

inducible mBENA by differential screening of a TPA-treated JB6 epidermal
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cell library, and was initially designated 2ar. TPA induction of spp mRNA
is biphasic. The first peak was seen 6 h after addition of TPA to
subconfluent exponentially growing JB6 cells, and the second round of
induction was seen if the cells were allowed to reach confluence in the
presence of TPA (Smith and Denhardt, 1987). The mRNA was also induced
in quiescent murine fibroblasts stimulated with serum, PDGF, FGF, EGF
(Smith and Danhardt, 1987) or embryonal carcinoma-derived growth factor

(Nomura et al., 1988), and by TGF-8 and 1,25-dihydroxyvitamin D; in rat
osteosarcoma cells (Yoon et al., 1987; Noda et al., 1988; Prince and

Butler, 1987). On the other hand, dexamethasone decreased the level of

osteopontin mRNA (=spp) in the osteosarcoma cells (Noda et ai., 1988), and

the induction of spp by TPA was inhibited by retinoic acid and
dexamethasone in JB6 cells (Smith and Denhardt, 1989). The maximal spp
mRNA level in fibroblasts was seen by 6 h post induction.

spp was shown to be the murine equivalent of rat osteopontin based
on sequence simijliarity and the conservation of several features in the

protein's primary structure (Craig et al., 1989). The open reading frame

in the 2ar c¢cDNA encodes an M, 32,350 protein. However, the secreted
glycoprotein has an M, of 57,000 to 65,000 on reducing SDS-polyacrylamide
gels. The anomolous migration may be due in part to carbohydrates, and
also to a high degree of phosphorylation and a high proportion of acidic
amino acids. spp is a member of a family of adhesion proteins, including
collagens and fibronectin, which contain the tripeptide RGD. This sequence
is recognized by a family of receptors called integrins. Each RGD
containing protein is specifically recognized by at least one receptor

(Ruoslahti and Pierschbacher, 1987). Rat osteopontin functions as an
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attachment and spreading factor for osteoblasts when it is used to coat
polystyrene plates, and this attachment is inhibited by peptides specifically
containing the RGD sequence. This led to the speculation that osteopontin
is playing a role in guiding or attaching cells to areas of ossification
(Oldberg et al., 1986). The osteopontin-mediated attachment activity is
also displayed by fibroblasts and one of three epidermal lines tested
(reviewed in Butler, 1989).

Osteopontin expression is seen at an early stage of bone formation.
Specific antibody detects osteopontin in preosteoblasts and osteoblasts at
stages of cartilage-to-bone transition, before the process of mineralization
takes place, in calvaria, developing tibia, and in future mandible and

clavicle (Mark et al., 1987; 1988a). Strong immunostaining of osteopontin

seen in the Golgi is consistent with its being a secreted protein.
Osteopontin mRNA is also detectable in rat and mouse calvaria, as well as in

foetal mouse backbone and forelimbs (Yoon et al., 1987; Nomura et al.,

1988). When compared to ithe bone specific protein osteonectin, osteopontin
is expressed later in development, and by a cell type different then that

responsible for osteonectin (Yoon et al., 1987; Nomura et al., 1988).

In addition to bone, spp/osteopontin mRNA and/or protein has also
been detected in predentin, kidney, the granulated metrial gland (GMG)
cells of the decidua and placenta of pregnant mice, inner ear, brain, (Yoon

et al., 1987; Nomura et al., 1988; Mark et al., 1988a; 1988b), the ventral

and dorsal skin of lactating mice (D.T.Denhardt, personal communication),

and in human blood and milk (Senger et al., 1988; 1989). The role of this

protein may be the same or it may be specialized in these diverse tissues.
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Elevated spp mRNA levels are correlated with the metastatic ability of

both the rasf-transformed 10T} cells and the non-ras transformed 6BL4b

cells in both spontaneous and experimental metastasis assays in nude mice
(Craig, 1989). Also increased secretion of pp69 (osteopontin) by

transformed rat cell lines (Craig et al., 1988), and of transformation-

associated phosphoprotein (the human homologue) by human osteosarcoma
lines has been correlated to their tumorigenicity (Senger and Peruzzi,
1985). Elevated levels of the protein were detected in the serum of patients
with disseminated carcinomas, but not in patients with non-metastatic tumors
(Senger et al., 1988).

The lack of a 'mormal' ECM in transformed cells coupled with an
elevated spp expression may enhance or facilitate the attachment of
malignant cells that are invading the secondary site. Both the invasion of

tumor cells into the amniotic membrane in vitro (Gehlson et al., 1988) and
the in vivo experimental lung metastasis in nude mice by malignant cells
(Humphries et al., 1986) are blocked by synthetic peptides containing the

RGD attachment sequence.

spp is a single copy gene. The sequence of the promoter region
revealed that there are potential binding sites for transcription factors AP-
1, AP-2, AP-3 and AP-5, as well as sequences similiar to palindromic
response elements for estrogen, glucocorticoid and retinoic acid in addition
to TATA and CAT boxes. Chimaeric constructs of regions of the promoter
and the CAT reporter gene revealed the location of a positive transcriptional
element between -253 and -543, and a negative regulatory element between

-543 and -570 (Craig, 1989). The TPA responsive element was localized to

-253 and +79,
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1.5 Calcyclin

Murine calcyclin was isolated as a cDNA (5B10) whose cognate mRNA
level increased 4-fold by 18 h after serum stimulation of quiescent
fibroblasts (Edwards and Denhardt, 1985). The ¢cDNA was identified as the
murine homologue of human calcyclin based on similiarity at the nucleotide

level (Guo et al., 1989). The 0.6 kb mRNA has an ORF which encodes an
M, 8,000 protein that has been visualized by in vitro translation of hybrid
selected (Edwards et al., 1985a) or SP6 generated mRNA (Guo et al.,
1989). There is no signal peptide in the sequence (Guo et al., 1989), and
the protein has recently been shown to copurify with the prolactin receptor
from a breast cancer cell line (Murphy et al., 1938).

Calcyclin is a member of the S100 Cat**-binding protein family whose
members are related by sequence similiarity. Other proteins in the S100
family are the a aid B8 pl00 subunits (Kuwano et ai., 1984), the pll
subunit of calpactin I (Saris et al., 1987), the vitamin D;-dependent
intestinal calcium-binding protein (Fullmer and Wasserman, 1981), and a
migration inhibitory protein secreted by activated macrophages (Lagasse and
Clerk, 1988) that is equivalent to the cystic fibrosis antigen (Dorin et a!.,
1987; in Rogers, 1989). Another CCD gene (18A2), which is maximally
expressed in S phase, has 54% simiarity to calcyclin at the amino acid level
(Jackson-Grusby et al., 1987). The function of calcyclin is unknown,
although the related proteins have a variety of functions ascribed to them.
The S100 proteins likely modulate the activity of specific activator proteins
in accordance with the Ca* levels. Disulfide bonded S1008 dimers have a
neurite-promoting activity, function in microtubule disassembly, and also

the inhibition of PKC-dependent phosphorylation of tau and pp80. Calpactin
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mediated cytoskeleton/membrane interactions may be modulated by pll; the
rat homologue of 18A2 is expressed at a high level during differentiation of
epithelial stem cells to myoepithelium (reviewed in Kligman and Hilt, 1983).

Calcyclin mRNA is regulated in a CCD manner, and is induced
following serum induction of quiescent tissue culture cells (Edwards et al.,
1985a). The mRNA is abundant in tissues that normally contair
proliferating cells, such as the placenta, decidua and uterus of pregnant
mouse, skin, stomach, heart, lung, intestine, and whole embryo. The
mRNA is also detectable in kidney, brain, spleen, testis, prostate and
vesicular gland (Guo et al., 1989). Elevated levels of calcyclin mRNA are
associated with chronic, but not with acute leukemias (Ferrari et al., 1987),
most human breast cancer cell lines (Murphy et al., 1988) and mouse
epidermis treated with TPA (Guo et al., 1989).

There are about 8 copies of the mouse calcyclin gene (Guo et al.,
1989), while a single copy of the human calcyclin gene resides on
chromosome 1 (Ferrari et al., 1987). Sequence analysis of the human
calcyclin promoter revealed the presence of a TATA box, a GC box, and an
SV40-like enhancer along with other enhancer sequences. Transient
expression assays using various chimaeric promoter-CAT constructs have
shown an EGF negative regulatory element extending from -1371 to -1194,
and serum-inducible sequences just upstream of the promoter (Ghezzo et
al., 1988). Synthetic promoters were used to map the PDGF/serum
response element to be between -42 to -32 (Ghezzo et al., 1989).

1.6 MEP and Transin
MEP is the major excreted protein of transformed mouse fibroblasts

cells (Gottesman, 1978). The acid activatable proteolytic activity of MEP
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has a substrate specificity similiar to that of cathepsin L (Gal and
Gottesman, 1986) and its identity as murine procathepsin L was confirmed
by its sequence similiarity to the human liver cathepsin L (Mason et al.,
1986). The 1600 nucleotide mRNA codes for a 39,000 M, glycoprotein which
is processed to 29,000 M, by removal of the pro region (Gal et al., 1985).
A second cleavage produces an active form with a 21,000 M. heavy chain and
a 7,000 M, light chain (Portnoy et al., 1986). The protease is active on
the ECM proteins fibronectin, laminin and collagen (Kirschke et al1., 1982;

Mason et al., 1986b).

Secreted MEP levels were shown to be correlated with experimental
and spo taneous metastatic propensity of ras" transformed 10T} celis
(Denhardt et al., 1987), although over-expression of MEP in NIH3T3 cells
was not sufficient to mimic the transformed phenotype (Kane et al., 1988).
Regulated expression of MEP in a tumorigenic but non-metastatic line would
more clearly evaluate its role in metastasis. The related cysteine protease
cathepsin B {cathepsin L can accommodate larger hydrophobic side chains
at the active site (Kirschke et al1., 1988)] is present at much higher levels
in malignant rather than the surrounding normal human breast tissue (Poole
et al., 1978), and is especially predominant in the smallest and fastest
growing tumors (Sloane, 1981). Although there is a correiation, cysteine
proteinases are not always associated with invasive tumors. However, this
may reflect their instability in the purification procedures (Mullins and
Rorhlich, 1983).

The 1,900 nucleotide (nt) rat transin mRNA (Matrisian et al., 1985)

encodes a 60 kDa protein, which is the rat equivalent of human stromelysin
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(Whitham et al., 1986). Transin shares 71% similarity at the amino acid

level with transin-2; both were isolated as oncogene induced mRNA species

(Breathnach et al., 1987). There is also about 55% amino acid sequence
similarity between human stromelysin and type I collagenase (Whitham et
al., 1986; Goldberg et al., 1986). At the level of gene organization (exon

number and size) transin and transin-2 are strikingly similar to each other
as well as to rabbit synovial collagenase and human fibroblast type I

collagenase (Collier et al., 1988).

Transin/stromelysin is secreted as a proenzyme that upon activation
preferentially degrades proteoglycans, and is also active on epithelial
basement membrane and ECM components including laminin, fibronectin and
collagen type IV, but not collagen types I-III (interstitial collagens)

(Wilhelm et al., 1987). Transin also enhances type IV collagenase activity
through limited proteolysis (Murphy et al., 1987). The active form of
transin is inhibited by TIMP (Galloway et al., 1983; Herron et al., 1986a).

Transin mRNA is induced by EGF, interleukin 18, and transformation

with v-src or rasf. The EGF-mediated induction of transin transcription is
blocked by cycloheximide and by actinomycin D (Matrisian et al., 1986a),
TGF-B (Machida et al., 1988), and +- agents which raise the cAMP levels
(Kerr et al., 1988).

Collagenase and transin are expressed, and are co-inducible by
phorbol esters in human foetal skin fibroblasts, colon, cornea and gingiva

(Wilhelm et al., 1986), and also in rabbit symovial cells and fibroblasts
(Gross et al., 1984; Frisch et al., 1987). The co-induction of collagenase

and stromelysin in rabbit capillary endothelial cells by TPA is accompaniea
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also increased levels of TIMP and two other inhibitors of M. 19,000 and
22,000, resulting in little or no net increase in degradative ability (Herron

et al., 1986b). Transin mRNA is more abundant in malignant than in
benign mouse carcinoma tissues (Matrisian et al., 1986b). In contrast,

human endothelial cells and a melanoma strain secrete high levels of
collagenase but undetectable amounts of stromelysin. Furthermore,

stromelysin production is not inducible by phorbol esters in these cells

(Wilhelm et al., 1987).

The concerted action of proteases (largely matrix metalloproteinases
(MMP) which may be activated by serine or cysteine proteases) and their
inhibitors is required for the deposition of new ECM components necessary
for tissue remodelling, wound healing and cell migration (Mullins and
Rohrlich, 1983). Uncontrolled destruction of the basement membrane or ECM
has dire consequences and is associated with pathological conditions such as
rheumatoid arthritis and metastasis.

1.7 Purpose of Thesis.

The focus of our laboratory was to study cell cycle dependent gene
expression. Several partial length cDNAs had been isolated for which the
cognate mRNA showed increased abundance following serum stimulation of
quiescent tissue culture cells. My aim was to isolate full length cDNA clones
for these inducible genes in order to undertake studies of their molecular
characterization and regulation, as well as biochemical studies on the protein

overexpressed in E. coli. Antisera were available for some proteins whose

synthesis was induced by serum stimulation. An expression library was

constructed so that the respective cDNA clones could be isolated using the
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available antisera.

Each result chapter presents another step towards this end. First
is a description of how the full length cDNA clones of inducible genes were
isolated and used to generate polyclonal antisera specific for the cDNA

encoded protein product. An in vitro transcription/translation system was

used to show that an ORF upstream of, and overlapping the TIMP coding
region (revealed by the nucleotide sequence of the full length cDNA clone),
reduced the efficiency of TIMP translation. During the course of this work
it was shown that TIMP can block the invasion of malignant cell lines
(section 1.2). Foetal trophoblasts are as invasive as malignant cells and the
pregnant animal is an ideal system to determine if TIMP plavs a similiar role
of blocking the invasion of foetal trophoblasts into maternal tissues. The
development of the tissues which support pregnancy represent a model to
study the expression of other growth inducible genes and to determine their

roles in vivo. A study was undertaken to elucidate the spatial and temporal

patterns of expression of the serum inducible genes TIMP, MRP, MEP, the
transins 1 and 2, calcyclin and spp in the mouse female reproductive tissues

during pregnancy.




CHAPTER 2 - MATERIALS AND METHODS
2.1 Bacterial Strains.
The strains of Escherichia coli used were: RR1 and JM103 for
maintenance of plasmids; JA221 for expression from the ompA secretion
vector and NF1 for expression of B-galactosidase fusion proteins. The

genotype of RR1 is F-, hsdS20 (rg,mp), ara-14, proA2, lacY1l, galK2, rpsL20
(Smf), xyi1-5, mtl-1, supE44 , A~ and can be transformed efficiently with
plasmid DNA (Bolivar et al., 1977). JM103, has the gerotype A (lac pro),
thi, strA, st>E, endA sbcB, hsdR-, F'traD36, proAB, lacld, z amM15 (Messing
et al., 1983). JA221 has the genotype lpp~, hdsM*, trpE.l, leuB6, lacY,
recAl/F', lacld, lac*, pro* (Nakamura and Inouye, 1979). NF1 isa lacZ™ am
strain which contains the defective prophage A ~Nam7 ~yamb3 cI857 aHI
(Bernard et al., 1979; obtained from K. Stanley). RR1 and NF1 were grown
in Luria-Bertani media (Miller, 1972). JM103 was grown in yeast-tryptone

broth (2% bacto-tryptone, 0.5% yeast extract, 0.5% NaCl). JA22] was grown

in M9 media with supplements (Grayeb et al., 1984) for maintenance and

[3°S]methionine labelling, and in the supplemented 19 plus 0.2% casamino
acids for inducing expression under non-labelling conditions. Cultures
were grown at 37°C with aeration unless indicated otherwise. Strains
containing plasmids were grown in medium with 100 pg/ml ampicillin. Stocks
were stored in medum containing 15% glycerol at -70°C.
2.2 Nucleic Acid Purification
2.2.1 Handling of Nucleic acids

All glassware, plasticware and buffers used for the manipulation of
DNA were autoclaved if they had not been obtained sterile. Glassware used

for RNA manipulations was acid-washed and baked, and the buffers were

27
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autoclaved with diethylpyrocarbonate (DEP) when possible. DNA was kept
in TE buffer at 4°C for short term, and at -20°C for long term storage.
RNA was stored at -70°C in DEP-treated water. Working stocks of DNA and
RNA were kept on ice except for the period of incubation.

Following isolation or enzyme treatment, the DNA or RNA was either
analyzed directly or purified further by extraction with phenol or phenol/
chiloroform, and two ethanol precipitations. The phenol or phenol/
chloroform/isoamyl alcohol at a ratio of 25/24/1 was first equilibrated with
0.1 1 Tris*HCI pH 8.0 for DNA, or with ACE buffer (10 mM sodium acetate
pH 5.1, 50 mM NaCl, 3 mM EDTA) for RNA, then saturated with argon gas
and stored at 4°C. Ethanol precipitations were performed by the addition
of ammonium acetate to 2 M, followed by 2% volumes of ethanol and
incubation at -20°C. The DNA precipitate was centrifuged, and the pellet
resuspended in TE. This was :nade to 0.3 M sodium acetate and the DNA
precipitated a second time with ethanol. The DNA pellet was dried and
dissolved in TE. For RNA, both precipitations were from 0.3 M sodium
acetate, and the pellets were dissolved in DEP-water. The concentration of
nucleic acid was determined spectrophotometrically.

2.2.2 Puriiication of Plasmid DNA

Cells were grown overnight O/N in medium containing antibiotic.

Large scale plasmid preparations were by the method of Clewell and Helinski

(1969) and purified on CsCl gradients (Maniatis et al., 1982). Plasmid

mini-preps were by the method of Birnboim and Doly (1979). Contaminating
RNA was removed by incubation with 40 ug/ml RNAase A for 30 min at 37°C,
followed by phenol/chloroform extraction and ethanol precipitation.

2.2.3 Isolation of RNA

To isolate cytoplasmic RNA from tissue culture cells, the plasma
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membrane was disrupted and the nuclei removed by centrifugation. The
cytoplasmic proteins were denatured with urea, and then extracted with
phenol (Edwards et al., 1985b). The RNA was finally recovered by ethanol
precipitation.

To isolate total RNA from tissue, frozen tissue was homogenized using
a Polytron (Brinkman Instruments) in 1 g/5 ml (= 1 volume) of 5 M
guanidinium isothiocyanate with fresh 1% B-mercoptoethanol. This was
diluted with one volume of water and centrifuged at 14,000 g for 15 min to
remove debris. One volume of 10 M LiCl was mixed with the supernatant,
and incubated O/N at 4°C. The precipitate was collected by centrifugation
at 14,000 g for 1 h, resuspended in 2 volumes of 2 M urea-3 M LiCl using
a pasture pipet, and centrifuged again at 14,000g for 1 h. The pellet was
dissolved in { volume of TE-0.5% SDS, and incubated with 50 pg/mi
proteinase K at 55°C for 30 min or until clear. This solution was made 1X
ACE and was extracted twice with an equal volume of phenol equilibrated
with ACE buffer. Sodium acetate was added to a concentration of 0.3 M
and the RNA precipitated with 2} volumes of ethanol at -20°C O/N. The
ethanol precipitate was dissolved in a small volume of water, made to 1X
ACE, and extracted with an equal volume of phenol, phenol/chloroform and
reprecipitated. The ethanol precipitate was dissolved in a small volume of
water and the concentration determined. The RNA was stored at -70°C.

2.3 In vitro DNA Manipulations

Restriction endonucleases and other DNA modifying enzymes were
purchased from Bethesda Research Laboratories, Boehringer-Mannheim, New
England Biolabs, Pharmacia LKB Biotechnology and Promega Corporation,

and were used according to supplier's instructions. A 2-5 fold excess of
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restriction endonuclease was used to ensure complete digestion.

The 3' recessed ends of restricted DNA were made blunt with Klenow
fragment of DNA polymerase [. A typical reaction contained 1-25 ug of DNA
in 25 ul of reaction buffer (50 mM Tris*HCI pH 7.6, 10 mM MgCl,) with 5
units (U) of enzyme and 0.2 mM of all 4 dNTPs, and was incubated at rt for
15 min. S1 nuclease was also used to make blunt the 5' overhanging ends.
DNA (10-20 pg) was incubated with 5 U of S1 in 100 pl of buffer (50 mM Na
acetate pH 4.5, 200 mM NaCl and 1 mM ZnSO,) for 15 min at 15°C.

Nuclease Bai3l was used to degrade DNA termini in a controlled
manner. 10 pg of restricted DNA was treated with 1 U of Bai3l in 100 ul

of buffer (12 mM CaCl,, 12 mM MgCl,, 200 mM NaCl, 20 mM Tris-HC] pH 8.0,
1 mM EDTA) at 30°C for 3 min.

To prevent self ligation without an insert, the 5' ends of vector DNA
were routinely dephosphorylated with calf intestinal phosphatase (CIP). 10-
20 pg of DNA was incubated with one unit of CIP at 37°C for 30 min in 50
mM Tris-HCI pH 9.0, 1 mM MgCl,. For blunt ends an additional 1 U of CIP
was then added and the mixture incubated at 56°C for 30 min.

DNA fragments were ligated with T4 DNA ligase at rt for 1 h for
fragments with sticky ends, or O/N at 14°C for fragments with blunt ends.
cDNA inserts to be subcloned were ligated at a molar ratio of 2:1 - 3:1 of
insert to vector, in a buffer of 50 mM Tris*HC]1 pH 7.6, 10 mM MgCl,;, 10 mM
dithiothreitol (DTT), 1 mM ATP and 0.1 mg/ml bovine serum albumin (BSA),
with ligase at 50 U/ml for sticky ends, and at 200 U/ml for blunt ends.

2.4 Gel Electrophoresis
DNA resuspended in TE with 7% sucrose, 0.5 M urea, 0.03%

bromophenol blue and 0.03% xylene cyanol, was analyzed on 0.8-1.0% agarose
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(SeaKem) gels. The running buffer contained 50 mM Tris<HCI, pH 8.0, 5
mM sodium acetate, 0.5 mM EDTA, and 0.5 pug/ml ethidium bromide. DNA
was visualized and photographed under short wave ultraviolet light. For
isolation of DNA fragments from agarose gels, high purity low melting
temperature agarosc (BioRad) was used. The fragment of interest was
excised with a scalpel, the gel melted and extracted twice with phenol and
then with phenol/chloroform (Weislander, 1979) and the DNA purified on an
Elutip column (Schleicher and Schuell), and recovered by ethanol
precipitation. Small DNA fragments were also analyzed on 6-12%
polyacrylamide gels run in Tris-borate buffer (Maniatis et al., 1982). DNA
fragments were isolated from polyacrylamide gels by the method of Maxam
and Gilbert (1977).

RNA was analyzed on 1.1% agarose gels containing formaldehyde or on
10% polyacrylamide gels containing 7 M urea (Maniatis et al., 1982). The
restriction fragments of either pBR322 or A DNA provided the size markers
used on DNA and RNA gels.

Denaturing SDS-polyacrylamide gel electrophoresis of proteins was
performed according to Laemmli (1970), using 4.5% stacking gels and 8-12%
running gels. Gels containing 3°S-labelled proteins were impregnated with
2,5-diphenyloxazole (Bonner and Laskey, 1974) and fluorographed at -70°C,
using pre-flashed Kodak XAR film. Molecular weight markers (Bio-Rad)
used were phosphorylase B (92 kDa), BSA (69 kDa), ovalbumin (46 kDa)
carbonic anhydrase (30 kDa), lactoglobulin A (18 kDa) and lysczyme (14
kDa) (Bio-Rad). Methylated !4C-labelled markers were ovalbumin, carbonic

anhydrase and lactoglobulin A {(Dupont-NEN).
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2.5 Transformation of B. coli with DNA
DNA was introduced into E. coli by the method of Hanahan (1983).

Transformed cells were selected by growth on plates of agar containing the
appropriate medium and 100 pug/ml carbenicillin. Transformed colonies were
screened directly by colony hybridization with the appropriate 32P-labelled
probe, or plasmid mini-preps of individual clones were made and analyzed.
2.6 Preparation of Radiolabelled DNA

32p-labelled DNA probes were made by a nick-translation procedure

modified from Rigby et al. (1977). 150 ng of DNA was added to 10 ul of

reaction mixture (50 mM Tris-HCl, pH 8.0, 5 mM MgCl,, and all four dNTPs.
Typically 20-50 uCi each of 1 or 2 [a=2P]dNTPs (800 or 3000 Ci/mmol;
DuPont-NFY or ICN Radiochemicals) was used along with the complementary
unlabelled dNTFs (20 uM each). This mixture was incubated with DNase I

(25 ng; Worthington) for 3 min at rt, and then with 2.5 U of E.coli DNA

polymerase I for 2 h at 15°C. The reaction was stopped by the addition of
EDTA to 20 mM and incubation at 75°C for 10 min. The labelled DNA was
separated from unincorporated dNTPs by column chromatography using

Sephadex G-50 medium (Pharmacia) in TE buffer (Maniatis et ai., 1982).

The specific activity of probes was determined by TCA precipitation and
was always >108 cpm/ug.

End-labelled DNA fragments were used as markers on Northern and
Southern blots. DNA with 5' protruding ends was labelled by filling in the
ends with Klenow fragment as described in section 2.3, using a required
[a-32P]JdNTP at 1 uCi/ul. Alternatively, T4 polynucleotide kinase was used
to label depho<phorylated ends. To kinase blunt ends, the buffer contained

50 mM Tris-HC1 pH 9.5, 10 mM MgCl,, 5 mM DTT, > 1uM [y=32P]JATP (specific
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activity > 800 Ci/mmol), and 2 U of T4 DNA polynucleotide kinase. To
kinase 5' protruding ends the pH of the buffer was 7.6. The reaction
mixture was incubated at 37°C for 30 min and the labelled DNA fragments
isolated on a column as above.

2.7 Hybridizations
2.7.1 DNA and RNA Blot Analysis

DNA and RNA were transferred from agarose gels to either nitro-
cellulose (0.45 um, BA-85, Schleicher and Schuell) or GeneScreen Plus
(DuPont-NEN) filters. Agarose gels containing DNA were soaked in 0.5 M
NaOH, 1.5 M NaCl for 30 min to denature the DNA, and then in 0.5 M
Tris-HCl pH 7.4, 1.5 M NaCl for 30 min to neutralize the NaOH. DNA was
transferred to the filter by capillary action (Southern, 1975) in 20X S¢C
for nitrocellulose or 10X SSC for GeneScreen Plus (1X SSC is 0.15 M NacCl,
0.015 M sodium citrate). RNA was transferred from the formaldehyde gels
without any treatment. RNA was slotted onto Genescreen Plus with the
Schleicher and Schuell Minifold II apparatus as recommended. Wet
Genescreen Plus filters were exposed to ultraviolet light to covalently bind

the nucleic acids (Church and Gilbert, 1984). Filters were baked in vacuo

at 80°C for 2 h. Hybridization of nitrocellulose filters was performed as
described by Edwards and Denhardt (1985), except that poly(rA) was
omitted from the hybridization solution. GeneScreen Plus filters were
prehybridized in 50% formamide, 10% dextran sulfate, 1% SDS, 1 M NacCl, 100
pug/ml denatured salmon sperm DNA for 4 h at 42°C, and then hybridized for
at least 16 h in the same solution with the denatured probe at 1-2 x 106
cpm/ml). Blots were washed to a final stringency of 42°C, 55°C or 65°C in

0.1x SSC, depending on the probe. Probes were stripped from the
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Genescreen Plus blots as described (Denhardt et al., 1987; Knandjian,

1987) before reprobing. Autoradiography was at -70°C with a fluorescent
screen. The specific hybridization signals were quantified by scanning
autoradiograms with an LKB UltraScan XL densitomewer.
2.7.2 Quantification of mRNA Levels

The level of specific mRNA in the total RNA preparations was
determined by laser densitometry at 633 nm (LKB UltraScan XL) of the
specific bands on autoradiograms of slot blots. The autoradiograms were
in the linear range of exposure, and the relative mRNA levels were
determined from the area under the curves representing each of the slots.
Several precautions were taken to ensure the accuracy of these
determinations. The samples were first analyzed on Northern blots to
evaluate the integrity of the specific mRNAs. Identical replicate slot blots
containing all of the RNA samples were made at the same time. 16 pg of
each of the RNAs was diluted in 1.6 ml of 17% formaldehyde/10X SSC and
heated ta 55°C for 15 min to denature the RNA. 200 pul was loaded on each
of 5 slot blots; 100 il on one slot blot to be probed for 18S levels; and 400
il on one slot blot to be probed for low abundance mRNAs. All of the tissue
RNA samples were contained on a set of two slot blots, which were probed,
washed and exposed together. Loading differences between RNA samples
from different tissues were corrected by comparison to the signal for 18S
rRNA. To compare the levels of calcyclin and spp mRNA, the blots were
hybridized and washed under identical conditions and exposed for the same
length of time.
2.7.3 Colony Hybridization

Bacteria were seeded onto a filter using a filtration device (Schleicher

and Schuell), grown at 37°C on agar/medium plates with 100 ug/ml
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carbenicillin, and the plasmids amplified for 24 h with 170 pg/ml
chloramphenicol. The filters were then processed according to Grunstein
and Hogness (1975), with an additional 1 min lysis in 10% SDS prior to the
alkali denaturation. The proteinase K and chloroform washes were also
omitted. The colonies on the filters were probed as for Southern blots.
2.8 Immunodetection
2.8.1 Isolating Antigens

Three antigens were used to immunize rabbits; BNL cell total cell
protein (TCP), and two fusion proteins with MRP or TIMP sequences at the
carboxyl end of B-galactosidase.

BNL is an embryonic liver cell line. Exponentially growing cells were
harvested, washed and resuspended and the cells disrupted in phosphate
buffered saline (PBS) containing 0.5% Triton X-100, 0.05% SDS using a
Dounce homogenizer. The cell suspension was incubated at 37°C for 15 min
with 100 ug/ml RNAase A and 50 pug/ml DNAase I. The proteins were
precipitated with 10 volumes of acetone, centrifuged, and resuspended in
PBS. The protein concentration was determined using a Bio-Rad kit.

MRP and TIMP cDNAs were ligated into pEX3 to generate pMRPX and
pTIMPX which directed the expression of the fusion proteins MRPX and

TIMPX (see figure 3.14). E. coli strain NF1 carrying pMRPX or pTIMPX

was grown at 30°C to an Oy, of 0.5, and then induced at 42°C for 90 min.
The cells were collected and resuspended in ice cold 50 mM Tris pH 8.0, 50
mM EDTA, and 25% (w/v) sucrose (6 ml per 100 ml of culture). The cells
were lysed by incubating with 1 mg/ml lysozyme for 10 min, and then 0.5%
Triton X-100 for a further 10 min. An equal volume of RIPA buffer (25 mM
TrisHCl pH 7.2, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% Na

desoxycholate and 0.1% SDS) was added and kept at 4°C for 20 minutes,
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with occasional swirling. The mixture was sonicated with two 30 second
bursts on a Fisher sonic dismembranator using the medium probe at 69% of
maximum, and cooling on ice. The fusion protein was collected by
centrifugation at 13,000g and washed once with 50% RIPA buffer. 100 ml
of bacteria yielded 1-2 mg of fusion protein that was 90-95% pure by SDS-
polyacrylamide gel analysis.

2.8.2 Antibody production

New Zeala:i1 white male rabbits were immunized subcutaneously with
2 mg of BNL cell TCP or MRPX or TIMPX fusion protein (section 2.8.1)
emulsified with Freund's complete adjuvant. Booster immunizations were
made in Freund's incomplete adjuvant at 4 week intervals for a total of 4
injections for the BNL cell TCP, or 6 injections for the fusion proteins.
The specific antiserum used here was obtained 8-10 days after the last
injection. Preimmune serum obtained from each animal before the series of
injections was consistently negative.

The anti-B-galactosidase antibodies were removed by affinity
chromatography. 20 mg of B-galactosidase (Sigma) was coupled to 0.7 g of
cyanogen bromide-activated Sepharose 4B following the manufacturer's
instructions (Pharmacia). 10 ml of antiserum was passed twice over a 2 ml
column in a 5 ml syringe, the column was washed with 1 ml of PBS, and the
flowthrough fraction saved as specific antisera.

2.8.3 Immunoprecipitations
[3>S |methionine labelled proteins were immunoprecipitated from tissue

culture media as described by Denhardt et al. (1987). To
immunoprecipitate 3°S-labelled in vitro translated proteins, 50 ul of

reticulocyte lysate was made 2% SDS, 100 mM B-mercaptoethanol and heated
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at 90°C for 2 minutes. This was diluted to 500 ul with [P buffer (50 mM
Tris*HCl pH 7.4; 150 mM NaCl; 0.1% NP40) and divided into two 250 ul
aliquots. Each aliquot received 20 ul of either anti-TIMP antisera or
preimmune serum, and was incubated at 4°C for 2 h. An excess of Protein
A-Sepharose CL-4B (Pharmacia) was added. After rotating for 2 h at 4°C
the immunoprecipitate was collected by centrifugation, washed twice with the
IP buffer, and resuspended in Laemmli sample buffer. The sample was
boiled for 2 min, centrifuged to remove the sepharose, and a volume of
supernatant equivalent to 10 ul of lysate was electrophoresed on a 10%
polyacrylamide SDS minislab gel.
2.8.4 Western Blot Analysis
Proteins were electroblotted from SDS-polyacrylamide gels onto
nitrocellulose using a Bio-Rad Mini Trans-Blot Cell as recommended (after

Towbin et al., 1979). The blots were stained with Amido Black (0.1% in

50% methanol, 10% acetic acid) and processed for immunodetection by
incubation in Tris buffered saline (TBS; 20 mM Tris-HCIl, pH 7.4, 150 mM
NaCl) for 5 min and then in TBS with 0.05% Tween 20 for 1 h to block non-
specific adsorption. The primary antisera were used at a dilution of 1/500
in TBS-Tween 20 for 30 min. After washing 5§ x 10 min in TBS and then 1
h in TBS-Tween 20, the blots were incubated for 2 h with I uCi/mi 151~
labelled protein A. The blots were washed in TBS and the immunodetected
proteins visualized by autoradiography.
2.8.5 Colony Immunodetection

Bacteria were seeded onto nitrocellulose filters, using a filtration
device (Schleicher and Schuell), at a density of 3,000-4,000 per 10 cm
filter, and overlayed on agar/medium with antibiotic. @The clones were

grown O/N at 30°C, and induced at 42°C for 3 h. The colonies were lysed
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directly on the filters by placing the filter on Whatman 3MM paper soaked
with 1% SDS, in a chloroform atmosphere for 20 min. The filters were then
incubated for 1 h in 50 mM Tris-HCIl pH 7.4, 200 mM NaCl, 10 mM MgCl,, 1
pug/ml lysozyme and 2.5 pg/ml DNAase I for 1 h, and then in TBS-Twe=2n
(section 2.8.3) to block nonspecific binding sites. The filters were
subsequently incubated with antisera as described for Western blotting
(2.8.3), except the secondary antibody was peroxidase-linked goat anti-
rabbit Ig (Boehringer-Mannheim). Positive colonies were visualized by
incubation with 0.7 mg/ml 4-chloro-1-napthol (from a stock of 3 mg/ml in
methanol) in TBS with 0.05% H,0,.

2.9 Radiolabelling Cellular Proteins

2.9.1 Puilse Labelling Bacteria

JA221 containing TIMP-ompA constructs were grown at 37°C in M9

supplemented with 4 mg/ml glucose, 20 ug/ml tryptophan, 20 ug/ml leucine,
2 pg/ml thiamine containing 50 ug/ml ampicillin to a density of 1 x 107 /ml
and then induced with 2 mM isopropyl B-D-thio-galactosidase (IPTG). After
1 h induction, the cells were labelled for 15 min with 20 nCi of
[3°S Imethionine (DuPont-NEN) per 0.5 m! of culture. The cells were chilled
to 4°C, centrifuged, and resuspended in Laemmli sample buffer.
2.9.2 Conditioned Tissue Culture Media

Exponentially growing BNL cells were labelled 24 h after passageing.
The medium (minimal Eagle's medium (MEM)/10% bovine calf serum) was
replaced with methionine-free Dulbecco's modified Eagle's medium (Gibco)
containing 3% dialysed serum. After 1 h at 37°C, P°> S]methionine was added
to a specific activity of 200 uCi/ml, and the cells incubated for 4 h at 37°C.

The medium was removed, centrifuged to remove cell debris, and stored at

-20°¢.
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2.10 In vitro Expression of TIMP
2.10.1 Construction of expression vectors
The SP6/TIMP RNA expression vectors were made by blunt enad
ligation of TIMP cDNA fragments into the blunted HindIll site of pSP64
(Melton et al., 1984), adjacent to the SP6 promoter, using standard cloning

procedures (Maniatis et al., 1982). The fragment used to generate vector

pTIMP-N (see figure 4.1) contained 821 bp of TIMP cDNA and the poly A

tail, and was obtained by an Ncil/pvull restriction of 16C8b in piy7 (Edwards
et al., 1986). The fragment used to generute pTIMP-F was obtained by a
partial Fokl restriction of the Ncil/pPvull TIMP fragment. This fragment
lacked the 5' 37 bp of TIMP cDNa sequence, including the ATG of the

upstream ORF.

2.10.2 In vitro Transcription

Gradient purified pTIMP-N and pTIMP-F were linearized by restriction

with EcoRI, and purified by phenol extraction and ethanol precipitation.
Five pug of linearized vector was added to a final volume of 50 ul of SP8 in
vitro transcription cocktail as specified by the manufacturer (Promega),

except that the final NTP concentrations were 2 mM each. To generate
capped transcripts, 1 mM m’G (5')ppp(5')G was added to the reaction mix,
and the GTP reduced to 0.1 mM. A 3 ul aliquot of the complete reaction
mixture was added to 10 uCi of dried [B2P]JUTP. After incubation at 40°C
for 1 h, the transcripts were purified by phenol extraction and ethanol
precipitation. The mRNA was dissoived in DEP-treated water to a final
concentration of 100 ng/ul, dialysed against DEP-water on polycarbonate

membranes (Millipore, VM 0.05 pm) for 30 minutes and stored at -20°C.
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Aliquots of these RNA samples from each step in the purification were
analyzed on a Northern blot to ensure that there was no loss or degradation
of the RNA. The proportion of acid-insoluble cpm at the end of the
transcription reaction determined the weight of RNA transcribed.
2.10.3 In vitro Translation

For in vitro translation of TIMP, 100 ng of in vitro transcribed

mRNA was treated with 2 mM CH HgOH for 2 min at 4°C to denature the
RNA, added to a final volume of 25 ul of rabbit reticulocyte lysate (Promega;
DuPont-NEN) containing 25 uCi of [3®*S]methionine, and incubated at 30°C
for 15 min, unless otherwise indicated. All samples were kept at 4°C before
and immediately after the 30°C incubation. In samples to be glycosylated,
2.0 ul of dog pancreatic microsomes (Promega) were added to 25 ul of lysate.

To analyze the translation products, 2 ul of lysate was diluted to 10 ul
in sample buffer, boiled for 2 min and electrophoresed on a 10%
polyacrylamide SDS gel, and fluorographed (2.4). The TIMP bands on
fluorograms exposed for various lengths of time were guantitated by laser
densitometry (section 2.7.2).

To determine the [3°S]methionine incorporation a 2.0 ul aliquot of
lysate was incubated in 0.1 ml of 1 M NaOH, 1.5% H;0, at 37°C for 10
minutes. After the addition of 0.4 ml of 25% trichloroacetic acid/2% casamino
acids the samples were incubated on ice for 30 minutes. The precipitates
were collected on Whatman Gk /C fiiters by vacuum filtration, washed with
2 ml of 5% trichloroacetic acid, 2 ml of ethanol, dried and analyzed by

standard scintillation counting techniques.
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2.11 1In situ Hybridization
2.11.1 Sample Preparation

Outbred CD-1 mice of timed gestation (the day of plugging is taken
as d0) were sacrificed and the uterus containing the emopryos was
immediately placed in ice cold PBS containing 4% paraformaldehyde, 0.1%
gluteraldehyde. The uterus and amniotic sac were perforated to allow the
fixative to penetrate to the inner tissues. After fixing for 2 h, the samples
were cryoprotected by immersing in 5% sucrose/PBS for 1 h, 10% sucrose/
PBS for 1 h and then in 18% sucrose/PBS ON, all at 4°C. Portions of the
uterus containing an embryo were blotted dry, and oriented in OCT medium
(Tissue-Tek) ina 1.5 mi Eppendorf tube (with the bottom cut off and sealed
with parafilm) and flash frozen in isopentane cooled in liquid nitrogen The
samples were stored at -70°C, and sectioned within one month.

The usual precautions to avoid RNAase contamination (2.2.1) were
followed. Frozen sections, in the transverse plane, of 8-10 um thickness
were cut (Leitz Kryostat 1720) at -27°C. Adjacent sections were collected
on glass slides for histological staining, and on chrome-alum coated slides
(coated twice, by dipping in 0.5% gelatin / 0.5% chromium potassium sulfate)

for in situ hybridizations. The sections were allowed to air dry, and the
sections for in situ hybridizations were then post-fixed in 4%

paraformaldehyde/PBS for 5§ min at rt, washed 2 x 10 min in PBS, and
dehydrated in a graded ethanol series (4 min in each of 70%, 90%, 95%, 100%
ethanol, each containing 0.3 M sodium acetate), and stored at -70°C.
2.11.2 Probe preparation

Strand specific probes of 3°S-labelled RNA were generated from

linearized vectors of pSP64 containing TIMP or MRP cDNA inserts, or of
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pGEM3 containing spp or calcyclin ¢cDNA inserts using SP6 polymerase (or
T7 polymerase for the sense strand of caleyclin) according to the
manufacturer's specifications (Promega). The vectors were linearized with
the appropriate restriction enzymes adjacent to the insert/vector junction

to allow transcription of the whole cDNA (591 bp stul/Accl TIMP fragment;
757 bp pstl/Hincll MRP fragment; Sall/pPvull bp calcyclin fragment), except
for spp which was linearized at the pvull site in the middle of the cDNA to

allow transcription of a 551 nucleotide sense strand, and a 4435 nucleotide
antisense strand. The quality of the transcripts was checked on Northern
blots. [a=-3*S]UTP (DuPont-NEN) was used to label the TIMP, MRP and spp
transcripts. [a=-33S)GTP was used to label the calcyclin transcripts, since
a poly U tract at the beginning of the calcyclin antisense sequence resulted
in a higlk percentage of short (-100 nucleotides) transcripts which led to a
high bactground. The probes were precipitated with ethano! to remove the
unincorporated nucleotides. The specific activity of the probes, determined
by trichloroacetic acid precipitation, was 1-2 x 10% cpm/ug. Probes were
stored in 1 M DTT at -70°C for up to one month.
2.11.3 Hybridizations

The procedure was a modification of Higgins and Wilson (1987)
obtained from C. Naus. Sections were rehydrated, incubated with 2 pug/ml
proteipase K in 50 mM Tris*HCI pH 7.6, 5 mM EDTA for 10 min at rt, washed
2 x 10 min in PBS, fixed for 5 min in 4% paraformaldehyde, washed 2 x 10
min in PBS, dehydrated through a graded ethanol series (2.11.1) and air
dried.

Sections were prehybridized in 50% formamide, 5X Denhardt's solution

(0.1% cach of Ficoll, polyvinylpyrrolidone and BSA), 25 mM PIPES pH 6.8
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(Piperazine-N,N'-bis[2-ethanesulfonic acid]), 25 mM EDTA, 750 mM NaCl,

0.2% SDS, 40 mM DTT, 250 pg/ml denatured salmon sperm DNA and 25C
pug/ml yeast tRNA for 2 h at 48°C in a humidified chamber. In addition the
hybridization solution contained 10% dextran sulfate and 1-2 x 107 cpm/ml

of specific probe. The sections were hybridized O/N at 48°C with 75 ul of
hybridization solution, under a coverslip sealed with Lepage's plastic

cement.

The slides were washed 2 x 5 min in 4X SSC, 10 mM 8-mercaptoethanol
and 2 x 10 min in 4X SSC at rt. Non-specifically bound probe was degraded
with 2 pg/ml RNAase A (in 10 mM Tris-ECI] pH 8.0, 0.5 M NaCl and 1 mM
EDTA) for 15 min at 37°C. The final washes were RNAase buffer for 30 min
at 37°C, 2X SSC for 30 min at rt ana 0.1X SSC for 30 min at 45°C.

These sections were counterstained with Harris's haematoxylin, coated
with autoradiographic emulsion (Kodak NTB-2 diluted with an equal volume
of water), and exposed for 5-75 days at 4°C in the presence of dessicant.
The emulsion was developed for 2 min at 18°C in fresh D19 (Kodak) diluted
1:1 with water. The sections were examined and photographed with a Wild-
Leitz phctomicroscope, using Kodak technical Pan film 2415.

2.12 Tissue Samples
2.12.1 Time Course

Timed pregnancies were set up for outbred CD-1 mice (Charles
River), the day of appearance of a vaginal plug being taken as day 0.
Tissues were isolated at 2 pm on each day of pregnancy (see figure 5.1C).
The organs were dissected and placed directly into vials in liquid nitrogen,
or into ice cold MEM while being further dissected. At a gestational age of

longer than 8 days, each of the amnion, placenta, all of the decidua and the

uterus were isolated from the other tissues, and pooled. Up to day 8, the
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ectoplacental cone in the gut region of the embryo was taken as 'placenta’'.
Total I!)NA was isolated as described (2.2.3).

2.12.2 Artificial Deciduomas

CD-1 female mice were rendered sterile in the left horn of the uterus
by oviduct resection, while anaesthetized with avertin (2.5% v/v 2 methyl-
2-butanol (Fisher), 1.25%w/v 2,2,2-tribromoethanol (Aldrich); 0.01 ml/g
body weight). The mice were allowed to recover for two weeks before
mating. To generate an artificial deciduoma, 10 ul of Planters peanut oil was
injected into the lumen of the left horn on day 4.5, again under anaesthesia.
Surgery was performed following the guidelines of the Canadian Council on

Animal Care.



CHAPTER 3 - CLONING AND EXPRESSION OF TIMP AND MRP IN E.coli
3.1 INTRODUCTION

The starting point of my work was to isolate full length cDNA clones
corresponding to growth regulated genes. Full length ¢cDNAs allow a
detailed analysis of the nucleotide and predicted polypeptide sequences,
which can reveal similiarities to other genes as well as the nature of the
gene product such as size, hydrophobicity, secretion and glycosylation
signals. The cDNA can be used to over-express the protein product and
generate lots of an otherwise scarce protein, to study its function, to study
mutant protein forms, or to use as antigen to generate specific antisera.
The cDNA sequence corresponding to the 5' end of the mRNA is also useful
in locating the promoter region of the corresponding genomic clone.

Short cDNA clones lack 5' base pairs because of incomplete synthesis
of the first strand of ¢cDNA representing the 5' end of the template mRNA.
The use of S1 nuclease to cleave the terminal hairpin, formed during
synthesis of the second strand, also contributes to shortening of the
cDNAs. Okayama and Berg (1982) devised a cloning strategy in which
several steps differed from the classical method for generating cDNAs and
resulted in the more efficient generation of full length ¢DNAs. This
approach (see figure 3.1) involves a covalent joining of the ¢cDNA to the
vector primer, which is probably responsible for generating a high number
of clones per pg of mRNA, and there is no S1 nuclease step. Furthermore,
oligo[dC] tailing of the 3' end of the first strand of cDNA (at the 5' end of
the mRNA) is a positive selection for full length reverse transcripts, since
terminal transferase adds tails to blunt ends more efficiently than to 3’

recessed ends (Roychoudhury et al., 1976). Efficient synthesis of the

45
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second strand of ¢cDNA is primed from RNA oligonucleotides, generated by
RNAase H digestion of the mRNA cDNA duplex, rather than by 'hairpin'
formation of the first strand cDNA in the classical cloning strategy. This
avoids alkali digestion of the template mRNA, and eliminates handling of
single stranded DNA. Vector priming also leads to the cDNA being in a
specific orientation in the plasmid, a feature which I have used in the work
described below to ensure that cDNAs in the expression library were in the
sense orientation.

There exist a plethora of vectors to express foreign genes in

bacteria, yeast and in higher eukaryotic cells as well as animals. E. coli

is attractive as a host for expression of foreign genes because of its
economy and simplicity. Foreign proteins have been expressed at a high
level, up to 30% of total bacterial protein on stained gels (Queen, 1983).
Biologically functional adenovirus 1A protein was expressed in E. coli to
about 5% of total protein (Ferguson et al., 1984). Similiarly, human q;-
antitrypsin expressed up to 15% of the total cell protein, and displayed
normal activity in the anti-elastase assay (Courtney et al., 1984).
Expression of cDNA has also been used to identify specific clones in
'expression' libraries. For example, Young and Davis (1983) identified and

isolated a yeast RNA polymerase II clone from a Agtll expression library in
E. coli. Specific antiserum was used to identify a tropomyosin ¢cDNA in a
chicken smooth muscle-pUC8 plasmid expression library (Helfman et al.,

1983).

I constructed a murine cDNA expression library in £. coli using the

Okayama and Berg (1982) cloning strategy to orient the cDNA in the sense

orientation behind the \P; promoter and cro ATG translational start signal.
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I then isolated four full length cDNAs encoding TIMP, MRP, calcyclin and

MEP. Expression of the TIMP and MRP cDNAs in E. coli under optimized

conditions resulted in low levels of the native TIMP and MRP proteins.
TIMP and MRP were expressed at high levels, as fusion proteins with B-
galactosidase, which were subsequently purified and used to generate

specific antisera.

3.2 RESULTS
3.2.1 Construction of cDNA libraries.

There were several growth regulated genes for which we wanted to
isolate full length cDNA clones. One approach to finding cDNAs of interest

was to use specific antibodies to screen cDNA expression libraries in E.
coli. A mammalian cDNA cloned in the correct orientation and reading

frame into a prokaryotic expression system will be expressed as the protein
product under appropriate conditions. Two other features aimed for in the
library were a) that there be full length ¢cDNAs, and b) that low abundance
mRNAs be represented.

I devised a cloning strategy that would have all three of these
features (figure 3.1). The Okayama-Berg (1982) cloning strategy yields a
high number of clones per ug of starting mRNA, and is efficient at making
full length transcripts. The efficiency of this strategy is due to the first
strand cDNA being covalently attached to the primer-vectorand that there
is no S1 nuclease digestion. Further, the dC tailing of the cDNA selects for
full length reverse transcrints since a blunt end is more efficiently
recognized by terminal transferase than a 3' recessed end. The cDNA

synthesized on the 'primer’ is also in the correct orientation to be expressed
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from the AP; and cro ATG which is on the 'linker' fragment. The gene for
the AcI857 ts repressor resides on the linker fragment which is isolated from
a pCQV2 (Queen, 1983) derivative which had a kpnl linker inserted in the
BamHI site. I chose to use this fragment as the linker because the repressor

is not titrated out by a high copy number since it is encoded by the same
plasmid. Expression from AP, will be efficiently repressed until the cI857
is inactivated by incubation at 42°C. [t is important that expression of the
~DNA be regulatable in case the product is toxic to the host; constitutive
expression at a high level would interfere with normal growth of the host.
The final vector contains all of the information needed for regulatable

expression and can be transfected into the E. coli host of choice such as

a protease-deficient or high transformation efficiency strain.

Two cDNA libraries were constructed. Library 'G' was made using
intact mRNA to be screened for specific full length cDNAs using 3?P-labelled
nucleotide probes. Library E was to be screened with specific antisera to
detect expressing clones containing the cDNA of interest, and was made
using mRNA wlhich had been treated with exonuclease II to remove
sequences from the 5' region of the mRNA which may be deleterious to

expression of the coding region in £ coli. Figure 3.2 shows the extent of

exonuclease Il digestion of the treated mRNA prep compared to the intact
mRNA. This shortening was reflected in the cDNA synthesized as seen in
figure 3.3 which shows a size profile of the two libraries. A stained gel
does not reveal the extent to which full length cDNAs were made in library
G. The smear shows that cDNAs up to 1.5 kilobase pairs (kbp) in length

were synthesized.




Figure 3.1 Construction of a cDNA expression library.
Ori, pBR322 origin of replication; AmpR, B-lactamase gene; Pp, \ rightward
transcriptional promoter; c1857, temperature sensitive repressor of PR.
The primer is made from pBR322:5V40 0.71-0.86 (Berg A), and the linker

from pCQV2-K. Homopolymer dT or dG tails are added at the unique kpnl

sites in each plasmid. The unwanted tails are removed by restriction
enzyme cleavage, and the primer and iinker isolated by gel electrophoresis.
A molar excess of poly A* mRNA is annealed with dT-tailed primer. The
primer efficiently primes first strand ¢cDNA synthesis on the mRNA template
by reverse transcriptase. Oligo(dC) tails are added to the 3' end of the
cDNA. Less than full-length reverse transcripts are selected against at this

step because of poor tailing of recessed 3' ends. Digestion with EcoRI

produces a sticky end complementary to the non-tailed end of the linker.
A 2-fold molar excess of linker is added to circularize the cDNA-containing
molecule. The strong G-C base pairing joins the molecules which are then

ligated at the EcoRI sticky ends. The RNA strand is replaced with DNA to

improve the transformation efficiency. The polypeptide encoded by the
cDNA will be expressed (at 42°C) as a fusion product with the six amino
acids encoded by the sequence upstream of the G-C 'tails'. Only 1 in 3 of

the cDNAs will be in the correct reading frame to code for a 'sense' protein.
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Figure 3.2 Analysis of mRNA used to generate the libraries.

Northern blot analysis of the mRNA samples vsed to generate cDNA in
expression libraries E and G. Poly A* mRNA isolated from BNL cells was
analysed before and after enzyme treatments to determine the extent of
degradation. Untreated mRNA is in lane 3; mRNA treated with tobacco acid
pyrophosphatase tc remove the 5' cap, and calf intéstinal phosphatase is in
lane 2; mRNA subsequently digested with exonuclease II and used to make
library E is in lane 1. The blot was probed with 32P-labelled 8-actin cDNA.

The extent of 5' shortening of the mRNAs is shown by the smear in lane 1.

Figure 3.3 cDNA profile of the two libraries.
Size analysis of the cDNA inserts in the cDNA expression libraries E and

G. The lanes contain EcoRI restricted plasmid DNA from library E (1);
library G (2); vector primer (3); and HindlII-A molecular weight markers

(4).
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Libraries G and E were generated by transfecting the recombinant

molecules (figure 4.1) into the high transformation efficiency E. coli strain

MM294 using the Hanahan (1983) transfection protocol. A plasmid
preparation of library E was also transfected into the £. coli strain JM103
for immunological screening. Low abundance mRNAs should be represented
since libraries G and E in MM294 each contained more than 10° individual
clones. The E sublibrary in JM103 contained about 2x10% individual clones.
3.2.2 Isolation of full length cDNAs.

Full length cDNAs were being sought for the growth regulated genes
16C8 and 5B10, for which partial length ¢cDNAs had been isolated earlier

(Edwards et ail., 1985a) based on elevated levels of the cognate mRNA in

mouse embryo fibroblasts following serum stimulation. During construction

of libraries G and E, partial length cDNAs were isolated from a Agtll
expression library which corresponded to MEP (Denhardt et al., 1986) and
MRP (Parfett et al., 1985). I used these partial length cDNAs to identify

and isolate the corresponding full length cDNAs from library G.

To identify full length cDNA clones, library G was screened with 32P-
labelled nick translated cDNA inserts from the partial length clones.
Colonies giving positive signals were picked , replated and rescreened until
the clones picked were from well isolated colonies. Plasmid DNA containing
the cDNA insert was purified and analysed on Southern blots (figures 3.4-
3.7) to determine the size of the cDNA insert by comparison to molecular
size markers. The size of the vector alone is 3.3 kbp. After positive
identification of the c¢DNAs on Southern blots, more accurate size

determinations were made by analysing the BamHI-Fvull released inserts on
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ethidium bromide stained polyacrylamide gels (results not shown).

The cDNAs for 16C8 and MRP (figure 3.4) were full length and the
longest cDNA for 5B10 was almost full length (lane 6 in figure 3.5). The
estimated size for the TIMP cDNA was 950 bp, and TIMP mRNA migrates at
900 nucleotides. The MRP cDNA was sized at 1050 bp, and the mRNA is 950
nucleotides in length. The 5B10 cDNA was 500 bp in length, which is
somewhat shorter than the 680 nucleotide long mRNA. The longest MEP
cDNA (MEP-H; figure 3.6) isolated from library G appeared to be full length
at first, but was later shown to contain an extra vector sequence at the 5'
end of the cDNA which arose from an artifactual cloning event involving an

EcoRl site in the MEP ¢cDNA. A full length MEP cDNA clone (MEP-A; figure
3.7) was isolated from library CL22 (from J. Smith) which was constructed
with the Okayama-Berg strategy but using a different linker (Kowalski et
al., 1985) using mRNA from JB6 cells treated with TPA.

Comparison of the nucleotide sequence of the full length ¢cDNAs to
sequences present in Genebank identified 16C8 as the murine homologue of
human TIMP (tissue inhibitor of metalloproteinase) (Edwards et al., 1986),
and 5B10 as the murine homologue of human calcyclin (Guo et al., 1989).
The MEP protein had already been well characterized and the nucleotide
sequence of the Agtll MEP clone and of MEP-H revealed the similiarity
between MEP and cysteine proteinases (Denhardt et al., 1986).

These full length cDNAs were used in experiments described later in
this thesis, and also in work publiched elsewhere. The MRP cDNA was
used to express MRP polypeptide in E. coli (section 3.2.4), and the 5' part

of the cDNA was used to identify a genomic clone containing the promoter

and upstream region of one of the MRP genes (Conner et al., 1989). The



Figure 3.4 Southern blot analysis of full length TIMP and MRP cDNAs.

A. Plasmid DNA was restricted, electrophoresed (0.2 ug/lane) on a 0.8%
agarose gel, and stained with ethidium bromide. The lanes contain MRP-
21 restricted with HindIll (2) and MRP-31 restricted with HindIIl (3);
16C8-B restricted with Pstl (4); pPstl and BamHI (5); HindIll (6);. The
molecular weight markers (1) are a HindlIIl - EcoRI restriction of A DNA.
There is a unique HindIII site in the vector, a unique BamHI site in the
vector adjacent to the 5' end of the ¢cDNA. Pstl cuts once in the vector and
once in the TIMP cDNA. Interprectation of these fragments is complicated by
the presence of a second non-TIMP cDNA clone - the lower band in lane 6
and the middle band in lane 4 - which contaminated the original isolate.

B. A Southern blot of the gel was probed with 32P-labelled ¢cDNA inserts
from existing partial length MRP (Parfett et al., 1985) or 16C8 (Edwards
et al., 1985) ¢cDNA clones. The lanes are as in panel A. The positive

signals confirm the identity of the full lengih clones.

Figure 3.5 Southern blot analysis of 5B10 and 31H4 cDNAs.
A. Plasmid DNA was restricted with BamHI, electrophoresed on a 0.8%
agarose gel, and stained with ethidium bromide. The lanes contain Hincll-
A markers (1); or 0.2 ug plasmid DNA from 5B10-1 (2); 5B10-2 (3); 5B10-
3 (4); 5B10-4 (5); 5B10-5 (6); 5B10-€ (7); 5B10-7 (8) and 5B10-8 (9).
B. A Southern blot of the gel was probed with 3?P-labelled cDNA inserts

from the original 5B10 clone (Edwards et ai., 1985). The lanes are as in

panel A. The resulting autoradiogram shows that clones 5B10-1, -2, -4, -5

and -6 each contain a 5B10 ¢DNA insert.
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Figure 3.6 Southern blot analysis of an MEP cDNA.
A. Plasmid DNA of clone MEP-H, isolated from expression library G, was
restricted and electrophoresed on a 0.8% agarose gel. The lanes contain

HindIII-A (1); MEP-H not restricted with enzyme (2); MEP restricted with
EcoRV (3) or stul (4), which each have unique sites in the MEP ¢DNA and

no sites in the vector.
B. A Southern blot of the gel was probed with a 3?P-labelled cDNA insert

obtained from a \gtl1-MEP clone (Denhardt et al., 1986).

Figure 3.7 Sonthern blot analysis of full length MEP cDNAs.
A. Piasmid DNA was restricted and 0.5 ug electrophoresed on 0.8% agarose

gel, and stained with ethidium bromide. The lanes contain \ molecular
weight markers (1); BamHI restricted plasmid DNA from clones MEP-A (2);
MEP-B (3); MEP-C (4); MEP-D (3); BamHI-stul restricted plasmid from
clones MEP-A (6); MEP-B (7); MEP-C (8); and MEP-D (9). Two Bamlil sites
in the full length cDNA release a 1200 bp MEP fragment. This fragment is
cut in half by stul which has one recognition cite in the cDNA.

B. A Southern blot of the gel was probed with a 3?P-labelled MEP cDNA

insert rfrom nucleotide 0 to 496 in Denhardt et al. (1986), which

corresponds to the 3' half of the full length MEP cDNA.
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full length 16C8 (TIMP) cDNA was expressed in E. coli (section 3.2.5) and

used to study a mechanism of regulating TIMP at the translational level
(chapter 4). TIMP cDNA was also expressed in the antisense orientation to
down-modulate TIMP expression in Swiss 3T3 cells, which revealed a role of

TIMP as a tumor suppressor gene (Khokha et al., 1989). I have used

these full length cDNA clones of MEP, MRP, TIMP and calcyclin to study the
expression of these genes in the uterus, decidua, placenta and amnion
during pregnancy of CD1 mice (chapter 5).

3.2.3 Expression of cDNAs in 'expression' library E.

Several full length cDNA clones were isolated from library G,
however, library E was not as useful as an 'expression' library. The E
sublibrary in JM103 was screened with two polyclonal antisera specific for
MRP and MEP (from M. Nilsen-Hamilton) and with an antiserum raised
against total cell protein (TCP) of BNL cells which was intended to evaluate
the expression library. Nitrocellulose filters containing about 3,060
colonies, which had been grown at 28°C and induced at 42°C for 2 hours,
were screened immunologically as described. No MRP or MEP expressing
clones were identified. Since the mRNA encoding MRP and MEP each
represented more than 0.1% of the total mRNA present in serum-stimulated
cells, screening of 70,000 colonies should ensure that MEP and MRP mRNAs
were represented in the clones screened.

A rabbit antiserum raised against TCP was used to detect specific
clones in the library that were expressing eukaryotic sequences. About
1/2000 clones had a positive signal. Figure 3.8 shows a second screening
of one of the positive clones. A Western blot of 3 such clones shows the

specific cDNA encoded proteins which are induced by incubation at 42°C




Figure 3.8 Immunodetection of expressing clones.
This is a second screening of a positive clone. Colonies were grown on
nitrocellulose paper at 28°C, and then induced at 42°C for 3 h. Expressing
clones were identified by probing sequentially with anti-TCP antibody,
peroxidase coupled to goat anti rabbit-Ig, and then peroxidase substrate.
The anti-TCP antiserum was raised in rabbits against BNL cell TCP and
used to evaluate the expression library. The clone with the strong positive

signal seen here is sample Xc in figure 3.9.

Figure 3.9 Western blot analysis of three clones expressing the cDNA

protein product in E. coli.
Total protein extract of expressing E. coli clones grown at 28°C, and then

induced at 42°C for 0, 2, 3 or 4 h were electrophoresed on 12% acrylamide-
SDS gels and biotted to nitrocellulose paper. Panel A shows the TCP
pattern of clones Xa, Xb and Xec on the blot stained with amido black. Panel
B shows an autoradiogram of the blot. Specific proteins being expressed at
42°C were identified by incubating the blot sequentially with anti-TCP
antisera and 1Z[-protein A. The arrows indicate the cDNA specific

proteins.
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(figure 3.9B). None of these proteins were produced at a high enough
level to be detected by staining the blot with amido black (figure 3.9A).
The M, of the proteins on the Western blot demonstrates that long cDNAs
can be expressed in this expression system.
3.2.4 Expression of MRP in B. coli.

MRP was expressed in E. coli by engineering fragments of the MRP
coding region directly behind APy and cro ATG (figure 3.10). The 5' end
of the MRP ¢cDNA was digested with Bal 31 exonuclease to generate a
heterogenous population of 5' ends which were then ligated behind the A
expression cassette of pCQV2, and transfected into JM103. One third of
the cDNAs are expected to be in the correct reading frame to express a
sense peptide. Clones expressing MRP were identified by immunodetection
of colonies after induction at 42°C for 2 hours. The positive clones were
isolated, and the MRP specific proteins visualized on Western blots following
induction of the host bacteria at 42°C (figure 3.11B). The largest MRP
polypeptide produced in these clones had an M, of 21,000 which is smaller

than the 29,000 M, full length polypeptide (Nilsen-Hamilton et al., 1980).

The cDNA encoded MRP polypeptides were not detectable on stained gels or
on the stained blot (figure 3.11A). The level of MRP expression was
increased about 2 fold by inserting a transcriptional terminator after the

cDNA sequence, or by expressing the cDNA in the protease-deficient E.
coli strain SGi3069 (Gottesman and Gottesman, 1981), although the protein

was still not detectable on a Coomassie stained gel (results not shown).

3.2.5 Exgression of TIMP in E. coli.
To over-express TIMP in E. coli, the cDNA sequence coding for the

secreted portion of the protein was cloned into the EcoRI site of the pIN-



Figure 3.10 Engineering the expression of MRP in B. coli.

Restricted plasmid DNA with an exposed 5' end of MRP ¢cDNA was incubated

with nuclease Bal3l and then Pstl to generate a set of fragme:.ts with a

heterogeneous population of 5' ends that were then ligated downstream of
the pCQV?2 transcriptional promoter and ATG start site. The ligated DNA

was transformed into E. coli and the resulting clones screened

immunologically for MRP synthesis at 42°C.

Figure 3.11 Western blot analysis of MRP expressing ciones.
Control (pCQV2 alone) and MRP expressing clones A to G were grown at
28°C, and then induced at 42° for 0, 2, 3, or 4 h as designated,
electrophor 2sed on 12% polyacrylamide-SDS gels and blotted to nitrocellulose
paper. Panel A shows a Coomassie blue stained gel. Panel B shows the
same seven clones on an autoradiogram of a Western blot which was probed
sequentially with rabbit anti-MRP and 12I-protein A. The arrows indicate
the position ~f the MRP-specific polypeptides. The 14 kDa band giving a
strong signal on the autoradiogram is lysozyme, which was used to lyse the

cells before electrophoresis. 125I-protein A binds to lysozyme.
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Figure 3.12 Construction of a TIMP secretion vector.
The 591-bp stul-accl! fragment of TIMP cDNA encoding the secreted portion
of TIMP was ligated into the EcoRI(blunted)-BamHI sites of pIN-III-ompA,,
and transformed into E. coli JA221 which carries the lacl? repressor.
Induction of the lpp promoter with IPTG directs the synthesis and secretion
of 'mature' TIMP polypeptide with two extra amino acids (AlaPro) at the

amino terminus. The arrowhead indicates where the signal sequence is

cleaved.
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Figure 3.13 Synthesis of TIMP in JA-221.
Clones containing the ompA,-TIMP secretion vector were identified by
screening with a 32P-labelled ¢cDNA probe, isolated, grown to a density of
2 x 105/m! and induced with 2 mM IPTG. Uninduced samples were grown for
the same length of time without IPTG. A. After 1 h induction in minimal
media, cells were labelled with [33S]methionine for 15 minutes. Cell pellets
were resuspended in Laemli buffer, boiled, electrophoresed on a 10%
polyacrylamide gel and processed for autoradiography. The uninduced
samples are clone 1 in lane 2; clone 6 in lane 8; and positive control A2-98

which is Staphylococcal nuclease A protein (from Takahara et al., 1983) in

lane 12. The induced samples are clone 1 in lane 1; clone 2 in lane 3; clone
3 in lane 4; clone 4 in lane 5; clone 5 in lane 6; clone 6 in lane 7, clone 7
in lane 9; clone 8 in lane 10; ompA, vector in lane 11; A3-98 positive control
in lane 13; and molecular size markers in lane 14. The arrow indicates the
position of the pulse-labelled TIMP in lanes 4 and 7.

B. After 2 h of induction in rich medium, cells were boiled in Leamli
buffer, electrophoresed on a 10% polyacrylamide-SDS gel and stained with
Coomassie blue. The samples are the same as for panel A. The arrow

indicates the M, - the TIMP specific band seen in panel A.
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[II-ompA, E. coli secretion vector (figure 3.12). The strategy was that
the ompA signal sequence would direct the mature TIMP polypeptide to the
periplasmic space where it would be protected from cytoplasmic proteases,
and would also facilitate purification.

Clones of JA221 caryying the TIMP secretion vector were screened
for synthesis of the TIMP protein (figure 3.13). [3Slmethionine labelling of
IPTG-induced cells showed that two of the clones ware synthesizing a
polypeptide with the same M, as mature unglycosylated TIMP (lanes 4 and
7 in figure 3.13A). These TIMP polypeptides were not detectable, however,
on a Coomassie stained gel when the same clones were induced with PTG
in rich medium (figure 3.13B). The staphylococcal nucleas:* A protein

produced by clone A3-98 (from Takahara et al., 1985) is visible on the

stained gel (lane 13 in figure 3.13B). T'. JA221-TIMP clones were not
synthesizing sufficient TIMP to permit purification for biochemical analysis,
or to use as an antigen tu generate TIMP-specific antisera.

3.2.6 Production of TIMP and MRP fusion proteins.

One of the purposes of expressing specific proteins in £. coli was

to isolate enough protein, free of other contaminating mammalian proteins,
to generate specific antisera. A second approach to achieve this aim was to
express them as fusion proteins with B-galactosidase using the pEX vector
system (Stanley and Luzio, 1984). Expression of the cDNA as a fusion

protein increases the stability of the cDNA encoded polyper .de in £. coli

and facilitates purification. Regions of the TIMP and WVRP coding
sequence were engineered into pEX3 in the ccrrect reading frame for
expression of the cDNA portions as a fusion protein at the carboxyl
terminus of B-galactosidase (figure 3.14A). The MRPX and TIMPX

constructs were




Figure 3.14 Prc luctior. of cro-B-galactosidase-TIMP and cro-8-
galactosidase-MRP fusion proteins.
A. Construction of the fusion protein vectors. c¢DNA fragments containing
coding sequence were cloned into the multiple cloning site of pEX3 vectors.

The stul-Acel fragment of TIMP ¢cDNA was cloned into t .e B-mHI site of the
piX3 multiple cloning site (MCS). The Nael-Bclil fr sment of MRP cDNA
was cloned into the smal site of pEX3. Expression from the » Py and cro

ATG generates a fusion protein with the TIMP or MRP sequence at the
carboxyl terminus. The vector contains stop codons in all 3 reading frames
(STOP) and a transcription termination signal (TERMN) to ensure efficient
synthesis of a discrete protein product.

B. Induction of fusion protein syntiiesis. E. coli NFl carrying either
pEX3, the pTIMPX or pMRPX fusion constructs were grewn at 28°C
(repressive temperature), and then induced at 42°C to allow expression of
the fusion proteins. 1TCP was electrophoresed on an 8% polyacrylamide SDS
gei, and the gels were stained with Coomassie blue. The samples are
molecular weight markers in lare 1; pEX3s grown at 30°C in lane 2; pEX3
grown at 12°C n lanes 3 and 6; MREX grown at 30°C in lane 4; MRPX grown
at 42°C in lane 55 TIMPX grown at 30°C in lane 7; and TIMPX grown at 42°C
in lane 8. C. Purification of the fusion proteins. Total cell protein (TCP)
extracts and purificd fusjon proteins (PFP), were electrophoresed as in Fig.
1. 1B te determine the extent of purification. Lane 1 is pEX3 1'CP; lane 2
is MRPX TCP; lare 3 is MRPX PFP; lane 4 is TIMPX TCP; and lane 5 is

TIMPX PP, The arrews show TIMPX and MRPX fusion proteins.
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transfected into E. coli strain NF1 which carries the lambda cI857 ts

repressor to regulate expression of the fusion protein. The fusion proteins
were expressed by incubating the cells at 42°C, and the cell lysates
analysed on SDS polyacrylamide gels (figure 3.14B). Both the TIMPX and
MRPX fusion proteins had a higher M, than B-galactosidase, and represented
a significant portion of the total cell protein. The fusion proteins were
purified by lysing and solubilizing the induced cells, and recovering the
insoluble fusion proteins by centrifugation. The extent of purification was
checked on SDS polyacrylamide gels (figure 3.14C).
3.2.7 Immunoprecipitation of MRP and TIMP.

MRP- and TIMP-specific antisera generated by injecting the fusion
proteins into New Zealand white rabbits were used to immunoprecipitate MRP

from [ **S methionine-labelled cell culture media (figure 3.15A), and in vitro

transiated TIMP from reticulocyte lysates (figure 3.15B). The MRPX
antiserum  effectively immunoprecipitated glycosylated MRP. The
immunoprecipitation was more efficient when the B-galactosidase antibodies
had becn absorbed out with a B-galactosidase affinity column. The
antiserum to MRPX also did not immunoprecipitate a high molecular weight
protein that was precipitated by antiserum raised to glycosylated MRP from
tissue  culture cells, presumably an unrelated species which had
contaminated the MRP preparation used as antigen.

The anti-TIMPX antiserum immunoprecipitated both the non-

glycosylated and glycosylated forms of TIMP synthesized in vitro (figure

3.15B), however the efficiency was low. The antisera immunoprecipitated
less than 10% of the TIMP in the reticulocyte lysate, and did not detect

TIMP secreted by Swiss 3T3 cells, either by immunoprecipitation of



Figure 3.15 Immunoprecipitation of MRP and TIMP.

The figures are autoradiograms of 12% polyacrylamide-SDS gels on
which were electrophoresed samples of MRP (A) and TIMP (B) both before
and after immunoprecipitation. A. [3S]methionine-labelled conditioned
medum from BNL cells is in lane 1; the immunoprecipitates from conditioned
media are in lanes 2-4; using antisera raised against MRP purified from
tissue culture media (from M. Nilsen-Hamilton) is in lane 2; antisera to
MRPX is in lane 3; and antisera to MRPX which was preadsorbed to remove

anti B-galactosidase antibodies is in lane 4. B. [3*S]methionine-labelled in
vitro translation products in reticulocyte lysate with (lanes 4-7) or without

(lanes 1-3) dog pancreatic microsomes. Reticulocyte lysate (2 ul) incubated
with TIMP mRNA is in lane 1; the immunoprecipitate (50 pl) using anti-
TIMPX antisera is in lane 2; and using preimmune sera is in lane 3.
Reticulosyte lysate without TIMP mRNA, with dog pancreatic microsomes to

process the in vitro translation products is in lane 4; and the

immunoprecipitate using anti TIMPX antisera is in lane 5; lysate with TIMP
mRNA is in lane 6; and the immunoprecipitate using anti-TIMPX antisera is
in lane 7. The anti-TIMP antisera specifically recognizes both
nonglycosylated and glycosylated forms of TIMP (arrows), although the

efficiency of immunoprecipitation is poor.
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[35S Jmethionine-labelled cell culture medium, or by Western blot analysis of

the medium or amniotic fluid.

3.3 DISCUSSION

Full length cDNA clones for 16C8 and MRP were identified in library
G by screening with nucleotide probes. Sequencing of the ¢DNAs revealed
that 16C8 was murine TIMP (Edwards et al., 1986) and 5B10 (lacking -150

bp of 5' untranslated region) was murine calcyclin (Guo et al., 1989). The

longest MEP cDNA isolated from library G was missing sequence 5' to an

EcoRl site, presumably because that sequence in the RNA/DNA duplex was

cleaved during the cloning procedure (Fig. 3.1). A full length MEP ¢cDNA
was isolated from a CL22/TPA treated library (from J. Smith) which was

generated using a H.'ndlll instead of an EcoRI restriction in the Okayama-
Berg strategy (Kowalski et al., 1985). The sequence of the TIMP cDNA

is identical to the genomic sequence, except for the 5' most 27 bn of the
¢DNA which differ from the genomic sequence (Edwards et al., 1986;
Gewart et al., 1987). This sequence may be part of a transcript from an

as yet uncharacterized promoter further upstream, which is then spliced to
produce the transcript that was cioned here. Alternatively, it may be
derived from an anomolous cloning event, at the 5' erd of the ¢cDNA. The
sequence was not found in genebank.

Specific clones were not identified in the expression library E by
immunodetection, even though expression of specific cDNA encoded proteins
was detected with the anti-TCP antibody (Fig. 3.8). The signal (intensity)
of the na.ive MRP band on the Western blot (Fig. 3.11) was much less than

the signal seen for the proteins identified by the TCP antibody (Fig. 3.9).
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In addition, these MRP-expressing clones were generated by ligating the
MRP coding sequence directly downstream of the APy promoter (Fig. 3.10),
without the intervening dG tails used in the Okayama-Berg strategy. The
dG tail will code for several glycine residues in a row, and since the tRNA
which recognizes GGG represents only 10% of the Gly-tRNAs (Ikemura,
1981), this region can be expected to further reduce the level of expression
of MRP in the expression library.

MRP synthesis was detectable in clones that had the coding region

ligated directly beside the APp and cro ATG. The rgest native MRP

polypeptide expressed by one of these clones had a M, of 21,000 (Fig.
3.11B) which is the same size as the polypeptide backbone of the mature
secreted protein (Nilsen-Hamilton et al., 1980). The failure to detect
longer proteins may be due to the signal sequence interfering with efficient
translation in £. coli. !n addition, a full length ¢cDNA would not be
expressed since there is an in-frame TAG five codons upstream of the start
site (Linzer et al., 1983).

A much higher level of MRP expression would be necessary if it was
to be isolated and purified for any biochemical or functional studies. The

two fold increase in MRP level in a lon™ htpr- strain, or after introducing

a transcriptional terminawor (results not shown) suggest that other protease

systems (Maurizi et al., 1985) were involved in degrading the murine

protein. It could well be that other proteins with more inherent stability

in £. i1 would have been detected in this library.
The ecukaryotic proteins Myc (Watt et al., 1985), adenovirus ElA

(Ferguson et al., 1984), p33 (Queen, 1983) and bovine a;-antitrypsin
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(Courtney et al., 1984) to name a few are stable enough to be expressed
at high levels in bacteria. Somatomedin C was expressed in £. col: and the

accumulated protein increased from undetectable in wild type, up to 5% of
TCP in a lon™ htpR™ strain {(Buell et al., 1985). The stability of some
eukaryotic proteins and not others, while not completely understood, is not
a surprise.

The first step in studying mutated forms of TIMP, towards elucidating

its mechanism of action, was to over-express TIMP in £. col: to an extent

that it could be easily purified. The strategy was to use a secretion vector
to transport the native TIMP into the periplasmic space where it would be
protected from the cytoplasmic proteases.

The level of [3°S]methionine incorporation into TIMP compared to
staphylococcal nuclease A (Fig. 3.13A lanes 4, 7 and 13) suggested that
TIMP was being efficiently synthesized. Nuclease A produced in this system

represented 10% of TCP (Takahara et al., 1985). Unlike the nuclease A,

however, the TIMP band was not detectable on a Coomassie stained gel (Fig.
3.13B lanes 4, 7 and 13). Enrichnent of proteins in the periplasmic space,
or longer induction times did not improve the yield of TIMP (results not
shown). Since the level of [3°S]methionine incorporated into TIMP during
the pulse labelling indicates that the protein was being efficiently
synthesized, the problem was likely an instability of the protein. Although
the protein was sequestered in the periplasmic space, other protease
systems would be encountered there. Other mammalian proteins were shown
to accumulate to a higher level in mutant hosts which are deficient in these
proteases The N-terminal amino acid can also have a stabilizing or

destabilizing effect on the proteins in prokaryotes (Bachmair et a1., 1986).
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This may not be the case for T!MP as N-terminal alanine, predicted for the
processed TIMP (figure 3.12), is associated with the most stable proteins in
bacteria and is therefore not likely to be responsible for the rapid
degradation of TIMP.

Native TIMP and MRP were not overproduced sufficiently to allow
purification and subsequent biochemical characterization. Synthesis of
these sequences as fusion proteins with B-galactosidase allowed
overproduction and purification of enough protein to generate antisera that
specifically recognized the murine proteins. The eukaryotic sequences were
likely protected here because the fusion protein formed an insoluble
precipitate (Stanly and Luzio, 1984) which also facilitated purification.

Both the MRP- and TIMP- specific antisera recognized the murine
proteins. The MRP antiserum raised to the fusion protein
immunoprecipitated glycosylated MRP secreted by tissue culture cells as
efficiently as the antisern. raised against purified murine MRP (figure
3.15A). The anti-TIMP antiserum recognized both non-glycosylated and
glycosylated TIMP although the antibodies were either low affinity or low

titer since a vast excess of antisera immunoprecipitated only 5-10% of the in
vitro translated TIMP (figure 3.15B, lane 1 and 2). The antiserum was
able to detect the in vitro translated TIMP since it has a very high specific

activity.  The usefulness of a specific antibody is to study the protein

distribution n vivo. lInfortunately, this antiserum did not

immunoprecipitate detectable amounts of TIMP from the medium of 35S-
labelled tissue culture cells overproducing TIMP (line 16S1, from R.
Khokha), nor did it detect TIMP on Western blots of concentrated medium

from the overproducing cells (results not shown).
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The reason for a poor antigenic response to TIMP in the rabbits (I
had the same result with antisera made in guinea pigs; data not shown) may
be due to a high level of conservation between the species. As well as the
similiarity between mouse and human TIMP at the sequence level, TIMP
effectively inhibits MPPs from other species. Rabbit bone TIMP inhibits

human fibroblast collagenase and gelatinase (Murphy et al., 1982); human
fibroblast TIMP inhibits rabbit collagenase (Murphy et al., 1983b); human
recombinant TIMP inhibits mouse collagenase (Thomson et al., 1987); and

both mouse and human fibroblast TIMP inhibit porcine collagenase (Overall

et al., 1989). The antiserum specific for human TIMP (which does not

recognize murine TIMP) was raised in sheep (Hembry et ai., 1983).

Perhaps TIMP is less conserved between mou<e and goat or sheep, and the

murine antigen would have elicited a better response in one of those

animals.




CHAPTER 4 - REGULATION OF TIMP AT THE TRANSLATIONAL LEVEL

4.1 INTRODUCTION

A gene can be regulated at several steps during expression, including
transcriptional and post-transcriptional, translational and pctt-translational
levels. Each of these levels may play a part in the overall regulation of
TIMP expression. The focus of this chapter is the regulation of TIMP
expression at the translational level.

The co-ordinate expression of TIMP and MMPs is important in
physiological processes such as wound healing and *is>sue remodeling, and
in pathological conditions such as arthritis and metastasis. TIMP and
collagenase were both localized by immunofluorescence to the area of scar
tissue that was judged to be actively remodeling (Hembry and Ehrlich,

1986). Chowcat et al. (1988) also showed that collagenase and TIMP were

localized to the suture line following surgery, and furthermore that each
followed a specific time course of appearance during wound healing.
Elevated levels of MMPs, without a corresponding increase of TIMP, in
arthritic cartilage are likely responsible for the associated tissue destruction
(McGuire et al., 1981). Antirheumatic drugs such as dexamethasone exert
their effect, at least in part, through increased TIMP levels (Hunter et al.,
1984). A 50% reduction in TIMP levels conferred oncogenic and metastatic

propensity on 'normal' Swiss 3T3 cells (Khokha et al., 1989), demonstrating

again that small changes in the MMP/TIMP ratio can have a dramatic effect.
Expression of TIMP mRNA in murine fibroblast~ is induced by serum,

PDGF, FGF, TPA and double-stranded RNA (Edwards et al., 1985a; Gewart
et al., 1986; Denhardt et al., 1987). The level of induction by these

agents is at least 10-fold, whereas the in vivo changes noted above are on

80
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the order of two-fold. Multiple species of TIMP mRNA have been detected

in Swiss 2T3 cells and mouse embryo fibroblasts by S1 analysis (Edwards et
al., 1986), and in NDV-infected L cells by RNAase protection and primer
extension (Coulombe et al., 1988). The longest TIMP transcript has an

upstream ORF which overlaps the TIMP coding region in a different reading

frame. Edwards et al. (1986) showed that the shorter TIMP transcript is

serum inducible while the longer transcript is expressed ccnstitutively at
low levels.

The TIMP start codon has a very strong initiation context
(ACCATGA), whereas the sequence around the upstream A!'G is suboptimal
(CGGATGG) (Kozak, 1986a). Purines at positions -3 and +4 are especially
important for efficient initiation; pyrimidines at -2 and -1 also contribute to
efficient initiation. [ postulated that a portion of the initiating ribosomes
should bypass the first AUG in the long transcript and initiate at the TIMP
start codon due to 'leaky scanning' as proposed by Kozak (1986b). At the
same time, translation of the overlapping upstream ORF would have the
potential to interfere with initiation at the TIMP start codon.

I have used an in vitro transcription/translation system to show that

the presence of the upstream sequence, which includes the 5' AUG, reduces
the efficiency of TIMP translation and inhibits processing of TIMP by the
microsomes. These data suggest that the presence of the upstream ORF
modulates TIMP expression from the longer transcript and that this may be
of particular importance in quiescent cells. Induction of a shorter TIMP
mRNA, which lacks the upstream AUG, could be an effective way of

amplifying TIMP expression.




82

4.2 RESULTS
4.2.1 Transcription of TIMP mRNAs.
The SP6 promoter can be used to generate specific transcripts with

biological activity (Melton et al., 1984). TIMP cDNA fragments with or
witho t the ATG for the upstream ORF were cloned into the HindIII site of

pSP64, adjacent to the SP6 promoter to minimize the contribution of SP64
sequence to the transcripts. The resulting constructs, and the encoded
RNA and protein products, are shown in figure 4.1. pTIMP-N and pTIMP-
F were used to generate the corresponding TIMP mRNA species. Transcript
TIMP-N contains the coding region and 104 nucleotides at the 5' end,
encompassing the AUG of an open reading frame which overlaps the TIMP

ORF. Transcript TIMP-F has had 37 nucleotides (Ncil-Fokl) removed from
the 3' untranslated region. The mRNAs transcribed i1n vitro were examined

on a denaturing polyacrylamide gel. The autoradiogram in figure 4.2 shows
that essentially all of the transcripts in the TIMP-N and TIMP-F
preparations were full length. The purified RNA preparations, adjusted to

a final concentration of 100 ng/ul in DEP water, were used for in vitro

translation in reticulocyte lysates.

4.2.2 In vitro translation of the TIMP transcripts.

Figure 4.3 shows the Kinetics of translarion with respect to the amount
of RNA, and time of incubation at 30°. The optimal toncentration was 100
ng of transcript per 25 ul final volume, and 15 minutes was the vptimal time
for translation of these TIMP transcripts. A comparison of uncapped and
capped species of TIMP-N and TIMP-F mRNA translated in [3°S]methionine-
containing reticulocyte lysate followed by electrophoretic and fluorographic

analysis showed that the presence of the 5' cap resuited in enhanced




Figure 4.1 Diagram of the in vitro

transcription/translation system for TIMP expression.
The double line represents the SP64-TIMP vectors which were con-tructed
as described in Methods. Transcrip:iz:.i from the SP6 promoter (shown by
the arrow) produces an mRNA (dashed line) with the 5' most AUG being the
start codon of the upstream ORF in transcript TIMP-N, or with the 5' AUG
being the TIMP start codon in transcript TIMP-F. The bold line below the
RNA represents the proteins encoded by the ORFs. The sequence around
the translational start sites show that the TIMP AUG is in a favourable

initiation context, and that the 5' AUG is in a poor context.

Figure 4.2 Analysis of SP6 directed TIMP transcripts.
The figure shows an autoradiogram of a gel of [2¢P]UTP-labelled TIMP
transcripts fractionated by electrophoresis in a 7 M urea 6% polyacrylamide

gel. Denatured 32p-jabelled alul pBR32% markers of the indicated size in

nucleotides (nt), are in lane 1. The capped TIMP transcripts were
synthesized in the presence of [3?2PJUTP as described in Methods. Lane 2
contain~ 34 ng of the capped TIMP-N mkNA, and lane 3 contain< 42 ng of
the capped the TIMP-F mRNA.
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Figure 4.3 Treaslutional efficiency of TIMP-N
and TIMP-F mRNA species in rabtit reticulocyte lysate.

A. Dose response of TIMP in in vitro translation. The indicated amounts

of TIMP-N and TIMP-F mRNA were denatured with CH;HgOH and added to
a final volume of 25 ul of reticulocyte lysate. After incubation at 30°C for
30', the trichloroacetic acid-insoluble [39S]methionine incorporation was
determined.

B. Time course of TIMP translation. 100 ng of TIMF mRKNA was treated
with CH,;HgOH, and added to 25 pl ¢~ lysate, incubated at 30°C for the time

indicated, and the acid insoluble [3°S ]methionine incorporation determined.
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translation of both TIMP messages (figure 4.4A).

4.2.3 Effect of the upstream ORF on in vitro translation of TIMP.

TIMP was translated several-fold more efficiently i1 the reticuloryte
lysate primed with the 5' truncated TIMP-F transcript. Both capped and
uncapped transcripts showed an increase in the efficiency of translation
(figures 4.4A and B). Densitometry of the TIMP bands on the fluorogram
shown in figure 4.5 revealed the extent to which translation of TIMP
increased in the absence of the upstream seg nment (table 4.1); capped TIMP-
F was translated three-fold more efficiently than capped TIMP-N. Absence
of the cap decreased the translational efficiency of TIMP-F, and especially
of TIMP-N, resulting in an overall nine-fold difference. The difference in
translational efficiency was reproducible both with the different preparations

of capped transcripts, and when the in vitro translation products were

radiolabelled with [3°S]cysteine (figure 4.4B). The faint bands above the
TIMP are likely aggregates of the monomer. [3S]cysteine was used to label
the translation products processed with microsomes since all of the cysteines
are in the secreted part of the pretein, whereas 2 of the 6 methionines are
lost in the signal sequence.

Non-glycosvilated and glycosylated forms of TIMP are readily
distinguishable as 22,000 and 28,000 M, species on SDE polyacrylamide gels.
TIMP synthesized from the shorter TIMP-F transcript’ was efficiently
processed by dog pancreatic microsomes to a 28,000 M, species (figure 4.4B,
lanes 6 and 9). In the presence of microsomes the level of TIMP translated
and processed from transcript TIMP-N was ten-fold lower than that

translated from TIMP-F (figure 4.4B, lanes 5 and 8; table 4.1).



Figure 4.4 SDS-PAGE analysis of TIMP in vitro translation products.

A. SP6-derived TIMP mRNA (100 ng) in 25 ul of reticulocyte lysate was
incubated at 30°C for 15 minutes. 2 ul of lysate from each of the samples
were electrophoresed on a 10% polyacrylamide-SDS gel and fluorographed.
Lane 1 shows reticulocyte lysate with no added mRNA. Lane 2, uncapped
TIMP-F transcript; lane 3, capped TIMP-F; lane 4, uncapped TIMP-N; and

lane 5, capped TIMP-N. The arrow indicates the in vitro translated TIMP.

The molecular weight of the 14C-labelled marker proteins as indicated are

lactoglobulin (18 kDa) and ovalbumin (46 kDa).

B. The samples are reticulocyte lysate with no added mRNA, lanes 1, 4 and
7; capped TIMP-N mRNA, lanes 2,5 and 8; and capped TIMP-F mRNA, lanes
3,6 and 9. Lanes 1-3 were translated in the presence of (39S Imethionine,
and lanes 4-9 in the presence of [3SS]cysteine. Dog pancreatic microsomes
werz added to the lysate in lanes 7 to 9. The arrows indicate the positions
of the unprocessed and processed forms of TIMP. The molecular weight of
the 14C-labeled marker proteins as indicated are lactoglobulin (18 kDa),
carbonic anhydrase (30 kDa) and ovalbumin (46 kDa). The 24 kDa protein
in lane 1 is an endogenous translation product which is prominent in this

batch of lysate when translated with [3SS]methionine.
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TABLE 4.1

Quantification of TIMP protein produced by translation in vitro

of TIMP-N and TIMP-F mRNAs.2

mRNA 1 2 3c
species +CAP | - + + + +

TIMP-Nb 0.2 1.0 1.0 1.0 1.0
TIMP-F 1.9 3.3 3.1 2.4 10.7

aRelative protein levels were determined by densitometry of the TIMP
specific bands on the fluorograms in figures 4.4 A (column 1) and B
(columns 2 and 3). The values in column 1 were derived from figure
4.4A lanes 2-5. The values in column 2 were derived from figure
4.4B lanes 2, 3, 5 and 6; and those in column 3 from figure 4.4B
lanes 8 and 9.

bFor the purpose of comparison, the values for the capped

TIMP-N mRNAs in figures 4.4 A and B were normalized to 1.0.

€The difference of efficiency observed in the presence of microsomes
is due largely to a drop in the value for TIMP-N (figure 4.4A, laiie

8).
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4.2.4 Immunoprecipitation of in vitro translated TIMP.
An antiserum raised against recombinant murine TIMP (section 3.2.7)

immunoprecipit. ted both glycosylated and non-glycosylated forms of in
vitro translated TIMP (figure 3.15B). Translation products endogenous

to the reticulocy*c iysate, particularly prominent in some experiments (e.g.
lanes 4 and 6 in figure 3.15B, and lane 4 in figure 4.4B) were not

immunoprecipitated by the anti-TIMP antiserum.

4.3 DISCUSSION
To assess the possible role of the short upstream ORF 1n the

translation of TIMP, I examined the transiational efficiency of an in vitro

transcribed truncated TIMP mRNA. The truncated mRNA species is unable
to produce the putative regulatory peptide in reticulocyte lysates. Using
the optimized translation conditions, TIMP was translated at least three-foid
more efficiently from the truncated transcript. The trend was the same for
both uncapped and capped transcripts, and a ten-fold difference in
translational efficiency was observed when microsomes were added to process
the TIMP. This difference in translational efficiency was seen in replicate
experiments, using independent preparations of the transcript. [ favour
the idea that the cause of this difference is the production of a protein by
the ORF upstream of the TIMP start codon, although it cannot be exciuded
that other factors such as increased ribosomal fall off or RNA breakdown
could be responsible. Two possible secondary structures in the 5' end of
TIMP mRNA, =ach with a free energy of -~ ~19 kilocalories, bury the TIMP
AUG start codon in the stem region, although these structures should be

easily melted out by the initiating complexes (Kozak, 1988). The upstream
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AUG does not participate in secondary structure, and will be accessible for
initiation.

The longest in vivo TIMP transcript is expressed constitutively at

low levels in mouse primary embryo fibroblasts. Increases in TIMP mRNA

levels in response to various agents are due to an increase of only the

shorter species (Edwards et al., 1986). Kozak (1989) points out that the

upstream AUG on many growth control and proto-oncogene mRNAs is lost

during rearrangements that accompany activation. Both long and short Ick

transcripts, which arise from two promoters, are found in leukemic and
transformed cells while only the long transcript from the upstream promoter

is seen in the normal cells (Sarior et al., 1989). Marth et al. (1988)
demonstrated that Ick transcripts lacking the AUGs normally found in the

5' untranslated region were translated more efficiently leading to the high

level of pp561Cck associated with transformation. The highly conserved first
exon in the c-myc transcript of both mouse (Eladari et al., 1986) and human
(Stanton et al., 1386) has an upstream overlapping ORF which, along with

other secondary structural feaures, is thought to play a role in the

regulation of myc translation. In a similar manner as shown here, the TIMP

transcripts lacking the upstream AUG are translated more efficiently than
the constitutively expressed long species of TIMP mRNA.

The difference in translational efficiency of TIMP from the two
transcripts is predicted by the 'leaky' scanning mechanism (Kozak, 1986b).
The 5' most AUG in the shorter TIMP-F transcript is «he TIMP start codon
which has a strong initiation context, resulting in a high translational
efficiency. A portion of the 40S initiation complexes will initiate at the

suboptimal 5' AUG in the TIMP-N transcript, while some will bypass and
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initiate at the TIMP start site. The overall effect is a decrease in the
translational efficiency of TIMP frcm the longer transcript. The extent of
the decrease of TIMP translational efficiency in the presence of the upstream
overlapping ORF is similar to the 5-10 fold drop of proinsulin synthesis in
vivo in the presence of an overlapping upstream ORF with a poor initiation
context (Kozak, 1986a).

The putative dicistronic TIMP mRNA has the potential to code for two
biologically active proteins. We did not detect synthesis of a 5' peptide
encoded by the upstream AUG, which would be 4 kDa and very basic.
There is only one methionine (the start codon), and three cysteines in the
predicted amino acid sequence of the upstream ORF, compared with 6
methionines and 12 cysteines in TIMP. The protein was not detected even
on long exposures of the autoradiograms. This may be due to a low level
of [35S]methionine or [3S]cysteine incorporation and a low translational
efficiency, due to the poor initiation context.

The long TIMP transcript is expressed at a low level in quiescent
mouse embryo fibroblasts. The sequence upstream of the 5' ATG reported

for the long cDNA (Edwards et al., 1986) differs from that reported for the
same region of the genomic clone (CGewert et al., 1987), although both

sequences contain the upstream AUG and the same results would be expected
for miNAs containing the sequence seen in the genomic clone. Serum and

NDV induce TIMP transcripts that lack the AUG of the 5' ORF (Edwards et
al., 1986; Coulombe et al., 1988). Induction of the shorter species coupled

with more efficient translation is an effective means of amplifying the
expression of an otherwise poorly translated mRNA. Additionally, the 5'

ORF may function to control the level of secreted TIMP in quiescent cells.



CHAPTER 5 - EXPRTYSSION OF GROWTH RELATED GENES IN FEMALE
REPRODUCTIVE TISSUES DURING PREGNANCY
5.1 INTRODUCTION

In mouse the developing blastocyst implants in the uterine stroma at
4.5 days post-coitum; day 0 is defined as the day of appearance of a vaginal
plug. Parturition is on day 18.5, and a litter size of 12 or more pups is not
uncommon in the outbred strain of CD1 mice. Placenta and decidua are two
tissues which arise, respectively from the embryo and the uterus, to
support the growth of the conceptus during gestation (see figure 5.1 B and
C). Transfer f substances across the placenta must be sufficient for the
growth of the foetus. The trophoblast component of the placenta is also
responsible for an immune regulatory function (Billington and Bell, 1983)

and synthesis of peptide and steroid hormones (Patillo et ail., 1983).

Decidualization is the response of the uterus to the embryo and is most
prominent from the time of implantation until the formation of a definitive
placenta. The decidua provides nourishment to the early blastocyst, and
also plays an active role in protecting the maternal tissues from the highiy
invasive foetal trophoblasts.

Decidualization follows a complex temporal and spatial sequence of
events with differentiation of the stromal cells occurring in different regions
at different times. The decidual response is triggered by implantation of
the blastocyst into the uterine stroma on day 4.5. After implantation, a
wave of mitotic activity precedes differentiation of cells in the endometrium
to form the antimesometrial cells of the primary decidual zone. By day 7 the
decidua basalis has formed adjacent to the metrial gland region, and by day
10 the antimesometrial decidua has regressed to form the decidua capsularis

(see figure 5.1B and C). The decidua lateralis lies between the decidua
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Figure 5.1 Schematic representation of a cross section

through a pregnant mouse uterus.

A. This flow chart illustrates the times of gestation at which tissues
were dissected from pregnant CD1 mice. Day 0 is the day of appearance of
a vaginal plug. Tissues were also taken from virgin (V), and post partum
(PP) animals. For example, the uterus, ovaries, kidneys and liver were
dissected from virgin mice, from pregnant mice on all of the days indicated
on the chart except day 0, and from a mouse on the first day post partum.

B. A schematic diagram of a cross section through the uterus at day
8 of gestation. Note the three distinct zones of decidua.

C. A cross section through the uterus at day 12. A definitive
placenta has developed adjacent to the decidua basilis. The pilacenta and

amnion are of foetal origin. B and C are adapted from Kearns (1984).
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basalis and the decidua capsularis and is intermediate in composition. The
ectoplacental cone of the embryo invades the decidua basalis on day 7.5, and
differentiates to form the definitive placenta by day 11. During this period
of time, blood vessels surrounding the decidua basalis become progressively
enlarged and form lateral sinusoids. From day 12 on, the decidua basalis
regresses as the fetus continues to grow (reviewed in Bell, 1984).

The antimesometrial cells of the primary decidual zone (day 4.5) are
large basophilic multinucleate cells. The mesometrial cells in tt decidua
basalis are smaller and mononucleate. Granulated metrial gland cells are
found in large numbers in the metrial gland region and the decidua basalis.
These cells contain distinctive cytoplasmic granules up to 5 um in diameter
(Stewart and Peel, 1977), and are mono or binucleate.

Artificial deciduomas can be induced to develop in the uterus of
nonpregnant mice by manipulating the hormonal environment, and by
providing a mechanical stimulus that is the equivalent of blastocyst
implantation. Injection of a small amount of oil, or a traumatic stimulus
such as scratching, inside the uterus will induce the formation of an
artificial deciduoma in ovariectomized mice primed with hormones. The
timing is critical. A hormonal regime consisting of regular injections of
progesterone, and a surge of oestradiol induce the stromal cells of the
uterine lining to undergo a round of mitosis on day 4.5 at which time they
will respond to an artificial stimulus by decidualization (Das and Martin,
1978).

The ectoplacental cone consists of a core of rapidly dividing
trophoblast cells that are covered by a layer of secondary giant cells
(Rouscant and Ofer, 1977). The definitive placenta consists of three main

trophoblast subpopulations. The cellular layer of the labyrinthine
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trophoblast maintains the foetal interface in the murine placenta.
Trophoblast giant cells form a continuous barrier at the maternal boundary
of the definitive placenta, and the spongiotrophoblasts form a compact tissue
through which maternal blood must pass en route to the labyrinth (Billington
and Bell, 1983). The trophoblast layers protect the foetus from maternal
immune competent cells, whereas antibody and erythrocytes pass more

readily (Hunzicker et al., 1984). Growth factor receptors are present on

the trophoblast cell surface, and gestational hormones such as progesterone
are required for trophoblast development (Wild, 1983).

The amnion is derived from the placenta, although the cell types are
specific. As well as providing a closed environment for the foetus, the
amnion also synthesizes hormones and may be a target for foetal hormones

triggering the onset of labour (Vander-Kooy et al., 1989).

The expression of TIMP, spp and MRP has been recently reported in
some of the tissues that I have examined here. TIMP was detected by
RNAase protection in decidua, amnion and ovary, and by in situ
hybridization in the thecal cells of the ovary (Nomura et al., 1989). 1In
situ hybridization revealed that the GMG cells of the decidua expressed
high levels of spp (Nomura et al., 1988). MRP was similarly localized to
the trophoblast giant cells of the placenta by in situ hybridization (Lee et
al., 1988).

In this chapter I present the day to day time course of expression,
in the female mouse reproductive tissues, for each of TIMP, MRP, MEP, the
transins, as well as the calcium binding proteins spp, calcyclin and

calmodulin. For most of gestation the time course of TIMP expression was

similar between the ovary and the decidua-placenta-uterus, however the
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level of TIMP mRNA increased to a 25-fold higher level in the ovary in day
18 and post partum animals. The spatial and temporal expression of
caleyclin and spp were complementary: spp expression increased rapidly
from day 8, peaking on day 10, in the GMG cells of the metrial gland region,
while caleyclin expression in the antimesometrial region of the decidua
capsularis rapidly decreased after peaking on day 8. MEP and the transins

were each expressed at very discrete time points in the decidua.

5.2 RESULTS
5.2.1 Isolation of RNA from mouse tissue during pregnancy.

The tissues which directly support pregnancy, as well as the ovaries,
kidneys, and liver were dissected from pregnant mice on the days indicated
in figure 5.1A. The time course of tissue isolation for mRNA processing was
repeated a second time. The results were the same for all of the genes and
tissues analyzed for both time course experiments, with the exception that
the levels of transin, transin-2 and calmodulin mRNAs were not determined
in the first time course experiment. Implantation of the embryo takes place
on day 4.5, and so the tissues that support pregnancy were isolated
starting on day 9. The figures 5.1 B and C show a schematic
representation of the different tissues that support pregnancy. Although
the uterus, decidua and placenta can be dissected cleanly as discrete
tissues, the migration of trophoblast and GMG cells makes it impossible to
compare distinct cell populations here. Before the placenta pro»er
developed as a discrete tissue, it was isolated as the ectoplacental cone (a
red spot) in the gut region of the embryo (days 5-8&). The amnion {which
was actually amnion and chorion) could not be isolated any earlier than day

9. The maternal kidneys and ovaries were taken so that it could be
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determined if the high levels of expression reported for TIMP in ovary, and
spp in kidney varied throughout pregnancy. Liver was taken as a control
tissue, although none of these genes had been reported to be expressed in
adult liver. Artificial deciduomas were induced to determine if the presence
of the embryo was necessary for the expression of the various genes in the
uterus and decidua.

Total tissue RNAs were isolated and analyzed on slot blots to quantify
the level of expression, and further analyzed on Northern blots to confirm
the mRNA size being expressed and to show the integrity of the RNA. To
make a careful analysis of the level of expression of the various genes,
multiple identical slot blots were made of the tissue RNA preparations.
Several precautions were taken to ensure the accuracy of the determinations
both between blots and between samples. (a) The multiple copies of the blots
were made and processed at the same time, as detailed in the methods
section. (b) One copy of the blots was probec with a 32P-labelled 18S rRNA
cDNA insert, and densitometry of the resulting autoradiogram determined
that the RNA loadings were roughly equal. (¢) The small differences in the
18S rRNA values were used to correct for loading errors (likely due to error
in determining the concentration from the optical density of the purified
RNAs) when expressing the values obtained with other probes. The mRNA
levels of actin and glyceraldehyde phosphate dehydrogenase (GPD), which
are commonly used as controls, each showed some tissue specific and time
course specific differences in expression and so were not used to quantify
expression of the other genes.

5.2.2 Expression of TIMP during pregnancy.
A specific time course of TIMP expressior. was seen in pregnant

uterus, decidua, placenta, amnion and in the ovary. TIMP expression was
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not detected in kidney or liver. The time course and level of TIMP
expression was very similar in these tissues during pregnancy (figure 5.3)
with the excepticn of ovary (figure 5.2A and B). TIMP levels in uterus,
decidua and placenta peaked around day 8 to 10 and showed a decline
thereafter. In amnion, there were increases in TIMP mRNA specifically on
day 10 and again on day 18, the day of parturition (figure 5.3A). Slot blot
analyris showed that TIMP was >xpressed at a 25-fold higher level in day 18
and post partum ovary than in any other tissue, and was similar to the level
of expression in serum stimulated 3T3 cells (figure 5.2B). TIMP expression
was quite low in some RNA preparations from the ovaries of virgin mice,
possibly reflecting their state of oestrus.

The level of TIMP activity in the amniotic fluid was also determined,
based on its property as a collagenase inhibitor, and is expressed as
activity per pg of protein in the amniotic fluid (figure 5.3B). As the
activity assay only measures the active TIMP level, there may have been
much more TIMP actually complexed with metalloproteinases. There is no
way of knowing which of the tissues synthesized the TIMP found in the
amniotic fluid.

5.2.3 Expression of proteases.

The RNA samples were also screened for the expression of several
proteases. MEP (procathepsin L) mRNA was expressed in decidua, placenta
and amnion. The levels were similar in each of the tissues and were
equivalent to those seen in tissue culture cells. A common feature is an
increase in MEP expression at the end of gestation in each of these tissues.
There are also mid-gestational increases of MEP at day 8-9 in placenta and
from day 10 onwards in decidua (figure 5.4A).

Expression of the transins was very specific. There was a burst of




Figure 5.2 A time course of TIMP expression in tissues supporting
pregnancy.

A. Total RNA isolated from uterus, decidua, amnion and ovary were
analysed by sequentially probing Northern blots with 3?P-labelled ¢cDNA
inserts of GPD and then TIMP. The TIMP levels in ovary are compared to
the level of 28S rRNA visualized in the ethidium stained gel before transfer
of the RNA to genescreen plus.

B. The level of expression of TIMP in mouse tissues and in tissue
culture cells. The mRNA levels (arbitrary units) were determined by
densitometry (section 2.7.2) of slot blots, containing 2ug of total RNA for
each sample, which had been probed with 3?P-labelled TIMP cDNA. These

samples were all on the same slot blot and therefore processed identically.
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Figure 5.3 Quantitadon of TIMP expression in the tissues supporting
pregnancy.

A. To directly compare the level of TIMP expression in these
tissues, 2ug of total RNA from each time point was loaded on a slot blot and
probed for TIMP expression. The level of TIMP expression was quantitated
by densitometry of the autoradiogram, and the values adjusted for the level
of 18S rRNA as described. The curves reflect the relat.ve TIMP mRNA
levels in each of the tissues, although an absolute value was not determined.
The open symbols represent tissues taken from pregnant animals, and the
closed symbols represent the same tissue (either uterus e, or decidua a)
taken from virgin or post partum animals.

B. The level of free TIMP activity in the amniotic fluid was
determined by an assay based on the collagenase inhibitory activity and
was performed by R. Khokha in this lab, according to the method of

(Overall et al., 1989). The TIMP activity in the amniotic fluid taken from
the same pregnant animals was determined, and expressed as units of TIMP
[ pg TCP in the amniotic fluid. One U of TIMP inhibits 2 U of collagenase
by 50%. The values are the mean * standard deviation for duplicate

experiments of samples from one time course experiment.
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Figure 5.4 Expression of the proteases MEP (procathepsin L) and
Transin and Transin-2 during pregnancy.

A. Replicate slot blots containing total RNA isolated from the
decidua, placenia and amnion on the indicated days were probed with the
indicated 3?P-labelled cDNA. The samples probed with MEP are shown beside
the replica probed with a cDNA to 18S rRNA.

B. These slot blots show the level of transin and transin-2 mRNA
in the decidua and ovary on the indicated days of gestation. The 18S rRNA

probe serves as a control for comparing the transin and transin-2 levels.
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transin-2 expression in decidua and ovary of post partum mice {figure
5.4B), and the level was higher than seen in TPA-treated 3T3 cells (results
not shown). Transin was also expressed in post partum decidua. “ut not
in the ovary. The mRNA level was much higher in TPA treated 3T3 cells
than in decidua for transin-2 (results not shown).

5.2.4 Expression of MRP.
The expression of MRP in placenta has been known for a long time

(Linzer et al., 1985), and it was thought to be specific to the trophoblast
cells of the placenta (Lee et al., 1988), although unglycosylated forms of

MRP are found in maternal serum during pregnancy.

Screening the tissue RNA samples taken here for expression of MRP
revealed that MRP mRNA was also present in uterus and decidua on day 10
of gestation, and was expressed at a level similar to that seen in the
placenta (figure 5.5). It is clear that expression in decidua and uterus is
limited to day 10 (figure 5.5A), and that the mRNAs being expressed in
uterus, decidua and placenta on day 10 are the same size (figure 5.5B).
Since the expression of MRP in uterus and decidua was unexpected, the time
course experiment was repeated three times. The burst of MRP expression
in day 10 uterus and decidua was consistent. The results shown in figures
5.4A and B are from two separate time course experiments, and the level
of MRP expression was just as high iu the third experiment (data not
shown).

Expression of MRP mRNA in these tissues was localized by in situ
hybridization (figure 5.6). A strong MRP specific signal was seen in the
layer of giant trophoblast cells surrounding the space occupied by the

embryo, in both day 9 and day 10 samples. However, no uterus- or




Figure 5.5 A time course of MRP expression in placenta, decidua and
uterus.

A. Slot blots with 2ug of tissue RNA per slot were probed with 32p-
labelled MRP cDNA insert. Equal amounts of RNA, verified by probing with
an 18S rRNA probe, were loaded on each of the slots.

B. Tissue RNA samples from uterus, decidua and placenta at day 10
and day 12 of pregnancy were analysed on Northern blots probed
sequentially with 32P-labelled GPD and MRP cDNA inserts. These RNA
samples were isolated from tissues during a different time course experiment

than those in panel A.

Figure 5.6 1In situ localization of MRP mRNA in

day 8 and day 10 pregnant mice.

10um sections in the transverse plane through the uterus of day 9
(a-c) or day 10 (d-f) pregnant mice were stained with haematoxylin, or
probed with [35S]UTP labelled strand specific MRP RNA probes. Antisense
transcripts which recognise the mRNA strand were used to localize MRP
mRNA in the adjacent sections (b, e). The controls were to incubate
adjacent sections with 'sense' strand transcript (c), or to probe sections
which had been pretreated with RNAase A (f). The controls of sense
treascript for the day 10 section, and RNAase treatment for the day 9

section were also negative (results not shown).
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decidua-specific expression of MRP could be detected in the day 10 samples
that could account for the signal seen in the Northern blots, even after a

long overexposure of the in situ slides. Thus the signal seen in the RNA

blots (figure 5.5) must have come from the trophoblast cells.
5.2.5 Expression of calcyclin and spp

Caleyelin is a cytosolic protein of unknown function which, is
expressed in a CCD manner. The localization of spp to developing bone,
along with the cell attachment activity, lead to the speculation that it
functions as part of the ECM to provide positional cues to migrating cells.
Calcyclin and spp mRNA were expressed at high levels in uterus, decidua
and nlacenta during pregnancy, and there were distinct spatial and temporal
patterns of expression. The Northern blots in figure 5.7 illustrate that
caleyelin was expressed early in uterus and decidua, and that spp mRNA
levels increased dramatically just as the levels of caleyclin were declining.
The mRNA level of calmcdulin (another Ca* binding protein) remained
constant throughout the time course.

The relative levels of calcyclin and spp expression in uterus, decidua,
placenta and amnion in a second time course experiment a1> illustrated
graphically in figure 5.8. Calcyclin mRNA levels declined after peaking by
day 8 or 9 in the uterus, decidua and placenta, and were expressed after
day 12 in amnion. On the other hand, spp peaked at a high level between
days 9 and 12 in the uterus, decidua and kidney, and was not expressed in
the amnion. The level of spp expression in kidney was as high as the
maximum level in decidua, and remained constant throughout the pregnancy.
Calcyclin was expressed at a low level in the ovary during mid gestation
(days 7-10), and in the post partum animal. spp was also expressed at a

very low level in ovary throughout gestation, and at a somewhat higher level



Figure 5.7 Northern blot analysis of spp and calcyclin
in uterus and decidua during pregnancy.

Northern blots of (he tissue RNA samples were probed sequentially
with 32P-labelled cDNA inserts for GPD, calcyclin and spp. A: uterus;
B: decidua. The samples were from the virgin mice (V), or mice at the
indicated day of pregnancy. The decidua RNAs were also probed for
expression of another Ca" binding protein, calmodulin. The RNA
preparations in A and B were from two separate time course experiments.

C. Slot blot analysis of cytoplasmic RNA isolated from exponentially
growing tissue culture cells, probed with 32P-labelled cDNA inserts as
indicated. TPA was added to the tissue culture medium at 10 ng/ml for 6

h before the cells were harvested.
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Figure 5.8 Time course of calcyclin and spp expression in uterus,
decidua, placenta and amnion during pragnancy.

Replicate slot blots containing 2ug of tissue RNA from each of the
time points were probed with 32P-labelled cDNA insert for calcyclin, spp or
18S rRNA. The levels of calcyclin and spp mRNA in each of the tissues
were determined by densitometry. The relative abundance between calcyclin
and spp mRNAs were determined from equal exposures of slot blots probed
and washed under identical conditions. The open symbols represent tissues
taken from pregnant animals, and the closed symbols represent the same

tissue (either uterus ¢, or decidua a) taken from virgin or post partum

animals.
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(equivalent to post partum decidua) in the post partum ovary. Neither
calcyclin nor spp were expressed in the liver.

In the tissue culture cell lines examined, the level of calcyclin mRNA
was the highest in BNL cells, was less in 3T3 cells and was even lower in
TPA-treated 3T3 cells. In contrast, spp mRNA was the lowest in BNLs,
higher in 3T3s and the highest in TPA-treated 3T3s (figure 5.7C). The
level of calmodulin mRNA did not change relative to the level of the control
GPD.

In situ localization of calcyclin and spp expression in the tissues was

very revealing. spp was clearly expressed at a high level by the GMG cells
which migrate throughout the uterus, decidua and placenta (figure 5.9 h,
k). spp was also expressed in a discrete region of the decidua capsularis
(figure 5.9). This expression is not in GMG cells, and may contribute to
the wide peak of spp expression seen in the tissue time course for decidua
(figure 5.8).

Calcyclin expression was localized by in situ hybridization on day 8
(figure 5.9 b), and on the day 9 sections (figure 5.9 e) adjacent to those
probed for spp expression. On day 8 the calcyclin-specific signal was
localized to a band running throughout the decidua. By day 9 the
expression was restricted to the antimesometrial region of the decidua, and
regions of the placenta (figure 5.9 e). The spatial expression pattern is
clearly different than for spp, although there may be some ovarlap.

5.2.6 Expression in artificial deciduomas.

Artificial deciduomas were induced by injecting oil into the barren

horn (which had a resected oviduct) of the uterus in day 4.5 pregnant

mice. The artificial deciduomas isolated on days 8 and 10 were of the same



Figure 5.9 In situ localization of calcyclin and spp expresaion.

Adjacent 10 um transverse sections through the uterus of day 8 (a-
¢), day 9 (d-i) or day 10 (j-1) pregnant mice were either stained with
haematoxylin (a,d,g,j), or incubated with strand-specific [35S }-labelied RNA
probes for caleyclin or spp. 3°S-labelled antisense transcripts (b,e,h,k)
were used to localize the site of expression of the specific mRNA. The
controls were to pretreat the sections with RNAase A (c, i), or to probe
with the 'sense' strand transcripts (f, 1). The sections were then exposed
to emulsion for 10 days for spp, or 21 days for calcyclin samples, and
photographed using brightfield and darkfield optics. Caleyelin specific
expression was seen in the decidua on days 8 (b) and 9 (e) of gestation.
Some placental staining is also obvious in the day 9 sample. The spatial
expression pntterns of spp are shown for days 9 (h) and 10 (k) of
gestation. The arrows indicate the sites in the desidua capsularis that show
specific staining for caleyclin and spp. The small arrowheads indicate
calcyclin signal in placenta, and the large arrowheads indicate the spp
specific signal in GMG cells, which are migrating en mass towards the

placenta.
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consistency, but were spread throughout the uterus and lacked the snatial
definition of a normal decidua. The mass was several times larger than all
the deciduas from a single normal horn.

The levels of gene expression in the deciduoma and uterus in the
artificially induced horn of the uterus were compared to expression in the
other horn of the uterus carrying the normal pregnancy (figure 5.10).
GPD, TIMP, calcyclin and spp all showed slightly decreased levels of
expression in the day 10 deciduoma compared to the decidua from the normal
side, and spp was slightly higher than normal in the day 8 deciduoma.

Some differences were also evident between the normal deciduas of
the experimentally treated animals (from the pregnant horn of the uterus),
and deciduas taken from unmanipulated, normal pregnancies (Table 5.1).
TIMP and calmodulin both showed a marginal increase in the decidua from
experimental animals on day 8, and a slight decrease on day 10. spp
showed a decrease in the deciduas from experimental animals on day 8 and
day 10 while calcyclin showed a large increase. The level of MEP mRNA was

the same in day 8, but higher in day 10 experimental animals.

5.3 DISCUSSION

Examination of gene expression in the tissues that support pregnancy
showed some common features, as well as some specific differences. In
general the mRNA levels of TIMP, MEP, MRP spp and calcyclin each
increased through mid gestation, achieving maximal levels between day 8 and
day 10 in the uterus, decidua and placenta. However, the mechanisms of
regulation must be complex since each of these genes also showed specific
spatial and temporal pattern of expression. There was a large increase in

the TIMP mRNA abundance in the ovary of day 18 and post partum mice,



Figure 5.10 Expression of TIMP, MEP, spp and calcyclin
in artificial deciduomas.

Artificial deciduomas were induced in the left horn of the uterus on
day 4.5 of pregnancy by injecting 10 ul of peanut oil. The uterus and
deciduas were dissected out both from the normal side containing developing
embryos, and from the side with the artificial deciduomas, on days 8 and 10

of pregnancy. Two ug of tissue RNA were analysed on slot blots with the

probes indicated.
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TABLE 5.1
Changes in gene expression in the decidua between 'control' and

'experimentally?® treated' mice.

day 8 day 10
gene control experimental control _ experimental
spp 3.7b 2.7 - 73%° 7.0 4.1 - 59%
Caleycelin 1.1 2.9 - 264% 1.2 3.2 - 267%
Calmodulin 1.0 1.3 - 130% 0.9 0.6 - 67%
TIMP 0.3 0.4 -133% 0.3 0.2 - 67%
MEP 0.4 0.6 - 150% 0.9 1.8 - 200%

®Artificial deciduomas were generated in the left horn while the normal
deciduas , used here, developed in the right horn which carried a normal
pregnancy.

PThese values were determined by densitometry of slot blots probed with the
indicated cDNAs, and show the relative levels of the mRNA in the deciduas
from control or experimental mice. The values between genes were
normalized for the purpose of comparison, based on the intensity of the
signal on the slot blot and the exposure time of the autoradiogram.

‘The mRNA level of the experimental animal is expressed as a % of the level

in the control animal.
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and the later increases in MEP and calcyclin mRNAs in the amnion were
specific for those genes.

The utmost care was taken to ensure the accuracy of the mRNA
determinations. The RNAs were isolated and slotted under identical
conditions; the individual sample loadings on slot blots were monitored by
measuring the 18S rRNA levels; and the appropriate corrections made to
the values expressed here. The variation of mRNA levels between mice, and
even between each individual conceptus may account for some of the
differences observed in separate experiment. (Table 5.1, and TIMP in day
1¢ amnion figures 5.2A and 5.3 for example). On the whole howeve:r, the
striking patterns of expression for each of tl.e genes warrants further
discussion.

TIMP mRNA levels in uterus, decidua and placenta were maximal on
day 8 and then gradually declined (figure 5.2A). High levels of TIMP mRNA
in day 7 decidua have been recently reported (Nomura et 21., 1989),
although the expression in uterus and placenta, and the full time course
were not examined.

The function of TIMP secreted from these tissues is to control MMPs
such as collagenase, which must be participating in the ongoing tissue
remodelling (Mullins and Rohrlich, 1983; Hembry and Ehrlich, 1¢36). A’
second function could be to block invasion of foetal trophoblasts into the
maternal tissues. Trophoblasts are as invasive as the highly metastatic

B16F10 melanoma cells (Yagel et al., 1988). Altered TIMP levels have been
shown to correspond to a cell's invasive properties (Khokha -t al., 1989),
and exogenously added TIMP can block invasion in vitro (Thorgeirson e’

al., 1982) and metastasis in vivo (Schultz et al1., 1988).
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The level of TIMP expression in the tissues supporting pregnancy was

too low to be detected by in situ hybridization (results not shown). The

similarity between the time course oi TIMP and spp mRNA levels (figures
5.3A, 5.8 and 5.10), coupled with the observations that (1) spp was

immunolocalized to osteoblasts (Mark et ai., 1988a). Both TIMP and spp
mRNAs have been localized to developing bone by in situ hybridization
(Nomura et al., 1988; 1989); and (2) spp mRNA was localized to GMG cells
(Nomura et al., 1988; figure 5.9 h,k) leads me to propose that TIMP is

being synthesized by the GMG cells, which are also of bone marrow origin

(Peel et al., 1983). Further, GMG cells have been shown to have the
capacity to kill trophoblast cells in vitro (Stewart and Mukhtar, 1988).

This proposal could be confirmed if a sensitive anti-mouse TIMP antisera
were available, or by analysis of RNA from isolated GMG cells.

Very specific and isolated increases of TIMP mRNA were seen in day
10 and day 18 amnion (figures 5.2A and 5.3A), and in ovary on day 18 and
post partum (figure 5.2A and B). High levels of TIMP mRNA in the thecal

cells of virgin ovary were previously reported (Nomura et al., 1989), but

I have shown here that the TIMP mRNA levels of day 18 and post partum

ovary are far greater. Nomura et al. (1989) proposed that TIMP may

function in ovary to prevent premature destruction cf the corpus lutea.
The function again may be to prevent inappropriate ovulation in response
to fluctuating hormone levels at the end of term. This could be determined
by analyzing TIMP mRNA levels in the ovary in response to injed.‘ed
progesterone or oestrogen, and then measuring the TIMP activity levels.
It would alsc be informative to determine the collagenase mRNA levels at

these different times.
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TIMP activity in amniotic fluid showed a sudden decrease at day 14
and rose thereafter (figure 5.3B). Since this result was based on samples
obtained from one time course experiment the result needs to be repeated
before any significance can be attached to it. The TIMP mRNA levels did
not show a corresponding drop, however a surge of collagenase or other
MMP synthesis would cause a drop in active TIMP level.

The only control element so far identified in the single copy TIMP
gene is an enhancer element in the first intron, which also confers virus

inducibility (Coulombe et al., 1988). It remains to be seen if TIMP

expression is hormone inducible and if there are hormone response elements
in the promoter region. The increase of TIMP mRNA in the amnion during
late gestation may be due to the increased progesterone levels which rise
again after day 14 (Atkinson and Hooker, 1945), either alone or in
combination with growth factors from the foetus. Expression of other genes
in the amnion has been shown to be controlled by external factors.
Prostaglandin Eg synthesis by human amnion at the onset of labour is

triggered by cortisol, or by dexamethasone (Potestio et al., 1988). TIMP
synthesis is also responsive to glucocorticoids (Clark et al., 1987) and so
the build up of cortisol in the amniotic fluid may also be responsible for the
day 18 burst of TIMP mRNA. The expression of fos in primary amnion cells
was shown to depend on the addition of embryo derived factors (Miiller et
al., 1986). The same case is likely true for some of the genes described
here which are expressed in the amnioﬁ.

The mid-gestational nadir of MEP mRNA in placenta and decidua is

consistent with the lysosomal cysteine protease playing a role in tissue

remodelling at a time when the placenta proper is developing. The decidua
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basalis is also undergoing changes to accommodate the growing placenta.
The end of term increase of MEP mRNA would be associated with dissolution
of these tissues as intact structures. The increasing MEP levels in the late
gestational amnion may again be involved with tissue remodelling as the
amnion expands to accommodate a growing foetus.

Transin and transin-2 mRNA expression was limited to ovary and
decidua of the post partum animal. Expression of these secreted
metalloproteinases in the decidua is consistent with resorption of this tissue.
The two transins show some differences in regulation. Transin-2 is
expressed at the same high level in both ovary and decidua, while transin
is expressed at a high level in post partum decidua and at a much lower
level in the post-partum ovary. These bursts of transin expression
coincided with TIMP expression in these tissues, suggesting a coordinate
regulation. A similar coordinate regulation was observed for TGF-8 which
increased TIMP and collagenase type I expression and decreased collagenase

type IV resulting in a net matrix deposition (Overall et al., 1989).
Synthesis of MRP by placenta was first demonstrated by Linzer et al.
(1985). 1In situ localization was used to demonstrate that the trophoblast
giant cells of the placenta synthesized a high level of MRP (Lee et al.,
1988). Figure 5.5 shows MRP mRNA in the decidua and uterus on day 10,
suggesting that either MRP was also being synthesized by a maternal tissue

and/or that a trophoblast cell type had migrated into the decidua and

uterus. In situ localization in day 10 sections did not reveal any MRP
mRNA specifically in decidua or uterus (figure 5.6). The high level of MRP
mRNA seen in the slot blot and Northern blot of day 10 uterus should have

been detectable by the in situ technique. A trivial explanation is
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contamination of the tissues during the dissection, however the utmost care
was taken especially when reproducing the result. Synthesis of MRP by a
maternal tissue is an attractive hypothesis to explain this discrepancy,
however MRP synthesis was not detected in the day 10 artificial deciduomas.

The changes in mRNA levels of calcyclin and spp were most
intriguing. Their temporal and spatial patterns of expression were almost
mutually exclusive of each other. The level of calcyclin mRNA declined after
reaching a maximum on day 8; spp mRNA levels increased rapidly after day

8. Calcyclin mRNA was localized by in situ hybridization to the decidua,

especially the decidua capsularis in the antimesometrial region, as well as
the placenta (figure 5.9, e). The GMG cells were the site of spp expression

(figure 5.9; and Nomura et al., 1988), and GMG cells are restricted to the

metrial region at the opposite pole of the uterus. The band of spp
expression adjacent to the smooth muscle of the uterus, between the decidua
and the uterus in the antimesometrial region, is reported here for the first
time.

Expression of spp in the bone-marrow derived GMG is likely under
control of a specific promoter element and tmanscription factor similar to the
Oct-2 specific factor in B cells, as well as being responsive to hormonal
changes. The increase in spp expression correlated to a day 8 rise in
oestrogen levels (Atkinson and Hooker, 1945), although the spp mRNA level
did not stay elevated, as does the estrogen level, in late gestation. The
spp mRNA level in kidney was also unaffected by changing hormone levels
throughout gestation.

The human calcyclin gene is reported to have an EGF negative

regulatory element (Ghezzo et al., 1988). The drop in calcyclin mRNA in
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response to TPA (figure 5.7C) would suggest that it also has a TPA
negative response element. The decline of calcyclin expression may also
be due to hormonal changes, or it may be responsive to EGF (like) growth
factor(s) that are being secreted by the embryo.

The expression of another member of the S100 Ca** binding protein
family called oncomodulin shows a very different distribution in rat (Brewer

and Ross, 1988). Expression was detected by in situ hybridization in the

preimplantation blastocyst, the ectoplacental cone and in the amnion.
Northern blot analysis showed a steady increase in oncomodulin mRNA
throughout gestation in the placenta.

The artificial deciduomas were subject to the hormonal milieu of the
.. 2gnant mother, without the direct presence of the foetus. The decidual
mRNA levels from the pregnant side were compared to those in the artificial
deciduomas to determine the influence of the foetus on expression of these
genes. The differences in specific mRNA levels between the normal and
artificial deciduomas from the same animals were only slight, so it must be
concluded that the factors regulating expression of these genes were largely
maternal in origin. Less likely is the possibility that factors of foetal origin
diffused through the maternal circulation and acted on the artificial
deciduomas. More striking were the variations between the pregnant side
of the experimental animals and animals carrying a full pregnancy in both
horns of the uterus. These differences perhaps arise due to the lesser

burden in the experimental animals.




CHAPTER 8 - SUMMARY

Several growth factor inducible genes were being studied in our
laboratory to gain an understanding of their function and regulation of
expression. As a first step in my work a murine cDNA expression library
was constructed and the full length cDNAs for several genes were isolated
by using the specific short cDNA probes which were of interest in the lab.
The nucleotide sequence revealed that two of the growth inducible clones
were the murine homologues of TIMP and calcyclin. The nucleotide sequence
of a long MEP clone showed that it was murine procathegsin L.

The cDNAs were cloned into prokaryotic expression vectors to

overexpress the encoded murine proteins in E. coli with an aim to purify

the native TIMP and MRP proteins for subsequent biochemicel analysis. An
advantage of this system is that random or specifically engincered mutations
can be introduced into the proteins to elucidate their function or mode of
action. For example, the cysteines in TIMP could be mutated to determine
the contribution from each of the six disulfide bridges. The collagen-like
pro-his-pro-gin sequence near the amino terminus of TIMP could also be
mutated to elucidate its role in recognition or binding of collagenase by
TIMP.

We could only obtain a low level of expression in £. coli for the native
forms of betn TIMP and MRP. The pCQV?2 expression cassette that was used
to express MRP had been shown to overproduce human p53 to 10% of TCP
(Queens, 1983). The pIN-ompA secretion vector used here to express
native TIMP had been successfully used to overexpress the nuclease A

protein (Takahara et al., 1985) and B-lactamase (Grayeb et al., 1984).

Several eukaryotic proteins such as Myc (Watt et al., 1985), adenovirus

129
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ElA (Ferguson et al., 1984), bovine q,-antitrypsin (Courtney et al., 1984)
and somatomedin C (Buell et al., 1985) have all been expressed at high
levels in E. coli using similar strategies.

TIMP was expressed from a secretion vector to sequester it in the
periplasm away from the cytoplasmic proteases. Unfortunately only low
levels were obtained using this strategy. It may have been expressed to a

higher level if an E. coli strain defective in periplasmic proteases were used

as the host. Alternatively, a higher level of expression from a stronger
promoter may overwhelm the prokaryotic proteases, allowing TIMP (or MRP)
to accumu.ate. The stability of TIMP and MRP fusion proteins, which were
subsequently used to generate specific antisera, was likely due to the
inaccessibility of the insoluble fusion protein aggregate to proteases. An
alternative strategy could be to overexpress TIMP in yeast which may also
fold and secrete the mature active protein.

A gene can be regulated at several steps during expression. The
nucjeotide sequence of the longest TIMP cDNA revealed the pr:sence of an
upstream overlapping ORF. The potential of this ORF to interfere with

initiation of the TIMP start codon was studied in an in vitrs transcription/

translation system. TIMP was found to be translated at least three fold more
efficiently in the absence of the upstream ORF. This difference in
translational efficiency is consistent with the 'leaky' scanning mechanism
described by Kozak (1986b). The mechanism of blocking the initiation of
TIMP translation could be more rigorously tested by mutating the upstream
start codon and observing an increase of TIMP translation similar to that

seen for the truncated TIMP transcript. The in vitro translated TIMP was

not active in inhibiting collagenase, as was previously reported by Coulombe
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and Skup (1988).

The development of female mouse tissues which support growth of the

foetus during pregnancy was used as a model to study the expression of
growth inducible genes in vivo. The time course of expression of TIMP in
the decidua was consistent with a role in blocking the invasion of foetal
trophoblast cells into maternal tissues. TIMP may also be acting in the
decidua to control collagenase (or MMP) mediated tissue remodelling
throughout mic and late gestation. The large increase of TIMP mRNA in
ovary at the end of gestation coincided with a turn on of transin-1 and may
be functioning here, as well as in the ovary of virgin mice, to block
ovulation mediated by collagenase. Expression of TIMP at the end of term
may be due to an increase in serum oestrogen levels. A straight forward
experiment would be to test the response of TIMP levels to injected
oestrogen or oestrogen agonists in virgin mice and in pregnant mice at the
end of term. A combination of cestrogen and progesterone may be required.
The appropriate hormone response elements have not yet been reported, and
would be expected to be found in the promoter region of the TIMP gene.
The precise functions of the Ca** binding proteins calcyclin and SPP
are not known although SPP is postulated to act as an attachment and

guiding factor for some migrating cells (Oldberg et al., 1986; Butler,

1989). Calcyclin likely plays a regulatory role as do other proteins in the
S100 Ca** binding protein family. The spatial and temporal patterns of
expression of these two proteins were mutually exclusive which may arise
due to their different mechanisms of regulation. For example, calcyclin has
serum response sequences in the promoter region and an FGF negative

response element further upstream (Ghezzo et al., 1988; 1983). The spp
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promoter contains response elements for cestrogen, glucocorticoids, retinoic
acid and TPA and another as yet uncharacterized negative response element
further upstream (Craig, 1989). The spp mRNA levels are increased by

growth factors (Smith and Denhardt, 1987), TGF-B and vitamin D; (Noda et
al., 1988; Prince and Butler, 1987). There may also be cell type specific

factors that act in a similar manner to the Oct-2 transcription factor since
spp expression was restricted to GMG cells and calcyclin to a different
region, in the decidua capsularis.

/A greater understanding of the function of these genes could be
gained by regulated expression in tissue culture cell systems or in
transgenic animals that are down regulated for spp or calcyclin expression
in a tissue specific manner and examination of the physiological

consequences.
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