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ABSTRACT
Stromelysin (SLN), a member of the matrix metalloproteinase (MMP) family
of secreted zinc-proteinases, is of primary importance in initiating extracellular
matrix (ECM) turnover. Important substrates include proteoglycans, laminin and
fibro-nectin. We have hypothesized that SLN plays a major role in the etiology
of the blinding eye disease, glaucoma. In glaucoma, the trabecular meshwork (TM)
becomes "clogged”, putatively due to a defect in matrix turnover. By selectively

over-expressing SLN in the TM, we hope to design an in vitro model for the study

of glaucoma.

We have subcloned a SLN c¢cDNA into a retroviral gene transfer vector
(pSFF) and transfected two murine fibroblast packaging cell lines, which are
grown in coculture. The two strains of virion produced by the cocultures are
capable of cross-infecting one another (i.e. "Ping-Pong" amplification) resulting
in high level infection and an enhanced production of virally-encoded SLN. While
the mRNA for SLN had been cloned and sequenced, it had not been expressed and
charac-terized. Before it could be used for enzymatic expression studies,
therefore, it was necessary to show proper processing and functional activity of the
SLN cDNA encoded protein.

We have shown that this expression system produces a retroviral mRNA

Xil



which contains recombinant SLN. Appropriate RNA processing occurs with both
a growth hormone control gene and the SFF-SLN gene product. This mRNA
produces a preproSLN, which is post-translationally modified in the golgi and
secreted as a latent proenzyme. The retrovirally expressed proSLN exhibits
characteristic molecular weights on SDS-PAGE gels and zymograms. Anti-SLN
peptide antibodies recognize proSLN, both immunohistochemically and on Western
blots.  The latent propeptide undergoes activation by both trypsin and
organomercurials to yield mature, fully active SLN.

We have used the retroviral amplification system to produce clonal cell lines
which are stably producing as much as 30 ug of proSLN per 10° cells per 24 hours
(approximately 6 mg/L of medium), a significant increase over traditional sources
of proSLN. This constitutive over-expression of SLN has provided a system
where we have begun to examine how MMPs, their inhibitors, ECM molecules
and ECM receptors may be regulated and expressed in accordance with feedback
received from the cell’s surface. In intial studies, we find an absence of direct
feedback from SLN over-production on TIMP-1 and TIMP-2 mRNA levels in pre-
and post-confluent clonal cell lines.

In addition, the use of infective virions produced by the murine fibroblast

coculture system has allowed the infection of cultured TM cells and stable over-
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expression of SLN. This allows examination of the role of ECM turnover in
glaucoma through the use of in vitro flow systems designed for TM cell cultures

and explant systems.
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L. INTRODUCTION

A. Glaucoma

Primary open angle glaucoma (POAG) is a major blinding disease and the
incidence increases dramatically with aging. Approximately 2% of Americans
have glaucoma at age 40, while approximately 10% of the population have
glaucoma by age 80.

Glaucoma is caused by an increase in intraocular pressure, which results
when the outflow pathway for the drainage of aqueous humor from the anterior
chamber of the eye becomes clogged. The increased intraocular pressure causes
irreparable damage to the nerves which carry visual information from the retina
to their brain targets, subsequently producing loss of vision.

Aqueous humor is made by the ciliary body (Fig. 1) and flows into the
anterior chamber of the eye where it baths the lens, iris and cornea. It exits the
eyé by flowing through a porous resistance filter called the trabecular meshwork
(TM) and into Schlemm’s canal where it enters the venous drainage system,
carrying with it cellular debris and metabolites.

In glaucoma, the resistance to aqueous outflow through the TM increases,

while the ciliary body continues to make aqueous humor at a constant rate,



Figure 1. Anatomical Structure of the Eye.
(from: Dani;l Vaughan, et al., General Ophthalmology,
Chapter 1, First Edition, Lange Medical Publications, 1968.)
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resulting in increased intraocular pressure. The molecular mechanism for

trabecular obstruction has not been established.

B. Evidence of a Role for the Trabecular Meshwork in Glaucoma

The TM is composed of collagenous beams, laminin, fibronectin, and
proteoglycans, which are made and maintained by the TM cells (Fig. 2). The
aqueous outflow pathway consists of a series of channels through the meshwork’s
extracellular matrix (ECM). This ECM is particularly high in proteoglycans (PG)
and their glycosaminoglycan (GAG) side-chains, which are synthesized and turned
over by TM cells. The physical site of resistance to aqueous outflow appears to
be in the deep corneoscleral and/or juxtacanalicular regions of the meshwork. The
highly negatively-charged GAG side-chains of the PGs in the meshwork are a
possible site for "clogging" by proteinaceous debris being carried away in the
aqueous humor (1, 2).

In studies conducted in the early 1950’s, the TM was perfused with
hyaluronidase, a GAG degrading enzyme, resulting in a two-fold increase in
outflow through the TM (3). From this work, it has been inferred, but not
proven, that glaucoma results from an obstruction of the TM outflow pathway due

to a change in the GAG side-chains of proteoglycans in the meshwork.
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The aim and focus of this thesis has been the establishment of an in vitro
system, which will allow precise manipulation of extracellular matrix turnover.
The application of this system to explants in tissue culture could provide a model
for the study of the etiology of glaucoma. By manipulating the turnover of PGs,
we will be able to evaluate changes in trabecular outflow and possible clinical

treatments for glaucoma.

C.  Extracellular Matrix and Its Turnover

Extracellular matrix (ECM), found within tissues and surrounding cells, can
be very dynamic; under normal conditions a delicate balance exists between ECM
synthesis and degradation. The major constituents of ECM are collagens,
proteoglycans, fibronectin and laminin (4, 5).

Under normal conditions of homeostasis, ECM is turned over by proteolytic
enzymes at a rate to balance its synthesis by the cells responsible for maintenance
of the ECM. Two normally occurring biological proceéses where the balance
between synthesis and degradation is altered, are angiogenesis (6) and
wound/healing (7). In angiogenesis, proteolytic enzymes are released by capillary
endothelial cells resulting in proteolysis of the underlying basement membrane.

This allows migration of endothelial cells into the vessel wall stroma to establish



new capillaries (8). In the wound/healing paradigm, mitogens and growth factors
cause increased synthesis and release of proteolytic enzymes, followed by tissue
remodeling, cell migration and division in the wound site. When the regulation
of the balance between ECM synthesis and degradation is altered, pathological
states have been shown to result. These included rheumatoid arthritis, where the
cartilage plate in joints is degraded (9), and tumor cell metastasis, where
proteolytic enzymes are released resulting in proteolysis of healthy tissue allowing
tumor cell invasion.

The complex ECM that makes up the trabecular meshwork is synthesized
and turned over by the TM cells. The failure of the TM cells to maintain this
filter is thought to cause glaucoma. TM cells use proteolytic enzymes to disrupt
and engulf proteinaceous debris as it filters out of the aqueous humor flowing from
the anterior chamber of the eye through the TM and into Schlemm’s Canal. With
the process of aging, several possible events could explain the TM cell’s decreased
ability to maintain the meshwork filter, including an age-related decline in cell
number (10, 11) and/or reduced production of needed proteolytic enzymes.

TM cells synthesize six PG core proteins (12, 13, 14) and five associated
GAG side-chains (15, 16, 17, 18, 19, 20, 21). Trabecular GAG biosynthesis and

turnover normally occurs at a rapid rate with a half-life for the GAGs of



approximately 1.5 days compared to greater than 7 to 10 days in cornea or sclera
(15, 22). If this turnover were slowed, the buildup of proteinaceous debris
through the flow channels draining the anterior chamber of the eye could lead to

an increase in intraocular pressure such as that which occurs with glaucoma.

D. Proteolytic Enzymes and the Trabecular Meshwork

Several different kinds of proteolytic enzymes are capable of degrading
ECM components (23). They include serine proteases, such as plasminogen
activators, elastase, and trypsin, which can degrade structural glycoproteins and
cysteine proteases such as cathepsin B which can degrade denatured collagen. The
largest and most important family of proteases involved in tissue maintenance,
remodeling and wound/healing are the matrix metalloproteinases (MMPs), so
named for their purported zinc-binding active site (136) and requirement of
calcium for activity (9, 25).

Considering the comparatively rapid turnover of PGs and ECM in the
meshwork and the endocytic/phagocytic function of the TM cells, the role played
by proteinases in this tissue became a point of interest for the Acott lab. The
serine proteinase, tissue plasminogen activator (tPA), has been identified in the

TM (26, 27). The primary function of tPA has been shown to be the activation



of plasminogen, which is involved in dissolving fibrin clots, however, tPA has
been shown to have some activity against certain ECM components (28). In
cultures of TM cells, the ratio of secreted tPA to its inhibitor, tPA-I, has been
shown to be relatively low (26). This has been interpreted to mean that tPA is
present in this tissue more as a safeguard against a capillary disruption and the
resultant damage that would be caused by intraocular blood clotting (26).

Since the MMPs and their inhibitors have been characterized in a variety of
tissues (23, 29) and physiological circumstances (5, 6, 7, 8), they were
investigated as being responsible for ECM turnover by the TM cells (128). In
particular, one member of the matrix metalloproteinase family, stromelysin (SLN)
(originally named "proteoglycanase") was of interest because of its role in the
turnover of proteoglycans (9). If a slowed rate of proteoglycan turnover were
responsible for glaucoma, then by manipulating the levels of SLN present in the
meshwork, we should be able to manipulate flow rates.

A common clinical treatment for the amelioration of glaucoma uses a laser
to make a series of 50 micron burns in the TM. This laser treatment has been
shown to induce trabecular cell division followed by a change in the profile of
GAGs being synthesized in the region (31). Upon closer inspection, it was shown

that a rapid increase in mRNA levels of both MMPs and their inhibitors occurs



(32, 33) after laser treatment followed by an increase in the levels of these proteins
to be found extracellularly (32, 33, 34). Using immunohistochemical and in situ
hybridization techniques (34), increases in SLN can be localized to the TM areas
adjacent to Schlemm’s canal. This suggests that the relief in intraocular pressure,
which is experienced after laser treatment, is mediated by increased ECM turnover

due to the elevated SLN released in response to wounding of the TM.

E. The Matrix Metalloproteinases

The MMPs include three major subgroups, originally named for their
substrate specificity. MMP-1 or interstitial collagenase initiates the degradation
of native types I, II and III collagens by cleaving all three alpha chains of the triple
helical structure (23) at a specific Gly-Ile or Gly-Leu bond (35, 36, 37). MMP-2
or Type IV Collagenase degrades denatured fibrillar collagens (gelatins) (38) and
Type IV (39, 40), V (39, 40), VII (41) and XI (42) collagens, laminin and
fibronectin. MMP-3 or SLN, degrades a wide variety of globular proteins (43) but
most particularly, such basement membrane components as Type IV collagen,
laminin, fibronectin and proteoglycans. It also cleaves at a Gly-Leu or Gly-Ile
bonds, and others (9). Since proteoglycans have been implicated in glaucoma,

SLN is the most likely candidate for a role in this disease.



Structurally, the different MMPs are closely related, for instance, with rabbit
SLN sharing 51% sequence homology with rabbit interstitial collagenase (44).
Interstitial collagenase is the best characterized of the MMP family. Much of the
information about SLN is inferred from its structural and sequence similarity with
interstitial collagenase. The active forms of the MMPs are made up of as many
as five domains (45, 46). The amino terminal (putative active site) domain, zinc-
binding domain, hemopexin-like domain, fibronectin-like domain and collagen-like
domain (Fig. 3). The smallest MMP family member, Pump-1 (47), consists of
two domains, the amino terminal and zinc-binding domains (48, 49).

The zinc binding domain is highly conserved across all members of the
MMP family and is encoded by a separate exon in each of the genes (50, 44).
The zinc atom is proposed to be chelated to three amino acid residues including
His*'® in the active site and to a fourth amino acid, an unpaired cys®, in the
propeptide amino terminal domain for SLN (51). This domain and the process of
activation of SLN will be discussed in additional detail (see below).

A "hemopexin-like" carboxy-terminal domain has been described for at least
two members of the MMP family, interstitial collagenase and SLN, and is thought
to confer substrate specificity (52). Collagenase and SLN can undergo an autolytic

cleavage, which removes this domain and gives a lower molecular weight form (21

10



Figure 3. Domain Structure of Matrix Metalloproteinases.

The number of amino acid residues is shown within each
domain. Where domains are deleted, the connection of remaining
domains is indicated by a single line. C indicates the approximate
position of the cysteine involved in the activation of the latent
“pro" form of the metalloproteinase to the active form.

(from: F. Woessner, “"Matrix Metalloproteinases and Their
Inhibitors in Connective Tissue Remodeling", The Faseb Journal,
Vol 5, Page 2145, 1991.)
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kD for SLN) of the active enzyme on an SDS-PAGE gel (45).

Type IV collagenase has been shown to be synthesized from at least two
genes to produce a 72 kD and 92 kD protease. Both contain a fibronectin-like
domain (53, 54) which probably functions in substrate recognition and binding.
The two genes are differentially regulated at the level of transcription (141).

The last identified domain is in the 92 kD Type IV Collagenase which
contains a collagen-like domain that serves an unknown function (53).

SLN and other MMPs are encoded and synthesized in the prepropeptide
form (55). The signal peptide functions to route the nascent protein into the rough
endoplasmic reticulum/golgi organelles. On SDS-PAGE gels, SLN has been
shown to have a major 57 kD nonglycosylated form and minor 60 kD glycosylated
form (55).

The latent form of the proteolytic peptides contain a "pro" peptide amino
terminal sequence. The MMPs become activated by cleavage of this sequence
following a variety of treatments (55). The "pro" form of SLN is approximately
57 kD on an SDS-PAGE gel (55) and when cleaved to its mature, active form is
approximately 45 kD.

The MMPs are secretory proteins, but details of their release from cells are

unknown. There appears to be a continuous low level of secretion, but it is not
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known whether this is by way of membrane bound vesicles or some other
mechanisms (55). Since SLN and other members of the MMP family are
copurified by binding to a heparin sepharose column (56), and since heparin sulfate
is present in abundance on the surface of cells as heparin sulfate proteoglycan, we
also speculated that binding of SLN to the extracellular surface of the cell could
be a means of localizing it to the cell’s surface.

Sequence comparisons of MMP family members reveal two areas that are
highly conserved. The first region is in the propeptide (Fig. 4). Its single
unpaired cys residue is thought to be one of four amino acid ligands for the zinc
atom of the active sight. This "cysteine switch" maintains the latent state and this
contact is broken when the enzyme becomes active.

The second highly conserved region is the putative zinc-binding region (Fig.
4). This region was identified based on its similarity to the zinc-binding region
of the bacterial metalloproteinase, thermolysin. Thermolysin has been crystallized
and studies using X-ray crystallography have shown a zinc atom is bound to two
His and one Glu residue with a water molecule completing a tetrahedral
coordination. A highly conserved region within interstitial collagenase and SLN
contains an amino acid sequence of HExGH, which, based on similarity with the

HExxH motif found in all identified metalloproteinases (57), is generally believed

13



Figure 4. Two regions of matrix metalloproteinases have been found to be
highly conserved across all members of the family. The first
region is located within the "pro" peptide sequence and referred
to as the “"cysteine switch". The second region of high sequence
homology is in the enzymatic active site’s zinc binding region.
(from: F. Woessner, "Matrix Metalloproteinases and Their
Inhibitors in Connective Tissue Remodeling"”, The Faseb Journal,
Vol 5, Page 2145, 1991.)

MMP-¢# Source and enzyme Cysteine switch region Putative zinc binding region
MMP-! Human fibroblast collagenase 68-MKQPRCGVPDVA 193-LHRVAA . HELGHS LGLSHST
MMP-1 Rabbit fibroblast collagenase 68-MKQPRCGVPDVA  193-LYRVAA.HELGHSLGLSHST
MMP-2 Human 72-kDa gelatinase 69-MRKPRCGNPDVA  364-LFLVAA.HEFGHAMGL EHSQ
MMP-3 Human stromelysin 70-MRKPRCGVPDVG  196-LFLVAA.HEIGHS LG LFHSA
MMP-3 Rabbit stromelysin 72-1 RKPRCGVPDVG  197-LFLVAA.HELGHS LGL FHSA
MMP-3 Rat transin 68-MHKPRCGVPDVG  194-LFLVAA.HELGHS LGLFHSA
MMP-7 Human pump-1 65-MQKPRCGVPDVA  190-. FLYAATHELGHS LGMGHSS
MMP-8 Human neutrophil collagenase ~ 66-MKKPRCGVPDSG  191-LFLVAA.HEFGHS LGLAHSS
MMP-9 Human 92-kDa gelatinase 75-MRTPRCGVPDLG  376-LFLVAA.HEFGHALGLDHSH
MMP-10  Human stromelysin-2 69-MRKPRCGVPDVG  195-LFLVAA.HELGHSLGLFHSA
MMP-10  Rat transin-2 70-MHKPRCGVPDVG  196-LFLVAA.HELGHSLGLSHSN

“Residues numbers from N-end of proenzyme, omitting signal peptide. Identities shown in boldface.



to form part of the zinc-binding site (51, 45). However, no X-ray structure for
the MMPs is available to confirm this. Mutational studies of transin (ie. the rat
homolog of SLN) have shown that point mutations of either His residues or the
Glu residue result in functionally inactive enzyme (52).

The structural role played by zinc in protein conformation, such as in
alcohol dehydrogenase, has been well described. Four coordination bonds with
cys residues (tetradentate structure) (58) are formed and are essential to
maintenance of the protein’s structural integrity. The catalytic zinc of the MMPs
is highly unusual in that it forms four coordination bonds with amino acids when
the enzyme is in its latent propeptide form. In its catalytically active form, the cys
of the cysteine switch propeptide, is removed (45) and replaced by a water
molecule (tridentate structure). Even conservative point mutations in the cysteine
switch result in the secretion of fully active transin (51, 52).

The first step in activation is to dissociate the cys residue from the zinc atom
by changing the protein conformation, reducing the cys-S to cys-SH or proteolytic
cleavage of the propeptide at any of several sites (45) (Fig. 5). Trypsin cleaves
after Arg’’ in the propeptide sequence (63). With APMA activation, the second
step is a cleavage in the propeptide at Val® for SLN (63) which occurs by an

unknown mechanism. In experiments done with procollagenase, this activation
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Figure 5.

Schematic diagram of the cysteine switch mechanism for the
activation of metalloproteinases. In the latent enzyme, zinc is
coordinated to four amino acid residues in a tetradentate structure
that is changed to one which is coordinated to three residues
(tridentate). The cysteine that is removed is replaced by a water
molecule.  Structural perturbants can unfold the propeptide
structure from the active site or proteolytic enzymes which cleave
the propeptide. These intermediate forms undergo a second
autolytic cleavage to the fully active form.

(from: F. Woessner, "Matrix Metalloproteinases and Their
Inhibitors in Connective Tissue Remodeling", The Faseb Journal,
Vol 5, Page 2145, 1991.)
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could be prevented by the presence of 8-mercaptoethanol (25).

Okada et al. (61), using SLN purified from human rheumatoid synovial
fibroblasts, showed the initial activation step with APMA probably involves a
conformational perturbation. High salt, which stabilizes the conformation of
proteins by increased ionic bonds, decreased the rate of activation of proSLN by
organomercurials. The increased salt concentration, however, did not change the
activity of already activated SLN.

The intermediate form of SLN created by trypsin and APMA is followed by
a second cleavage between His*? and Phe®, resulting in fully activated SLN at 45
kD (25, 61). The second cleavage is proposed to be an intermolecular event (63),
because SLN substrates slow the conversion, suggesting competitive inhibition.
Since the intermediate state resulting from trypsin and APMA activation is due to
cleavage at different locations in the propeptide, these products electrophorese to
53 kD and 50 kD, respectively (63).

The mechanism of proteolysis by matrix metalloproteases is not known in
detail, but inferences can be drawn from x-ray crystallography (143) of
thermolysin, a bacterial metalloprotease. Upon binding its substrate, the carbonyl
oxygen of the scissile peptide bond interacts with the Zn*? ion and replaces the

water molecule of the active site (Fig. 6). An intermediate has been described for
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Figure 6.

Schematic drawing of the binding of thermolysin to a substrate.
The peptide bond to be hydrolyzed is that between residues P,
and P;’. (From: “"Proteins: Structure and Molecular

Principles, T. E. Creighton, 1984).
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thermolysin and one of its substrates, where a mixed anhydride is formed between
the substrate and a Glu residue in the active site. The following structure is
formed and the leaving amino group ("X") is proposed to be protonated by the

His®!:

0O O O

E-g-o O 4+ R-CX —> EC-OLR, + XO

The latent form of the enzyme can be activated by protease treatment (25),
conformational perturbants such as sodium dodecyl sulfate (59), organomercurials
such as 4-aminophenylmercuric acetate (APMA) (60), other proteolytic enzymes,
such as trypsin, chymotrypsin, plasma kallikrein, plasmin and thermolysin (61),
as well as by spontaneous autoactivation (62).

To date, a second and third SLN gene have been identified and named SLN-
2 (47) and SLN-3 (57). Sequence data shows SLN-2 to have 78% sequence
similarity (64) with SLN. The rat homolog for SLN, transin, has been extensively
studied by several labs (47, 51, 52, 65, 66, 67, 68, 69). It was originally
discovered in a tumor cell line as a 1.9 Kb mRNA that was induced in response
to exposure to growth factors (65, 66), tumor promoters such as phorbol-ester, 12-
O-tetradecanoyl-phorbol-13-acetate (TPA) (67) and to oncogene activation (65).
Transcriptional activation of the transin/SLN gene has been suggested to involve

a c-fos/c-jun heterodimer intermediary in the case of at least one growth factor
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(68). Working with the transin gene, Nicholson et al. have shown negative
regulation of transcription to be mediated through an AP-1 binding site (69).
The ¢cDNA sequence for SLN was determined by the Goldberg lab (55)
using the deduced amino acid sequence from the amino terminal portion of the 45
kD form of SLN to make a degenerate 17mer oligonucleotide probe. A cDNA
library made from human fibroblasts was screened and the largest clone
sequenced. The clone was found to have 75% sequence homology with rat transin
and 55% sequence homology with human collagenase. This sequence was
identified as human SLN based on these homologies, but expression studies were
not done to show an enzymatically active peptide would be produced from this
sequence. We received this clone from the Goldberg lab and have conducted
expression studies with it to show that a functionally active proteolytic enzyme can
be made by eukaryotic cells. This includes the expected antigenic reactivity,
golgi/RER processing, glycosylated and nonglycosylated forms, and treatment with
organomercurials and trypsin to produce the intermediate activated form and fully

activated mature form of SLN.

F. Tissue Inhibitors of Metalloproteinases

Herron et al. (70) observed that, while rabbit brain capillary endothelial cells
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(RBCE) could be induced to secrete both procollagenase and prostromelysin by the
phorbol ester, TPA, no enzyme activity could be measured in RBCE-conditioned
medium even after activation of the proenzymes by trypsin or organomercurials.
Enzymatic activity could be found, however, after conditioned medium had been
analyzed by gel filtration or SDS electrophoresis (71). They subsequently show
that metalloproteinase inhibitors of 30 kD (major band) and lesser amounts of a 22
and 19 kD inhibitor could be identified in the conditioned medium. These
inhibitors were named tissue inhibitors of metalloproteinases or TIMPs.

The rate of ECM turnover is determined by the net activity of secreted
proteases, which can be controlled at three levels: (1) rate of production of latent
enzymes, (2) activation of latent enzymes by proteolytic processing and (3)
production of specific inhibitors. To date at least two TIMP genes with differing
glycosylation patterns have been identified, TIMP-1 (72) and TIMP-2 (73, 74).
TIMP-1 has been shown to bind and inhibit interstitial collagenase (71),
stromelysin (71) and Type IV collagenase (74). TIMP-1 binds the activated form
of SLN in a 1:1 molar ratio (75) and forms a tight binding complex with an
affinity constant of 3.8 x 10"° M. No complex forms between TIMP-1 and the
"pro" form of SLN (137). Experimentally, TIMP-SLN complexes have been

shown to dissociate with 10 mM EDTA at 37° C and pH 3 (75). The zinc
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chelator, 1,10-phenanthroline, was also shown to be capable of dissociating the
complex, probably by way of conformational changes that result from the removal
of the zinc atom. To date, no evidence has been presented that MMP and TIMP
complexes are able to dissociate in vivo.

The balance achieved between the secretion and activation of proteolytic
enzymes verses inhibitors will determine whether there is a net deposition of ECM
occurring or a net degradation. During development, TIMP is expressed at low
levels during embryogenesis, but transcripts increase in tissues undergoing ECM
deposition such as sites of osteogenesis (77, 78). Over-expression of proteolytic
enzymes is used by metastatic tumor cells to invade tissue, but a lack of TIMP can
also result in the same phenomenon. In an experiment by Khokha et al.,
transfected Swiss-3T3 cells constitutively expressing TIMP-1 antisense RNA
become invasive and tumorigenic (79). MMP and TIMP expression in vivo is
coordinated and controlled by diverse stimuli including growth factors (80, 81, 82,
83), tumor promoting phorbol esters (84, 85, 86, 87, 88), hormones (89) and
steriods (90).

Responsiveness of the TIMP-1 gene to such things as phorbol-esters and
growth factors has been shown to be due to the promoter and enhancer element

which contains a serum responsive element (SRE) and a phorbol-ester responsive
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element (TRE) that binds an AP-1 heterodimer (91). This induction is similar to
that of SLN and suggests a coordinate expression of proteolytic enzyme with its
inhibitor as a means of preventing runaway proteolysis. TIMP-2, which is a
separate gene product from TIMP-1, shares 41 % sequence homology with TIMP-1
and has been shown to bind interstitial collagenase (73, 74) and the active 72 kD
Type IV collagenase (46). It has a molecular weight of 21.6 kD estimated from
the amino acid sequence. Whether TIMP-2 binds to SLN is unknown. The
TIMP-2 gene is under different regulation than the TIMP-1 gene. It shows no
change in mRNA levels with TPA and, therefore, appears to be independently
regulated from TIMP-1 (92).

Laser treated trabecular meshwork cells have also been shown to produce
TIMP-1 in a coordinated fashion with SLN (32, 33) by Western blot analysis of

conditioned media from laser treated TM explants.

G. Purpose For Using Ping-Pong Amplification of Stromelysin cDNA

By the subcloning and subsequent expression of SLN in a retroviral
expression vector, four things will be gained: (1) the provirus is stably and
permanently incorporated into the host cell’s genomic DNA, thereby creating

permanent cell lines which can be used for ongoing studies of SLN and ECM
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turnover; (2) retroviruses use the host cell’s transcriptional/translational processing
machinery, which allows for such eukaryotic functions as “start” and "stop"
codbns, glycosylation of the nascent peptide and utilization of the cell’s secretory
pathway by the enzyme, as opposed to prokaryotic expression systems; (3) high
level constitutive expression of SLN through the Ping-pong amplification system,
devised by the Kabat lab, allows the characterization of the recombinant SLN to
show its synthesis, processing as a secretory protein and enzymatic activity; and
(4) the ability to infect other cell lines using the virions produced in the Ping-pong
expression system allows the establishment of TM cultures constitutively
expressing SLN.

With a tissue culture system for stably producing high amounts of SLN, it
was hoped that purification of relatively large amounts of the enzyme would be
possible. The creation of cell lines which are producing SLN would also allow the
pursuit of studies examining how the over-expression of SLN in the trabecular

meshwork could change the flow dynamics of aqueous humor through the tissue.

H.  Retrovirus Structure and Life Cycle

Retroviruses are characterized by the presence of the enzyme reverse

transcriptase in the virions and use an RNA genomic template to produce a DNA
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copy (93, 94), hence, the designation "retro" or backward. Many, but not all, of
the known retroviruses carry in their genomes an oncogene capable of inducing
sarcomas, leukemias, lymphomas and mammary carcinomas.

The extracellular virion contains two identical single-stranded copies of viral
genomic RNA in a nucleocapsid core of viral proteins and enveloped by a
membrane (derived from the previous host cell). This membrane is enriched in
a viral glycoprotein (93) which is encoded by the viral env (for "envelope") gene.
The nucleocapsid core is made up of proteins synthesized from the viral gag (for
“group-specific antigen") gene. The pol (for "polymerase") gere encodes an
integrase and reverse transcriptase with Rnase-H (94) activity. The retroviral
genomic RNA strongly resembles cellular mRNA in that it is capped at the 5’ end
and polyadenylated at the 3’ end.

The retrovirus gains entry to a cell (Fig. 7) by binding of a specific cell
surface protein with the retrovirally encoded envelope protein (95) which is
expressed on the virion’s surface; entry is through an unknown mechanism. Two
suggested possibilities are receptor-mediated endocytosis (93) and fusion between
the cell’s membrane and the virion membrane (94). The cell surface receptor for
one retrovirus, Murine leukemia virus, has recently been shown to be a basic

amino acid transporter (96, 97).
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Figure 7. Life Cycle of the Retrovirus.
(from: John M. Coffin, Virology, Chapter 51, Second
Edition, ed. B. N. Fields, Raven Press, 1990.)
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Once the virion core has penetrated the cell, the reverse transcriptase copies
the genomic RNA into an intermediary minus-strand DNA with degradation of the
RNA template by the RNase-H activity of the transcriptase. Plus-strand DNA
synthesis then gives a double stranded intermediary (98). The DNA moves to the
nucleus, where it can be found, transiently, as covalently-closed circular DNA.
It then integrates into the host cell genomic DNA to form the provirus (94).
Integration sites within the host chromosome appear to be in random locations (99,
100) that are unrelated to each other. However, the viral mode of integration is
highly specific, occurring in the same place in the viral sequence (101, 102, 94).

Viral integration into the host cell DNA occurs most efficiently when the
host cell’s are dividing (103, 104, 105, 106). The efficiency of infection has been
found to be 10-fold lower in G,-G, enriched, nondividing T-lymphocyte popula-
tions than S, G, and M phase cell populations (103). Stationary rat embryonic
fibroblasts infected with an amphotropic retroviral vector containing neomycin
resistance had a lOO-fold lower infection rate than replicating fibroblasts (104).
The block to formation of the provirus appears to occur following entry of the
virus into the cell, but before formation of unintegrated viral DNA from the RNA
genomic template (103, 104).

The retroviral integration sites are found in the noncoding "long terminal
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repeats" (LTR) regions of the retroviral genome (diagrammed in Fig. 25). The
coding and noncoding regions of the provirus contain several interesting features
(102, 94, 93). LTRs have been found flanking the coding sequences on both the
5’ and 3’ ends and have been shown to be identical. The LTR contains enhancers
and promoters in the U3 region. "R" is a region of terminal repeats and contains
the 5’ cap site and 3’ polyadenylation signal. The primer binding site is 18
nucleotides long and binds a tRNA, which is used to initiate reverse transcription
of minus-strand DNA. The "Psi site" is a packaging recognition signal on the 5’
end of the retroviral genomic RNA used for the selective incorporation of viral
RNA into assembling virions.

Three coding regions are generally described for most retroviruses. The gag
region yields a polyprotein that can be cleaved to produce three to five capsid
proteins. The gene contains a translational "stop" codon but an occassional read-
through results in the reverse transcriptase encoded by the pol gene being made.
The translational product of the env gene region, the viral envelope protein, is
made from a subgenomic RNA, which results when the full-length genome is

spliced at the 5’ "splice donor" and 3’ "splice acceptor” sites.

1. Friend Disease and Spleen Focus-Forming Virus
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Spleen focus-forming virus (SFFV) was identified as the oncogenic
component of Friend disease, a murine leukemia (107). It is replication defective
with gene defects in its gag, pol and env genes. When murine erythroblasts
carrying a helper virus, Friend Murine leukemia virus (F-MuLV), are infected
with SFFV the resulting leukemia appears to arise in a two step process. First,
the SFFV env protein, GP-55, acts as an erythroblast mitogen causing an
erythroblastosis but producing cells which have only a limited self-renewal
capacity. The proliferating cells continue to release viruses packaged by the F-
MuLV and the continued infection of new erythroblasts results in a polycythemia.
The proliferative capacity of these dividing cells is limited and they differentiate
or die.

Two to three weeks later, in the second phase of the disease, infected cells
can be detected, which have become immortalized by rare proviral integrations and
rearrangements in the 5’ region of the Spi-1 gene. This results in the high level
expression of Spi-1, a homolog of the transcriptional activator PU.1 (108). When
Spi-1 is inappropriately activated in erythroid cells, cell division (109, 110, 111)
and an immortalized erythroid clonal cell population results.

An enhancer element has been identified in SFFV, which has a 42 base pair

direct repeat (112).
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An anemia-producing form of Friend disease, designated SFFV,, has also
been described. It appears to be encoded in the 3’ region of the SFFV env gene
and results in a proliferation of erythroblasts followed by an ineffective

erythropoiesis which results in the anemic state (107).

J. Expression Vector pSFF

To construct the pSFF expression vector, a clone of the Lilly-Steeves
polycythemia strain of SFFV was cloned in pBR322 (113) (Fig. 8). The resultant
vector was digested with Pst I and Hind III to produce fragment 1, which contains
the env and LTR regions; fragment 1 was then subcloned into pSP65. A second
fragment of Pvu II-Hind III digested pBR322 vector and containing the LTR, gag
and pol regions was subcloned into pSP64. A unique Xmn I site in both pSP65
and pSP64 used in conjunction with the Hind III site, allowed the two resulting
fragments to be ligated together to form a plasmid containing the entire SFFV
proviral genome (95). This plasmid construct was further modified to make the
expression plasmid, pSFF, by deletions in the pol and env gene regions. The
addition of a multiple cloning site in the env gene was accomplished through the

use of linkers allowing other DNAs to be subcloned into the expression vector

(114).
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Figure 8. Construction of the pSFF Expression Vector.

Fragment 2, containing the LTR, gag and pol regions, was removed
with restriction enzymes Pvu IT and Hind III. It was ligated with
Hind III/Pst I digested Fragment I, containing env and the LTR, using
their common Hind III restriction site.
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(In the following discussions of this system, "pSFF-SLN" or "pSFF-GH"
will be used to designate the plasmid expression vector, which contains the spleen-
focus forming virus and the inserted human stromelysin cDNA or human growth
hormone gene. When discussing the cell cultures produced following transfection
with this plasmid vector and virions made by these cells, "SFF-SLN" or "SFF-

GH" will be used to designate the proviral form of the vector or its RNA.)

K. Ping-Pong Amplification Expression System

Typically, a cell will be infected only once by a particular retrovirus, which
stably inserts itself at the long terminal repeats (LTR’s) into the host cell’s
genome, apparently at random (101, 100, 99). The host cell’s transcriptional and
translational machinery is then utilized to produce RNA and proteins encoded by
the gag, pol and env genes. Proteins from these three gene products are required
for the assembly of infectious virions. Defects in these gene products result in
“replication-defective" retroviruses, such as SFFV (114). Infectious vifions of the
murine Type-C variety (93) bud out from the cell’s surface and are released, in
this case, into the media (Fig. 7).

To infect a cell, the virion uses the env proteins on its surface to bind and

interact with cell surface receptors. An infected cell will express some of the
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retroviral env protein on its surface, where it appears to interact with these cellular
receptors and prevent further infection of that cell by more virions using the same
type of receptors (94). This process is called "interference" and typically limits
multiplicity of infection to one viral copy per cell (Fig. 9).

Murine Type-C retroviruses are classified according to the host-range of
their env proteinsA (94). Ecotropic viruses are capable of infecting only murine
cells. Amphotropic viruses infect murine cells and most other species. Xenotropic
viruses infect other species, but not murine cells.

The Ping-pong amplification system, developed by the Kabat lab (114, 115),
provides a means of circumventing the interference that results from expression of
the env protein on the cell surface, thus allowing multiple infections of cells. With
the increased multiplicity of infection the amount of retrovirally encoded protein
made as a percentage of total cellular protein rises and has been found to be as
high as 4-6% of total cellular protein synthesis (115).

To achieve this amplified retroviral infection, two murine packaging cell
lines are grown in coculture. These two packaging lines, Psi-2 (116) and PA-12
(117) cells, are capable of packaging the genomic RNA of other retroviruses into
virions, but their own packaging signal is defective. Psi-2 cells, of the ecotropic

host-range, and PA-12 celis, of the amphotropic host-range, each release virions
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capable of infecting the other cell line (Fig. 10), but not themselves. Since they
will be packaging SFF-SLN as their genomic material, which contains a defective
and truncated env protein into which SLN has been inserted, the cell surface
receptors will not be blocked by interference, hence, the occurrence of multiple
infections of any particular cell.

The process of multiple viral infections is begun by transfection of Psi-2 and
PA-12 cocultures utilizing a calcium phosphate precipitate of the pSFF-SLN
expression vector. Once inside the cell, some of the plasmid vectors will make
their way to the nucleus and incorporate into the host cell’s genomic DNA as the
proviral form using the retroviral LTRs (94). Following incorporation, SFF-SLN
RNA is made using the host cell’s transcriptional machinery, and has two fates:
one pool of RNA can be processed into functional proteins, the second is packaged
into infectious virions which are released. Once integrated into the host’s genomic
DNA, the provirus is stable and will be inherited by daughter cells in future
cellular divisions (94), thus creating cell lines which are capable of permanently
expressing a particular gene.

By the creation of permanent cell lines which stably over-express SLN, we
hoped to be able to produce high enough levels to characterize this previously

unexpressed cDNA in both the intracellular and media-borne forms. These cell
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lines could also provide a means of studying cellular response to constitutive
synthesis and secretion of SLN. And thirdly, infectious virions harvested from the
cocultures could be used to establish TM cell cultures synthesizing SLN, for the

purpose of establishing working models of ECM turnover and its role in glaucoma.
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II. MATERIALS AND METHODS

A. Cell Cultures

Psi-2 (116) and PA-12 (117), murine fibroblast packaging cell lines were
grown in T25 flasks (Costar) using 5 mls Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37° C and 5% CO,.

Bovine and porcine trabecular meshwork cells were grown in T25 flasks
with 5 mls DMEM supplemented with 5% Nu-Serum (Collaborative Research,

Inc.) at 37° C and 5% CO, (118, 15). Cultures were used at passage number 5.

B.  Stromelysin cDNA

The human stromelysin cDNA (SLN-cDNA) used was provided in the
plasmid vector pBS (pBS-SLN) by the G. Goldberg lab (55).

E. coli DK-I cells were transformed with 100 ng of pBS-SLN and grown
overnight on luria-agar plates in the presence of 50 pug/ml ampicillin according to
the methods of Maniatis et al. (119). Two colonies were selected and grown
overnight in 100 ml liquid luria broth cultures. Total cellular nucleic acids were
extracted from the cells using NaOH-SDS (120). Ethidium bromide and cesium

chloride were added to a final concentration of 1.7 mg/ml and 10.4 M,
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respectively, put in 10 ml "Ultraclear" centrifuge tubes (Beckman) and low density
(4.5 M) cesium chloride was carefully layered on top. The tubes were centrifuged
overnight in a Beckman L755 Ultracentrifuge, T80 rotor at 50,000 rpm and 20°
C (119). The supercoiled plasmid DNA band was removed by a 16-gauge needle
puncture and ethidium bromide was extracted from the DNA using isopropanol
saturated with 5 M NaCl (119). The concentration and purity of recovered DNA
was determined using A260/A280 spectrophotometric readings. Plasmid DNA was
brought to 1 mg/ml final concentration, digested with several restriction enzymes

and subjected to agarose gel electrophoresis to verify restriction sites and purity.

€ DNA Sequencing

To ensure the 5’ region of the pBS-SLN construct, which encodes the "pre-
pro-" portion of the enzyme (Fig. 11), was intact, the plasmid was sequenced
using the "Sequenase" Chain Termination Sequencing kit (U. S. Biochemical
Corp.). A universal primer (-40 primer) which binds to pBS (5’ to the insertion
site of SLN) was used to start the sequencing reaction. Two ug of pBS-SLN were
heated to 65° C and cooled slowly to allow primer annealing. The
deoxynucleosides, dCTP, dGTP, dTTP and «-*S-dATP, are incorporated in 4

reaction tubes by "Sequenase" (DNA polymerase) using the DNA template.
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Reactions are randomly terminated when a dideoxynucleotide (one ddNTP used per
reaction tube) is incorporated by the enzyme into the template, resulting in chains
of different lengths. When electrophoresed on a 6% denaturing polyacrylamide
gel (8.3 M urea, 1 M Tris-Borate, 20 mM EDTA, pH 8.3 gel buffer) a different
pattern of DNA fragments for each reaction vial is seen. When read next to one
another this provides the sequence of the DNA. The gel was run for 2 hours at
1300 V, washed in 10% acetic acid, 12% methanol, 1% glycerol, dried for 1 hr.
at 80° C under vacuum and autoradiographed overnight with X-OMAT ARS film

(Kodak Labs).

D.  Construction of pSFF-SLN Retroviral Expression Vector

For the purpose of ligating SLN-cDNA into the pSFF expression vector, 1
pg of pBS-SLN was digested with the restriction enzyme Bam HI (BRL Labs,
Inc.) (cuts at 5’ end of SLN-cDNA) and electrophoresed on a 1% agarose gel.
This resulted in a linear DNA at 4.5 Kb (Fig. 12). Xho I (BRL Labs, Inc.) was
used to cut at the 3’ end and results in two bands, one at 3.0 Kb (pBS backbone)
and one at 1.6 Kb (SLN-cDNA). pSFF was also digested with Bam HI and Xho
I cleaving at the 5’ and 3’ ends, respectively, of a multiple cloning site located in

the env gene region (Fig. 13). A linear band is observed at approximately 9.2 Kb
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Figure 12. Restriction Digests of pBS-SLN and pSFF.

Lane 1:

Lane 2:

Lane 3:

Lane 4:

Lane 5:

pBS-SLN digested with Bam HI results in a linear plasmid
at 4.5 Kb when electrophoresed on a 1% agarose gel.

pSFF digested with Bam HI results in a linear plasmid at
9.2 Kb.

Molecular weight standards (Hind III digest of lambda DNA)
Bands at 23.1, 9.4, 6.6, 4.4, 2.3, 2.0, 0.6 Kb.

pBS-SLN digested with Xho I and Bam HI results in a pBS
band at 3.0 Kb and SLN at 1.6 KB. The SLN insert was used
for ligation into the pSFF expression vector.

pSFF digested with Xho I and Bam HI results in a linear
plasmid at 9.2 Kb. (The fragment between the two restriction
sites is too small to noticeably change the size of pSFF

on a gel.)
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following agarose gel electrophoresis (Fig. 12).

A preparative electrophoretic gel (1% agarose, TAE buffer) was run to
separate the two digested plasmids (119) and the appropriate bands were excised
from the gel. The DNA was eluted from the gel slices using the microfuge spin
technique of Heery et al. (121). Briefly, a 0.65 ml microfuge tube is punctured
at the bottom with a needle, plugged with glass wool, siliconized and autoclaved.
The gel slice is placed in the tube and the tube is placed inside a 1.5 ml microfuge
tube and centrifuged for 10 min. at 12,000 X G. The DNA elutes from the gel
slice with the gel buffer and collects in the bottom microfuge tube.

SLN-cDNA was ligated into pSFF using T4-DNA Ligase (BRL, Inc.)
overnight at 14° C. DK-1 E. coli cells were made competent using CaCl, (119),
frozen at -70° C, and thawed before using for transformation. To transform, an
estimated 16 ng of plasmid DNA from the ligation was added to 100 ul of DK-1
cells, heat shocked for 5 min. at 37°, spread on luria-agar plates containing 100
pg/ml ampicillin and grown overnight at 37° C (119).

Several of the colonies growing on the plates were selected and grown up
in overnight luria broth liquid cultures and the plasmid DNA was isolated using
a mini-prep protocol (119). Plasmid DNA from the mini-preps was digested with

Xho I and Bam HI, and electrophoresed on a 1% agarose gel. Of the colonies
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which yielded bands of the expected sizes (i.e. 9.2 Kb for pSFF and 1.6 Kb for
SLN), two were selected for further analysis by restriction digestion, grown up
and the plasmid DNA purified using cesium chloride and ultracentrifugation as

previously described.

E. Transfection

To make cocultures for transfecting, Psi-2 and PA-12 packaging cell lines
were trypsinized, counted with a hemocytometer and seeded 1:1 in T25 flasks at
a final cell density of 500,000 cells per flask. Cocultures were grown for 48 hours
in 5 mls DMEM before transfecting.

DNA for transfection was precipitated as a calcium phosphate aggregate (51)
by mixing 10 ug plasmid DNA with 0.5 ml of 250 mM CaCl, and adding 0.5 ml
phosphate buffer (50 mM HEPES, 250 mM NaCl, 1 mM NaH,PO,, pH 7.1)
dropwise, with mixing, to the solution. Medium was aspirated from flasks, 1 ml
of DNA aggregate was added per flask and ﬂasl;s were incubated .at room
temperature for 20 minutes. Three mls of transfection medium (DMEM, 10 mM
HEPES, 10% FBS, 0.12% NaH,CO,, pH 7.1) was added, flasks were tightly
capped and incubated for 4 hours at 37° C. The cells were glycerol shocked by

aspirating off the medium, rinsing with phosphate buffered saline (10X solution:
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10 mM NaH,PO,, 1.3 M NaCl, 30 mM KClI, 0.3 M Hepes, 0.1 M glucose) and
incubating with 10% glycerol in phosphate buffered saline at room temperature for
2 minutes. The glycerol solution was removed, growth medium added back to the
cells and they were grown for several days before passaging (122, 123, 124).

Mock transfected control cells went through the process of transfection,
however, did not receive any retroviral vector. Retroviral control transfected cells
received pSFF which contained the human growth hormone gene (pSFF-GH)
(114).

To establish clonal cell lines of retroviral infected cells, cocultures were
trypsinized as for passaging, the cells were counted with a hemocytometer and then
diluted to a final concentration of 30 cells per 20 ml of media. The diluted cells
were then plated into a 96-well tissue culture plate (Falcon, Inc.) at 0.2 ml media
per well and incubated for ten days. At the end of that time, wells with colonies
growing in them (typically 10-20 wells per plate) were trypsinized, reseeded into
24 well tissue culture plates (Falcon, Inc.), incubated for 1-2 days, and then

passaged into T25 flasks.

F. Infection of Trabecular Meshwork Cells

Medium was collected from transfected pSFF-SLN, pSFF-GH and mock
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transfected cocultures, aliquoted and stored frozen at -20° C. To infect bovine and
porcine trabecular meshwork cells, TM cultures were passaged and seeded into
new flasks at 200,000 cells per flask with 3 mls of fresh DMEM and a 1 ml
aliquot of thawed coculture medium (from SFF-GH, SFF-SLN or mock control
cocultures). The next day, an additional aliquot of the respective coculture
medium was added to the appropriate flasks. Cultures were passaged and the
process repeated a second time on day 4. At the end of approximately one week,
cultures were assayed for gene expression using polymerase chain reaction,
radioimmunoassay or immunohistochemistry. PCR was carried out using SLN
sense and antisense primers as described below (Point H). RIA was performed on
100 pl from a total volume of 2.5 or 5 mls of conditioned media, which was

harvested at 24 or 48 hours. Immunohistochemistry is detailed below (Point K).

G. Radioimmunoassay

Cell culture medium was tested (100 ul of conditioned medium used from
2.5 or 5 ml total volume, after a 24 or 48 hour exposure) for the presence of
human growth hormone using Quantitope Radioimmunoassay kit (Kallestad

Diagnostics, Chaska, MN). Assay sensitivity was to 1.5 ng of GH/ml media.
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H. Screening Transfected Cocultures

The polymerase chain reaction (PCR) was used to screen transfected murine
cocultures for SFF-SLN positive cocultures. To obtain the cellular RNA, cells
were trypsinized from flasks, counted with a hemocytometer, and nucleic acids
from 1 X 10° cells were extracted using 4 M guanidinium isothiocynate, 30 mM
sodium acetate, and 1 mM S-mercaptoethanol (125). Protein was removed by
extraction with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1)
and the nucleic acids precipitated using 1.0 volume isopropyl alcohol at -20° C
followed by centrifugation (119).

The SLN mRNA was reverse transcribed into cDNA using 200 Units
Moloney murine leukemia virus reverse transcriptase (BRL, Inc.), 10mM dNTPs
and 10 pM antisense primer. The primer was a 33mer (Operon Technologies, Inc.)
which anneals to the stromelysin mRNA at +1443 base pairs (Fig. 11).

DNA amplification was conducted in a PCR thermal-cycler (Perkin-Elmer
Cetus, Norwalk CT) using 1 Unit Thermus aquaticus DNA polymerase (Perkin-
Elmer Cetus) and 50 pM of the 27mer stromelysin sense primer (Operon
Technologies, Inc.) with homology to the 5’ region 36 bp downstream from the
AUG start site (Fig. 11). Thermal cycling (35 cycles) was conducted for 1 min.

at 94° C to melt, 1 min. at 55° C to anneal and 2 min. at 72° C to extend. From

49



the reaction volume of 100 ul, 10 ul was used for an analytical 1% agarose gel.
Hind III digested lambda DNA (New England Biolabs, Inc.) was run as a
molecular weight standard, with bands at 23.1, 9.4, 6.6, 4.4, 2.3, 2.0, 0.6 and 0.1
Kb. A 1.4 Kb PCR product is made from this combination of stromelysin

primers.

1. Polymerase Chain Reaction with Multiple Primers

To test for the presence of Tissue Inhibitors of Metalloproteinases (TIMP-1
and TIMP-2), RNA was extracted from 6.25 X 10° cells, as previously described,
and resuspended, following alcohol precipitation, in 50 ul diethylpyrocarbonate
(DEP)-treated H,0. Cells were harvested at 24, 48, 72 and 144 hours,
representing 15%, 30%, 50% and 100% confluent cultures, respectively. For
reverse transcription, RNA was aliquoted in five 10 ul amounts with reagents and
antisense primers added as described previously. Thermal cycling was conducted
as described above using the appropriate sense primer.

Each of the five aliquots received primers to make one of the following
cDNA'’s: stromelysin, growth hormone, TIMP-1, TIMP-2 or glyceraldehyde-3-
phosphate dehydrogenase (G-3-PD), used as an internal standard. Primers to make

all five cDNAs were approximately 25-33mers in size and made to unique
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sequences within the gene of interest. The PCR products made using these
primers were electrophoresed on a 1% agarose gel. Their sizes were: 0.40 Kb
for TIMP-1, 0.44 Kb for TIMP-2, 0.3 Kb for G-3-PD, 0.4 Kb for growth

hormone and 1.4 Kb for SLN.

J. Northern Blotting

RNA was extracted from two T-25 flasks using guanidium isothiocynate by
the method of Wilkinson (125) and pelleted from 5.7 M cesium chloride (spin for
16 hrs. at 55,000 rpm, 18° C in a Beckman TL-100 Tabletop Ultracentrifuge).
Spectrophotometric readings at A260/A280 were used to determine
nucleotide/protein concentrations of all RNA preps.

The purified, extracted RNA was run on a 15 X 15 cm 1% formaldehyde-
agarose gel overnight at 25 Volts (0.2 M MOPS, 50 mM sodium acetate, 10 mM
EDTA, 1.1 M formaldehyde running gel buffer). An RNA ladder (BRL, Inc.) was
run as a size marker, with bands at 9.5, 7.5, 4.4, 2.4, and 1.4 Kb. Samples were
electrophoresed in the presence of ethidium bromide to allow visualization of
RNA. The RNA ladder and 18/28S rRNA bands were marked on the gel under
ultraviolet light and the gel was photographed using a Polaroid camera and 667

film (Kodak).
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The gel was blotted following the methods of Maniatis, et al. (119) for 3
hrs. with a Nytran membrane (Bio-Rad, Inc.). RNA was cross-linked to the
blotting membrane with ultraviolet radiation using a Stratalinker (Stratagene, Inc.).

To probe the northern blot, pBS-SLN was digested with Bam HI and Xho
I restriction enzymes (BRL Labs, Inc.), and the resultant DNA run on a 1% low-
melt agarose (Sigma Labs) gel in TAE buffer. The band of interest (1.6 Kb for
SLN) was excised and the DNA purified according to the methods of Qian &
Wilkinson (126), where buffer is add‘ed to the gel slice, heated until boiling, spun
in a microfuge for 5 min. and buffer (containing DNA) removed from the pellet.
An estimated 25 ng of SLN ¢cDNA was used for labeling with the "Prime-It"
Random Primer Kit (Stratagene, Inc.) using 50 uCi of o-**P-ATP (New England
Nuclear). To remove unincorporated counts, the probe was spun for 4 min. over
a "Biospin-30" chromatography column (Bio-Rad) and added to the hybridization
buffer on the blot. The probe was labeled to a specific activity of 1.2 X 10’
dpm/ug as determined by liquid scintillation counting. Probing was done
overnight at 42° C, according to Maniatis et al. (119) and the blot washed, then
autoradiographed with X-OMAT AR5 or OMC film (Kodak Labs) in film cassettes

with intensifying screens (Kodak Labs).
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K. Immunohistochemistry

Murine coculture cells to be stained were grown on 2-well microscope slides
(Lab-Tek Chamber slides, Nunc Inc.) until reaching the desired state of
confluency, then fixed with 4% paraformaldehyde for 1 hour. Cells were
incubated overnight with an immunoaffinity purified anti-SLN polyclonal antibody
produced in rabbits to a unique 1Smer peptide sequence (amino acids 274 to 290)
from human SLN (127, 128). Wells were washed with TTBS buffer (20 mM Tris,
pH 7.5, 0.5 M NaCl, 0.1% v/v Tween-20, 0.02% NaN,) and incubated for 1 hour
with biotinylated goat anti-rabbit IgG, (Sigma Chemicals). After washing, wells
were incubated for 45 min. with Extravidin horseradish peroxidase (Sigma
Chemicals) then developed with 0.5 mg/ml diaminobenzidine dihydrochloride
(Sigma Chemicals). Cultures were photographed at 40X (Nikon Optiphot) using
Tekpan film (Kodak Labs).

Murine cocultures to be stained with and without detergent permeabilization
of the plasma membrane were first incubated in 0.3% H,0, to block endogenous
peroxidase activity. To bind endogenous avidin and biotin sites, cultures were
incubated with avidin and biotin reagents (Vector Labs, Inc.). Cultures were then
incubated overnight with an immunoaffinity purified anti-SLN polyclonal antibody

produced in chickens. Wells were washed with TTBS and incubated for 1 hour
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with mouse anti-chicken IgG, (Sigma Chemicals) and processed as previously
described for immunohistochemical staining with the rabbit polyclonal antibody.
Cultures stained without detergent were washed and incubated in similar solutions,
in the absence of Tween-20.

Bovine and porcine TM cells to be stained for immunohistochemistry were
grown in 2-well microscope slides or T25 flasks, paraformaldehyde fixed and
incubated overnight with chicken anti-SLN or immunoaffinity purified rabbit anti-
SLN polyclonal antibody (127, 128). Bovine cultures were photographed at 40X
magnification on an inverted microscope (Zeiss, Inc.) under phase contrast optics.

Porcine cultures were photographed as described for murine cultures.

| Western Blots

Cultures were washed with phosphate buffered saline and grown for 24 or
48 hours in the presence of DMEM supplemented with insulin, selenium and
transferrin ("ITS", Sigma Chemicals) diluted 1:1000. Final concentrations in the
media were 5 ug/ml insulin, 5 pg/ml transferrin and 5 ng/ml selenium. Media
was harvested and stored at -20° C. For gels, samples were mixed with 0.1
volume of 10X gel loading buffer (4% sucrose, 10% SDS, 0.25 M Tris, 0.1%

bromphenol blue) and 50 pl final volume loaded per lane. Samples were run on
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a standard 10% SDS-PAGE gel (with and without 100 mM dithiothreitol) with a
3% stacking gel according to the methods of Laemmli (129). The gel was blotted
onto nitrocellulose for 1 hour at 100 V (blotting buffer: 20 mM tris, 150 mM
glycine, pH 8.0, 20% methanol). Blots were stained for 15 min. with Ponceau S
stain (Sigma Chemicals) to visualize major protein bands and then photographed.
After destaining the blot, 3% non-fat milk was used as a blocking agent, then it
was incubated with primary antibody (chicken anti-SLN IgY) overnight at 4° C
with shaking. The blot was washed with TTBS (20 mM Tris, pH 7.5, 0.5 M
NaCl, 0.1% v/v Tween-20, 0.02% NaN,) incubated for 2 hours with rabbit anti-
chicken IgG (Sigma Immunochemicals, Inc.) conjugated to alkaline phosphatase
and developed with 0.33 mg/ml p-nitro blue tetrazolium chloride (Sigma
Chemicals) and 1.65 mg/ml 5-bromo-4-chloro-3-indolyl phosphate (Sigma
Chemicals). Molecular weight markers (BioRad, Inc.) were at 200, 116, 97, 66,

43, 31, 21 kD.

M. Zymograms

Zymograms are standard Laemmli (129) SDS-PAGE gels that are cast with
an enzyme substrate in the gel. After running, the gels are incubated in buffer to

activate the enzyme, which cleaves its substrate. The gel 1s stained with
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Coomassie blue, coloring the gel blue because of the substrate, but bands of
clearing appear where enzyme activity has degraded the substrate which then
diffuses from the gel, resulting in an inverse staining pattern compared to typical
PAGE gels (15).

Media samples were collected as described previously for Western Blots.
Polyacrylamide gels (10%, 0.75 mm thick) were cast and a 3% stacking gel was
added. After electrophoreses, gels were incubated in 2.5% Triton-X 100 for 45
min. to remove the sodium dodecyl sulfate. For stromelysin activity, casein is
used as the substrate (0.15% w/v), 30 ul media loaded per lane and gels
electrophoresed for 4 hours at 7.5 mAmps constant current or overnight at 45 V
constant voltage with cooling. Gels were incubated for 16 hours in activation
buffer (0.15 M NaCl, 10 mM CaCl,, 50 mM Tris, 1 uM ZnSO,, pH 8.0),
Coomassie stained and dried. To inhibit stromelysin activity, 10 mM 1,10-

phenanthroline (Sigma Chemicals, Inc.) was added to the activation buffer.

N.  Deglycosylation of Stromelysin

To remove oligosaccharides from SLN, 200 ul conditioned "ITS" media
from SFF-SLN clonal cell lines was incubated with 5 pul of 1 U/ml Endo-8-N-

acetylglucosaminidase D (Boehringer-Mannheim, Inc.) in the presence of 1.5% v/v
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Nonidet P-40 (LKB-Producter AB, Bromma, Sweden) and 100 mM DTT for two
hours at 37° C. The media was electrophoresed on a 10% SDS-PAGE gel as
previously described and blotted onto nitrocellulose. Immunopurified chicken anti-
SLN peptide antibody was used to detect immunoreactive protein bands, as
previously described. The blot was scanned using a Hoeffer Scientific GS-300 gel
scanner in the vertical direction. The absorbance of the upper (glycosylated form)
of SLN was divided by the absorbance of the lower (nonglycosylated form) of

SLN to give a ratio.

O.  SDS-PAGE to Estimate the Concentration of Stromelysin

Conditioned media from SFF-SLN cell line #G-11 and bovine serum
albumin (BSA) (Sigma Chemicals) standards were electrophoresed as previously
described using 10% polyacrylamide separating gels with a 3% stacking gel. The
gels were either stained with Coomassie blue (Bio-Rad, Inc.) or Western blotted
as previously described using a chicken anti-human immunoaffinity purified
peptide antibody.

The Coomassie blue stained gels were dried onto BioGelWrap (BioDesign
of New York) and the protein bands of interest were scanned in the horizontal and

vertical directions using a GS-300 scanning densitometer (Hoefer Scientific).
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P. Activation of proSLN to the Latent Form

One ml of 24-hour conditioned media from SFF-SLN clonal cell line #G-11
was used for studies showing the activation of SLN from the "pro" form to the
latent form.

Media was incubated with 400 ng trypsin (Sigma Chemicals, Inc.) at 37° C.
To stop the reaction, 100 ul was removed from the incubation mix and 50 pg of
Soybean Trypsin Inhibitor (Sigma Chemicals) and 10 mM phenylmethylsulfonyl
fluoride (Sigma Chemicals) were added. The samples were stored at -20° C until
prior to electrophoresis.

To activate proSLN using 4-Aminophenylmercuric acetate (APMA) (Sigma
Chemicals), a 100 mM stock of APMA was prepared in 0.1 N NaOH. Tris buffer
(1 M, pH 7.5) was added to 1 ml of conditioned media to a final concentration of
1 mM. APMA was added to a final concentration of 5 mM and samples were
incubated at 37° C. To stop the reaction, 100 pl of sample was removed at
various time points and frozen at -20° C until prior to electrophoresis.

To electrophorese, samples were thawed, 10 pl of 10X gel loading buffer
added and the sample vortexed. Samples were heated to 100° C for three minutes
and 10 ul per lane for zymograms and 50 pl per lane for Western blots were

electrophoresed, as previously described.
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Coomassie stained zymograms were dried onto BioGelWrap (BioDesign of

New York). Western blots were immunochemically stained as described above.
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III. RESULTS

A. Sequencing pBS-SI.N

Since SLN is a secretory protein (55), it was necessary to verify that the
gene regions encoding such portions of the protein as the signal sequence were
intact in the pBS-SLN vector to ensure proper eukaryotic processing and secretion
of the nascent protein (Fig. 11). Using a primer which binds to the pBS plasmid
upstream from the multiple cloning site into which the human SLN-cDNA had
been inserted (i.e. "-40 primer"), it was possible to sequence about 150 base pairs
into the SLN-cDNA region. The sequence obtained (data in Fig. 14), when
compared to previously published SLN sequences (131), revealed an intact ATG
translational start site, the complete signal peptide and a portion of the "pro"

peptide sequence, which is present in the enzymatically inactive form of SLN (43).

B.  Subcloning of SLN-cDNA into pSFF

To construct the pSFF-SLN retroviral expression vector, SLN-cDNA was
cut from the pBS-SLN vector using two restriction enzymes, Bam HI at the 5’ end
and Xho I at the 3’ end. These enzymes leave incompatible sticky ends, and

therefore, the excised SLN-cDNA will only directionally ligate into its new vector.
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As the new retroviral expression vector will ultimately be used for the production
of the SLN protein, the directional requirement ensures that a backward or
nonsense expression will be avoided.

The Bam HI site, utilized for the 5’ cut, is a restriction site in the pBS
multiple cloning cartridge and a small portion of the plasmid remains attached to
the 5’ end of the SLN-cDNA (Fig. 14). The Xho I cut site is at +1,584 base
pairs and cutting with both enzymes results in a SLN fragment of approximately
1,600 base pairs in length. The translational start and stop sites are at +44 and
+1469, respectively, (Fig. 11) and remain with the excised fragment, while the
polyadenylation site at +1801 is removed (a retroviral polyadenylation signal will
be utilized following ligation of the insert into the pSFF expression vector).

The pSFF expression vector has been constructed so that the gag, pol and
env genes are no longer capable of producing functional retroviral gene products
(114, 95). There is contained within the env gene region a multiple cloning site
with Bam HI and Xho I restriction sites (Fig. 13), which were digested and ligated
to the similarly prepared SLN-cDNA.

Following ligation of the excised SLN-cDNA into pSFF, DK-1 cells were
transformed and of the resultant colonies, several were grown up for analysis.

Two of these, clones #16 and #22, were selected for further analysis (Fig. 15).
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Figure 15. Selection of pSFF-SLN clone following ligation.

Overnight cultures of colonies, resulting from transformation of the
SLN insert ligated into pSFF, yielded plasmid DNA which, when digested
with Bam HI and Xho I, gave two bands: pSFF at 9.2 Kb and SLN at 1.6
Kb.

Lane 1,6: Band sizes at 3.0 and 1.6 Kb suggest these two constructs
are pBS religated with SLN.

Lane 2-5,7-11:  pSFF-SLN clones. Clones #16 (lane 5) and #22 (lane 11)
were selected for further characterization.

Lane 12: Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.
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Both colonies were digested with several restriction enzymes, including Pvu II, Cla
I, Hind III, Nco I, Xba I, and Eco RI, to verify the presence of expected
restriction sites and to confirm proper 5’ to 3’ orientation of the SLN-cDNA into
pSFF. For instance, Eco RI cuts one time (Fig. 16), 3’ to the Xho I restriction
site and should give a linear plasmid (verified in lane 2). Nco I cuts two times in
pSFF and one time in SLN and results in three bands of 9, 1.6 and 0.7 Kb (lane
3). Cutting with both enzymes results in a small fragment at 0.3 Kb being cut
from the 3’ end of SLN (Fig. 17).

The various restriction digests (data not shown) confirmed the SLN-cDNA
was ligated in the pSFF vector in the proper orientation, and 5’ and 3’ ends of
both vector and insert appeared to remain intact after the restriction digests and

ligation process.

4 "Ping-Pong" Amplification and Expression of SLN

Cocultures were seeded into T25 flasks 48 hours prior to transfection. To
transfect, vector DNA (pSFF-GH or pSFF-SLN) was added to the cocultures as
a calcium phosphate precipitate. Mock transfected controls did not receive any
vector DNA. After transfection, the cocultures were grown and maintained for

several weeks to allow the infection process to continue (115). The infection
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Figure 16. Restriction digests of pSFF-SLN construct to check orientation
and presence of restriction sites following the ligation of SLN
cDNA insert into the pSFF expression vector.

Lane 1:

Lane 2:

Lane 3:

Lane 4:

Lane 5:

Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.

pSFF-SLN (clone #16) digested with Eco RI results in a
single band of linear plasmid at approximately 11 Kb.

pSFF-SLN construct digested with Nco I produces bands
of 8.6, 1.6, and 0.7 Kb.

pSFF-SLN construct digested with Eco RI and Nco I results
in four bands of 8.3, 1.6, 0.7 and 0.3 Kb. (See Fig. 17

for restriction sites in the plasmid and insert.)

pSFF vector digested with Nco I gives two bands of
approximately 8.7 and 0.7 Kb.
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process was stopped, typically 3 weeks later, when high levels of SLN RNA could
be detected by means of polymerase chain reaction assay (Fig. 18). When high
level infections are achieved the process is stopped, because the continued insertion
of retroviruses into the host cell’s genome carries with it an increasing probability
that a retrovirus will randomly insert in a necessary, functioning gene and either
kill or transform the cell (115). It was observed that these infectious cocultures
became more fragile and unstable, if the infection process were allowed to
continue indefinitely.

To stop the cross-infection process, the cells were limit-dilution cloned in
96-well tissue culture plates (see Methods). Approximately 15 wells per plate
contained single cells, which were grown up as clonal cell lines. These clonal cell
lines consisted of cell populations which contained the same number and insertion
pattern of retroviruses in their genomic DNA, having arisen from the same original
precursor cell (115). Some of the clonal cell lines established expressed SLN at
high levels (Fig. 19) and were used to characterize the production of SLN at both
the RNA level and the protein level.

Cocultures and clonal cell lines producing SLN were kept below 75%
confluency. The SFF-SLN cultures, as opposed to the SFF-GH or mock

transfected control cultures, appeared to retain their cell-to-cell attachments,
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Figure 18. Screening of pSFF-SLN transfected cocultures for SLN mRNA using
PCR.

Lane 1-5, 7-11:  Represent 10 different cocultures all of which
produce a 1.4 Kb PCR (arrow) product using the SLN
primers. (The doublet in lane 9 is of unknown origin.)

Lane 6: Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.
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Figure 19. Producing clonal cell lines expressing SFF-SLN mRNA.

Cocultures F and G (lanes 7 and 8, Fig. 18) were selected to
make clonal cell lines of SLN producing cells. Limiting dilution was used
to clone cell populatlons which were then screened for the presence of
SLN mRNA using PCR.

Lane 1-5, 7-10:  Each represent a cell line producing the SLN 1.4 Kb
PCR product (arrow). Clones #G-7 (lane 4), #G-11
(lane 7), and #F-1 (lane 9) were used for further
experiments to characterize the SFF-SLN protein
product.

Lane 6: Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.
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as confluent cﬁltures, but they were difficult to maintain and detached from the
tissue culture flask as an intact sheet. This observation has not been quantitatively
pursued, but could perhaps be approached by seeding multiple SFF-SLN and SFF-
GH cultures, scoring the number of detached cultures at confluency and computing
the areas of the cellular sheets that have floated free from the surface.

D. SFF-GH Control Cultures

In order to ensure that the expression of SLN was not being induced in the
cultures studied in response to the presence of a retrovirus (133, 122), two kinds
of control cocultures were utilized. One, was a mock transfected control (i.e.
cocultures that went through the process of transfection, but did not receive any
retroviral expression vector), and a second was transfected with pSFF-GH (114)
which contains the human growth hormone gene. These cultures were treated as
the SFF-SLN cultures in all assays.

To screen cultures and establish clonal lines of cells expressing high levels
of GH a radioimmunoassay was utilized, which allowed the quantitation of the
amount of GH protein made. While a wide range of GH production was found
across different SFF-GH clonal lines, high producing clones were found which
made as much as 96 ng/ml of GH (Fig. 20).

PCR sense and antisense primers were also made to unique human growth
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Figure 20.  Radioimmunoassay for human growth hormone expression by murine
cocultures transfected with pSFF-GH, pSFF-SLN and mock transfected
controls. Confluent T2S culture flasks received fresh DMEM which
was allowed to condition for 24 hours then assayed.

Cell Line Assayed: GH (ng/ml)
Mock transfected control 0
SFF-SLN, clone #3.1 0
SFF-SLN, clone #11.1 0
SFF-GH, clone #2.1 47.0
SFF-GH; clone #2.2 96.0
SFF-GH; clone #2.3 40.0
SFF-GH; clone #2.4 73.0
SFF-GH; clone #2.5 65.0
SFF-GH; clone #2.6 82.0
SFF-GH,; clone #2.7 82.0




hormone gene sequences. The pSFF-GH expression vector contains the human
GH gene (134, 114) which carries not only the exons but also the intervening
sequences. The retroviral RNA expressed from pSFF-GH may undergo splicing
to remove the cellular intron prior to packaging. Retroviruses which have
captured cellular proto-oncogenes through recombination have been reported to
have lost the intron regions through splicing (94). The PCR primers for GH were
selected from two exon regions (Fig. 21) giving a 400 base pair PCR product (Fig.
22). Occasionally, a faint band of 700 base pair size would be faintly visibly on
an agarose gel following PCR (see Lane 1, Fig. 22). This band was only seen in
clones which had very high levels of GH PCR product and it may have been either
amplified GH genomic DNA or amplified GH RNA, suggesting that in some of

the clones, the exons remained in the virus with passaging.

E. Northern Blot

Retroviral coculture RNA was isolated during the infection process, and
when run on a formaldehyde gel in the presence of ethidium bromide (Fig. 23),
shows 18S and 28S ribosomal RNA bands for all samples. The gel was then
blotted onto nytran and probed with a human 3?P-SLN probe. The autoradiograph

of the blot revealed two bands at 6.0 Kb and 3.3 Kb only in the lanes which
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Figure 22. Screening of pSFF-GH transfected cocultures using PCR and GH
specific primers.

Transfected cocultures were screened for GH PCR product made
from the GH primers. The major band at 400 base pairs (lower arrow)
represents the GH mRNA which has been spliced to remove intervening
sequences. A minor band is occasionally seen at 700 base pairs
(upper arrow).

Lane 1-4,6,7: SFF-GH cocultures. The coculture represented by
lane 6 was selected for limiting dilution to produce
SFF-GH clonal cell lines.

Lane 5: Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.
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Figure 23. Ethidium bromide stained formaldehyde gel of SFF-SLN and SFF-
GH coculture RNA which was later blotted and probed (see Figure
24). Asterisks at 4.0 and 1.8 are the 28S and 18S ribosomal RNA
bands, respectively.

Lane 1: RNA molecular weight ladder with bands at 9.5, 7.5,
4.4, 2.4, and 1.4 Kb (arrows).

Lane 2,3,4: 10, 5, and 2.5 ug RNA from SFF-SLN coculture #3.

Lane 5,6,7: 10, 5, and 2.5 ug RNA from SFF-SLN coculture #9.

Lane 8,9: 10, and 5 pg RNA from SFF-GH coculture #2.
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contained RNA from cell lines transfected with pSFF-SLN (Fig. 24). The largest
band, 6.0 Kb, is the appropriate length to contain the full length message made
from the retroviral coding sequences. This band would contain the SLN insert in
the env region and is packaged as genomic RNA. The 3.3 Kb band is the
appropriate size for a spliced form of that full length message, which occurs when
the message is cut at the "splice donor" and "splice acceptor” sites (Fig. 25) and
truncated. This mechanism is the means by which the retrovirus achieves
expression of the envelope encoded regions relative to the gag and pol gene
products (94).

The endogenous murine SLN message, if present, should be found at 1.9 Kb
(47). No detectable band was seen at that size, supporting the PCR observation
that endogenous murine SLN is not expressed, or if so, at levels that were not

detectable.

F.  Immunohistochemistry
Murine clonal cultures expressing SFF-SLN and SFF-GH RNA were stained

immunohistochemically for the presence of SLN using anti-human SLN peptide
antibodies made against two unique regions of SLN. Both peptides were selected

from the carboxy terminal half of the protein. Antibodies made against one
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Figure 24. Autoradiograph of Northern blot probed with *2P-SLN ¢cDNA

(same gel as pictured in Fig. 23). Asterisks denote position
of 28S and 18S rRNA, as shown on the ethidium bromide stained

gel.
Lane 1,2: 5, 10 ug RNA from SFF-GH coculture #2.
Lane 3,4,5: 2.5, 5, and 10 ug RNA from SFF-SLN coculture #9.
Bands (arrows) are 6.0 and 3.3 Kb.
Lane 6,7,8: 2.5, 5, and 10 ug RNA from SFF-SLN coculture #3.
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peptide did not produce staining significantly above background, which may
suggest its recognition sequence is no longer recognizable or available to the
antibody following paraformaldehyde fixation of cells.

SFF-SLN clonal cultures stained with the rabbit anti-human SLN peptide
antibody showed very heavy staining when compared to SFF-GH cultures.
Cultures were stained in both the nonconfluent (Fig. 26 and 27) and confluent
(Fig. 28 and 29) states. In the nonconfluent SFF-GH culture (Fig. 27), the nuclei
of cells can be seen quite distinctively. An anti-SLN antibody would not be
expected to stain the nuclei of cells. While it is not clear what the cause of this
effect is, the level of contrast in the region of the nucleus for both the SFF-GH
and the SFF-SLN cells appears to be similar while the staining in the cytoplasm
appears to increase markedly for the SFE-SLN cultures.

Occassional SFF-GH cells in nonconfluent cultures could be found which
were expressing detectable amounts of SLN. SLN is normally expressed by cells
as they undergo cell division and these cells may have been in the process of
division, since they also tended to be small, rounded up and visually consistent
with the appearance of a dividing cell.

The pattern of staining over the surface of the cells and out into the cellular
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Figure 26. Immunohistochemistry of nonconfluent SFF-SLN clonal cell line
using a rabbit anti-human SLN polyclonal antibody.
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Figure 27. Immunohistochemistry of nonconfluent SFF-GH control clonal
cell line using a rabbit anti-human SLN polyclonal antibody.
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Figure 28. Immunohistochemistry of confluent SFF-SLN clonal cell
line using a rabbit anti-human SLN polyclonal antibody.
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Figure 29. Immunohistochemistry of confluent SFF-GH control clonal
cell line using a rabbit anti-human SLN polyclonal antibody.
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processes (Fig. 26) suggested that a measurable amount of the secreted stromelysin
remained associated with the cell surface. Cells normally synthesize and express
a variety of proteoglycans containing heparin-sulfate moieties on their surface (18),
which can bind SLN (56).

To better differentiate extracellular versus intracellular SLN, SFF-SLN (Fig.
30 and 31) and SFF-GH (Fig. 32) clonal cell lines were immunohistochemically
stained using a chicken anti-human SLN peptide antibody in the presence and
absence of membrane permeabilizing detergent and photographed for comparison.
This chicken anti-SLN antibody, while made against the same SLN peptide as the
rabbit peptide antibody used in Figures 26-29, never gave as intense a level of
staining as the rabbit antibody. Clones stained without detergent present appeared
to have a light staining across the surface of the cell body and processes (Fig. 30),
but when compared to photographs of the SFF-GH control cultures, it was not
possible to determine visually whether the SFF-SLN staining was above that of
SFF-GH (Fig. 32). When cultures were stained with detergent present, a punctate,
cytoplasmic pattern of staining, especially in the region surrounding the nucleus,
- was found (Fig. 31). This pattern is consistent with rough endoplasmic reticulum

and golgi staining.
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Figure 30. Immunohistochemistry without membrane permeabilizing detergent
of confluent SFF-SLN clonal cell line using a chicken anti-human
SLN polyclonal antibody.
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Figure 31. Immunohistochemistry with membrane permeabilizing detergent
of confluent SFF-SLN clonal cell line using a chicken anti-human
SLN polyclonal antibody.
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Figure 32. Immunohistochemistry with membrane permeabilizing detergent

of confluent SFF-GH contro] clonal cell line using a chicken
anti-human SLN polyclonal antibody.
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G. Western Blots of Coculture Media

When clonal cultures were grown and maintained in their usual growth
conditions, DMEM media with 10% fetal bovine serum, the high percentage of
serum proteins present interfered with any attempts to visualize the SFF-SLN
protein product by polyacrylamide gels or Western blots. This was due in
particular to a very dense bovine serum albumin band, which runs at a molecular
weight close to the expected size of SLN (66 kD for BSA versus 57 and 60 kD for
proSLN).

Three SFF-SLN clones maintained in the presence of serum-free DMEM
supplemented with ITS (insulin, transferrin, selenium) contained no serum
proteins. To run on the PAGE gels, 45 pl of DMEM/ITS media conditioned for
24 or 48 hours (from 2.5 or 5 mls total volume) was loaded per lane. When the
media was run on a polyacrylamide gel, blotted and immunohistochemically
stained (Fig. 33), a doublet was found at approximately 57 and 60 kD. This is
similar to what has been reported for proSLN (43). Western blots stained with
Ponceau S showed the proSLN to be a major protein in the media. The three
SFF-SLN clones were making different amounts of the SLN protein. This
paralleled PCR data for the same clones, showing different levels of SLN mRNA

present (data not shown). When media samples were reduced with 100 mM DTT
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Figure 33. Western blot of conditioned medium from clonal cell lines.

Lane 1,10: Molecular weight markers: 97, 66, 45, 31 kD.

Lane 2:

Lane 3:
Lane 4:

Lane 5:
Lane 6:

Lane 7:
Lane 8:

Lane 9:

50 ul media from mock-transfected coculture controls.

50 ul media from SFF-SLN clone #S1W10-D).
50 pl media plus 10 mM DTT from SFF-SLN clone
#S1W10-D).

50 pul media from SFF-SLN clone #S1W10-K).
50 pl media plus 10 mM DTT from SFF-SLN clone
#S1W10-K).

50 ul media from SFF-SLN clone (#S1W10-L).
50 ul media plus 10 mM DTT from SFF-SLN clone
(#S1W10-L).

Positive control. 10 ul conditioned media plus 10 mM
DTT from trabecular cells stimulated with 1 uM
dexamethasone and 40 U/ml IL-1« for 72 hrs. Media
was concentrated 20-fold. SLN doublet is at 64 and 62
kD. (Band at 66 kD is BSA from the media which stains
nonspecifically with anti-SLN antibody.
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before electrophoresis, the doublet of antigenic reactivity was found to run at 60
and 62 kD. Two cysteines in a disulfide bond are reduced in SLN. Mock
transfected control and SFF-GH media did not exhibit any detectable antigenic

bands on Western blots.

H.  Substrate Gel Electrophoresis of Coculture Media

Substrate gel electrophoreses using standard SDS-PAGE gels, which have
been cast with an enzyme substrate, in this case casein, were used to determine
whether a protein band has enzymatic activity. The gel is incubated in activation
buffer following electrophoresis and then stained with Coomassie blue. Bands of
clearing develop where SLN has proteolytically cleaved the substrate which then
diffuses from the gel during the incubation process. DMEM/ITS media from SFF-
SLN and SFF-GH clones were prepared as for Western blots discussed above, and
30 pl per lane was electrophoresed. Two bands of activity were found in the SFE-
SLN lanes at 57 and 60 kD (Fig. 34), consistent with the bands of antigehic
activity found in the SFF-SLN samples on the Western blots. When samples were
first reduced with 100 mM DTT, the doublet of enzymatic activity was found at
60 and 62 kD molecular weight, also consistent with the Western blot.

Incubating the zymogram in activation buffer with the addition of 1, 10-
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Figure 34. Zymogram of conditioned medium from clonal cell lines. (Zymogram
with lanes 6, 7, 8, 9 was activated in the presence of 10 mM 1,10-
phenanthroline, a preferential zinc chelator.)

Lane 1: S mls of conditioned media from trabecular cells
stimulated with 1 uM dexamethasone and 40 Units/ml
IL-1ex for 72 hours was concentrated 20 fold and 5 pul
loaded as a positive control. SLN is doublet at 62
and 60 kD. (64 and 57 kD bands are interstitial
collagenase which is also stimulated by dexamethasone
and has some activity on casein zymograms.)

Lane 2, 6: 20 ul media (unconcentrated) from mock-transfected
coculture controls.

Lane 3, 7: 20 ul media from mock-transfected coculture controls,
plus 10 mM DTT.

Lane 4, 8: 20 ul media from SFF-SLN clone #S1W10-D).

Lane 5, 9: 20 ul media from SFE-SLN clone (#S1W10-D),
plus 10 mM DTT .
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phenanthroline, a zinc chelator and a known inhibitor of metalloproteinase
enzymatic activity (9), resulted in the loss of activity of both the 57 and 60 kD

bands and the 60 and 62 kD reduced bands (Fig. 34).

I Digestion of Stromelysin with Endoglycosidase D

The polysacchride side-chains of SLN were determined by Wilhelm et al.
(142) to be N-linked, by using [*H]-mannose to label fibroblast glycoproteins and
immunoprecipitating proSLN. SDS-PAGE gels and Western blots revealed a
protein doublet, of which the upper, minor band was also radiolabeled. They also
digested their labeled proSLN with Endoglycosidase H, which cleaves high
mannose polysaccharides, without success.

Therefore, Endoglycosidase D, which cleaves mature, low mannose
polysaccharides at a (1-4) N-acetyl glucosamine linkage, was used to remove
polysaccharide side-chains from proSLN. Following enzymatic digestion, the
samples were subjected to SDS-PAGE electrophoresis under reducing conditions
then Western blotted. There was no positive control used for Endoglycosidase
activity. To analyze shifts from the reduced glycosylated 62 kD form to the
nonglycosylated 60 kD form, the lanes were scanned with a densitometer. The

absorbance for each glycosylated band was divided by the absorbance for each
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nonglycosylated band. This ratio was plotted as a bar graph (Fig. 35) and shows
a shift from the glycosylated to the nonglycosylated form.

While some digestion of polysaccharide side-chains occurred, there was a
significant amount which remained in the immunoreactive, upper band of proSLN.
Fully mature polysaccharide side-chains may also contain additional moieties, such
as sialic acid residues, which can interfere with the ability of Endoglycosidase D
to cleave the hybrid oligosaccharide. An alternative enzyme which may be useful

would be N-Glycosidase F.

J. Estimation of Stromelysin Concentration in SFE-SLN

Conditioned Media

Conditioned media from SFF-SLN clone #G-11 was subjected to SDS-PAGE
electrophoresis under nonreducing conditions in three concentrations, 50, 100 and
150 pl. Following electrophoresis, the gel was stained with Coomassie blue (Fig.
36). The same samples were electrophoresed and Western blotted. The heavy 57
kD protein band in the Coomassie blue stained gel corresponded to the proSLN
immunoreactive band of the Western blot, also at 57 kD (Fig. 37). The 57 kD
immunoreactive band of the Western blot was also the major protein band

visualized on the Ponceau S stain of the blot before immunochemical processing.
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Figure 35. Western blot of conditioned medium from SFF-SLN clonal cell line
(#S1W10-D) following treatment with Endoglycosidase D.

Lane 1, 3: 50 ul conditioned media plus 10 mM DTT.

Lane 2, 4: 50 pl conditioned media plus 10 mM DTT following
digestion for 1 hour at 37° C with 25 pU
Endoglycosidase D.

Lane 5: Molecular weight standards.

Bar graph: Each lane was scanned by densitometry and the
absorbance of the top band (glycosylated) was divided by
the absorbance of the bottom band (nonglycosylated).
The ratio for each pair of bands is plotted as a bar graph
under their respective lanes.
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Figure 36. Coomassie blue SDS-PAGE gel of bovine serum albumin and SFF-
SLN conditioned media. BSA standards were scanned with a
densitometer and the absorbance versus concentration was plotted
(Fig. 38). The concentration of the 57 kD SLN band (Lane 5) was
estimated from the BSA standard curve.

Lane 1:
Lane 2:
Lane 3:
Lane 4:
Lane 5:
Lane 6:
Lane 7:

50 ng BSA standard.
100 ng BSA standard.
200 ng BSA standard.
400 ng BSA standard.
50 ul SFF-SLN conditioned media.
100 ul SFF-SLN conditioned media.
150 ul SFF-SLN conditioned media.
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Figure 37. Western blot of SDS-PAGE gel of SFF-SLN conditioned media. The
57 kD band was both visualized on the Ponceau § staining of the
nitrocellulose blot and immunochemically stained by the anti-SLN
peptide antibody.

Lane 1: 150 ul SFF-SLN conditioned media.

Lane 2: 100 ul SFE-SLN conditioned media.
Lane 3: 50 ul SFF-SLN conditioned media.
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The Coomassie stained proSLN band was scanned with a densitometer in both the
vertical and horizontal directions. BSA was also electrophoresed at 50, 100, 200
and 400 ng and similarly scanned as a reference.

The absorbance for 50, 100 and 150 ul of proSLN in SFF-SLN conditioned
media, when scanned vertically was 7,201, 12,518 and 18,848 Density Units,
respectively. In the horizontal direction, the absorbance was 16,497, 31,392 and
53,036 Density Units. Since the horizontal and vertical absorbance for the 50 ul
SFF-SLN sample fell within the range of the values for the BSA standards, the
concentration of proSLN could be estimated from plots of the band density vs.
concentration for BSA (Fig. 38). From these plots, proSLN was estimated to be

present at a concentration of 5-6 ug/ml in 24 hour condition media.

K. Activation of proSLN to the Latent Form

Two methods were employed to activate proSLN. The first, trypsin
digestion, was carried out by incubating 1 ml of SFF-SLN (Clone #G-11)
conditioned media with 400 ng trypsin for various lengths of time.

When electroblotted and immunostained on a Western blot (Fig. 39), the
proSLN doublet at 60/63 kD shifted first to the intermediate activation state at

54/57 kD and then was further processed over time to the 47/50 kD active form.
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Figure 38.

SDS-PAGE lanes were scanned and analyzed for Coomassie blue staining density.
Bovine serum albumin was applied in the amounts indicated; undiluted conditioned
media from SFF-SLN clone #G-11 was electrophoresed at 50, 100 and 150 1 per
lane. Similar proSLN concentrations were obtained by both methods.

Stromelysin production of high-producing clones was estimated at 5.5 ug per
milliliter of culture media.
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Figure 39. Western blot of conditioned medium from SFF-SLN clonal cell line
(#G-11) following activation of proSLN with 400 ng/ml trypsin at
37° C.

Lane 1: Molecular weight standards: 200, 116, 97, 66,
45, 31 kD.

Lane 2: 20 ng trypsin (control).
Lane 3: Control. 50 ul untreated conditioned media.
Lane 4-11: Time course of activation by trypsin treatment.

50 pl conditioned media at time O to 18 hr.,
as indicated.
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By 4.5 hours most of the immunoreactivity at all molecular weights has
disappeared and by 18 hours is completely gone as the 45/50 kD active form is
further processed by cleavage of the carboxy terminal domain to a 31 kD form.
The anti-SLN antibody used for these Western blots does not detect the 31 kD
form. The same samples, when electrophoresed on a zymogram (Fig. 40), show
bands of enzymatic activity that correspond with the bands of immunoreactivity.

The second method used for activation of proSLN involved the use of an
organomercurial, 4-aminophenylmercuric acetate (APMA). On a Western blot, the
major bands of immunoreactivity occur at 60/62 kD, with the 62 kD form being
the minor glycosylated form (Fig. 41). The next major immunoreactive band is
at 52 kD, and is probably the intermediate activation state of the 60 kD
nonglycosylated proSLN. The next identifiable band is at 47 kD and represents
fully activated SLN. Since the glycosylated proSLN is present in greatly reduced
quantities to begin with and as a glycoprotein will electrophorese as a more diffuse
band, the intermediate activation state and the fully activated form of glycosylated
SLN does not appear to be visibly detectable on the Western blot.

When these samples were electrophoresed on a zymogram (Fig. 42), the
bands of enzymatic activity corresponded with the bands of immunoreactivity on

the Western blot. The 52 kD band was enzymatically much more active than the
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Figure 40. Zymogram of conditioned medium from SFF-SLN clonal cell line
(#G-11) following activation of proSLN with 400 ng/ml trypsin at
37° C.

Lane 1: Molecular weight standards: 200, 116, 97, 66, 45
31 kD.

Lane 2: 4 ng trypsin (control).
Lane 3: Control. 10 ul untreated conditioned media.
Lane 4-11: Time course of activation by trypsin treatment.
10 ul conditioned media at time O to 18 hr.,
as indicated.
(Bands of enzymatic activity at 97 kD are
probably the 92 kD Type IV Collagenase. These

bands were not immunoreactive with the anti-SLN
antibody.)
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Figure 41. Western blot of conditioned medium from SFF-SLN clonal cell line
(#G-11) following activation of proSLN with 5 mM APMA.

Lane 1: High molecular weight protein standards: 200, 116, 97,
66, 45, 31 kD.

Lane 2: 50 pl untreated conditioned media.

Lane 3-8: Time course. 50 ul conditioned media treated with
APMA at time 10 min. to 18 hr., as indicated.
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Figure 42. Zymogram of conditioned medium from SFF-SLN clonal cell line
(#G-11) following activation of proSLN with 5 mM APMA.

Lane 1:

Lane 2-8:

Lane 9:

Lane 10-13;

10 pl untreated conditioned media.

Time course #1. 10 ul conditioned media treated with
APMA at time O to 3 hr., as indicated.

(The band at 67 kD which appears over the time course
is not immunoreactive with the SLN antibody and is
probably the 72 kD Type IV Collagenase, which is also
activated by APMA.)

High molecular weight protein standards: 200, 116, 97,
66, 45, 31 kD.

Time course #2. 10 ul conditioned media treated with
APMA for 2 to 20 hours.
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protein concentration shown on the Western blot suggested it would be. FEither the
APMA intermediate activation state has more enzymatic activity than the fully

activated 47 kD form, or the glycosylated form of the fully activated enzyme has
run as a diffuse band that is overlapping the 52 kD intermediate activation form

but is not discretely detectable on the Western blot.

L. PCR Assay for SLN Inhibitor

To examine whether the constitutive expression of SLN by SFF-SLN clonal
cultures could be detected by the cell and used as a signal to increase production
of SLN’s inhibitors, TIMP-1 and TIMP-2, cultures were assayed using PCR to see
whether these PCR products appeared to change. Three cultures were used: a
mock transfected control cell line, a SFF-GH clone #5 and SFF-SLN clone #G-22.

Cells were harvested across time points for four days, which represented the
cultures moving from approximately 15% confluency to 100% densely confluent
cultures. The densely confluent, contact-inhibited culture represented the point
where cellular homeostasis should be occurring. Each of the three cell lines were
assayed for the presence of five RNAs: SLN, TIMP-1, TIMP-2, GH and G-3-PD,
an enzyme from the glycolytic pathway selected to serve as a putative nonchanging

internal standard. The agarose gels revealed bands for G-3-PD in all three cell
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lines which remains at a stable level across all four time points. Likewise, a SLN
band, which appears only in SFF-SLN clone #G-22 at each time point, is also
stable, as is the GH band found in SFF-GH #5 extracted RNA. TIMP-2 was
present and appeared to be constitutively expressed in all cell lines and across all
states of confluency. TIMP-1, if present in any of the cell lines, appeared to be
in very low levels and was not induced to any appreciable extent (Fig. 43, 44).
This assay is not quantitative as performed here. An RNA standard curve
would demonstrate whether or not the bands seen for the various PCR products fall
within the linear range of the curve and do not exceed the maximum levels of

detection.

M. Infection of Trabecular Meshwork Cells

As a step in developing an in vitro culture system where the maintenance

and turnover of extracellular matrix could be studied, the SFF-SLN retroviral
expression vector was uséd to infect trabecular meshwork (TM) cells, which make
and maintain the extracellular matrix of the TM (11, 12, 17, 18, 19, 20).
Hypothetically, this is the primary lesion site in the eye disease, glaucoma. Since
the PA-12 cell line produces amphotropic virions capable of infecting cells from

other species, bovine and porcine TM cultures were grown and maintained in the
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Figure 43. Clonal cell lines at 15% and 30% confluency. RNA was extracted
from three cell lines: Mock-transfected control cocultures, SFF-GH
clonal cell line and SFF-SLN clonal cell line. RNA from each cell
line was assayed using the polymerase chain reaction with five
primers:  Glyceraldehyde-3-phosphate  dehydrogenase  (internal
standard) (0.4 Kb), SLN (1.4 Kb), TIMP-2 (0.44 Kb), TIMP-1 (0.4
Kb) and Growth hormone (0.4 Kb).
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Figure 44.

Clonal cell lines at 50% and 100% confluency. RNA was extracted
from three cell lines: Mock-transfected control cocultures, SFF-GH
clonal cell line and SFF-SLN clonal cell line. RNA from each cell
line was assayed using the polymerase chain reaction with five
primers:  Glyceraldehyde-3-phosphate  dehydrogenase  (internal
standard), SLN, TIMP-2, TIMP-1 and Growth hormone.
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presence of conditioned media from SFF-SLN, SFF-GH and mock infected murine
cocultures.

The TM cultures were kept at a low state of confluency to optimize the
incorporation of virions into dividing cells (105, 106, 103). After approximately
two weeks in culture with exposure to media-borne virions, the cells were assayed
for the pfoduction of SLN and GH using PCR, radioimmunoassay and
immunohistochemistry.

The radioimmunoassay conducted using media from both bovine and porcine
TM cultures showed GH production in the range of 8.5 ng/ml (in 48 hours). This
occurred only in the cultures infected with SFF-GH (Fig. 45). Amounts of GH
detected in TM infected cultures were significantly lower than levels found in the
murine fibroblast SFF-GH clonal cell lines, which had undergone the amplification
process. These lower levels of GH production suggested that the rate of cellular
infection by the PA-12 amphotropic viruses was low and might be increased by
concentrating the coculture conditioned media used for the infection brocess.

PCR analysis, using the SLN sense and antisense primers, was conducted
with cellular RNA extracted from bovine TM cultures. This revealed that SLN
mRNA was present only in cultures grown in the presence of SFF-SLN

conditioned coculture media (Fig. 46). One TM culture (Lane 4) was exposed to
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Figure 45. Radioimmunoassay for human growth hormone expression by bovine
and porcine TM cultures grown in the presence of conditioned
media taken from SFF-SLN, SFF-GH, and mock transfected murine
cocultures. Growth hormone values are ng/ml of 24 or 48 hour
medium conditioned by the TM cultures following infection.

Type of murine coculture transfection used to | Porcine TM cells | Bovine TM cells
produce infective conditioned medium GH (ng/ml) GH (ng/ml)
mock transfected control (48 hr) 0 0
SFF-SLN (48 hr) 0 0
SFF-GH & SFF-SLN (48 hr) 5.2 ND
SFF-GH (24 hr) ND 1.25
SFF-GH (48 hr) 8.5 2.2




Figure 46. Bovine TM cell expression of SLN mRNA. Total cellular RNA was
extracted from bovine TM control cultures and TM cultures which had
been infected with SFF-GH or SFF-SLN amphotrophic virions.
PCR was used to assay for the presence of SLN mRNA.

Lane 1:

Lane 2:

Lane 3:

Lane 4:

Lane 5:

Lane 6:

Molecular weight standards: 23.1, 9.4, 6.6, 4.4, 2.3,
2.0, 0.6 Kb.

-TM culture grown in the presence of murine mock-transfected

control media.

TM culture grown in the presence of conditioned media from
a murine pSFF-GH transfected coculture.

TM culture grown in the presence of conditioned media from

a murine pSFF-SLN transfected coculture (a low SLN producing
clone).

TM culture grown in the presence of conditioned media from

a murine pSFF-SLN transfected coculture (a high SLN
producing clone).

0.1 pg pBS-SLN plasmid DNA (amplified as a PCR control).
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conditioned media from a pSFF-SLN transfected coculture which had been shown,
by PCR analysis, to have very low levels of SLN mRNA present. This
conditioned media appears to have produced little or no detectable infection of the
TM culture. Unstimulated TM control cultures were shown, by PCR analysis, to
produce undetectable levels of SLN (Fig. 47). TM cells stimulated with the
phorbol-ester, TPA, which acts through the AP-1 binding site in the promoter
region of the SLN gene (68), were also shown to contain detectable SLN mRNA
(Fig. 47), however, the RNA used for this assay was extracted from approximately
five times as many cells as the experiment depicted in Fig. 46.
Immunohistochemistry of porcine TM cells (Fig. 49) showed 32% of the

cultures staining positively for SLN (Table I). Bovine nonconfluent (Fig. 48) TM

Table I. The anti-SLN immunoreactive porcine TM cells were counted
for SFF-GH and SFF-SLN infected cultures.

Type of TM | Averaged Percent | S.E.M.
Culture Immunostained*
SFF-GH 3.62 % 0.79 %
SFF-SLLN 32.4 % 2.01 %

*p < 0.0001, student’s t-test

cultures grown in the presence of SFF-SLN conditioned media showed similar
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Figure 47. Bovine TM cell expression of SLN mRNA when stimulated with the
phorbol-ester, TPA.

Lane 1: pBS-SLN plasmid DNA (0.1 pg) amplified as a PCR control.

Lane 2: RNA extracted from 3.0 X 10° unstimulated TM cells and
assayed for the presence of SLN mRNA.

Lane 3: TPA stimulated TM cells (total RNA extracted from
3.0 X 10° cells).

Lanes 4-6: RNA extracted from SFF-GH clonal cell lines was assayed
using the SLN primers.

Lane 7: RNA extracted from mock transfected control cell line was
assayed using the SLN primers.

Lane 8: Molecular weight standards: 23.1, 9.4, 6.6, 4.4,
2.3, 2.0, 0.6 Kb.
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Figure 48. Bovine TM culture immunohistochemically stained with a rabbit anti-
human SLN polyclonal peptide antibody. Culture was photographed
on an inverted microscope using dark field illumination.
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Figure 49.

Porcine TM cultures immunohistochemically stained using a chicken
anti-human SLN polyclonal peptide antibody. A nonconfluent culture
showing approximately 10 cell bodies which were stained positively

for the presence of SLN. Two illuminated nuclei (arrows) indicate

cells which were not SLN-positive in the field.

142






numbers of SLN-positive cells. These results confirm the GH-RIA data that
suggested the numbers of infected TM cells was significantly lower than the levels
of infection and expression seen with the murine fibroblast clonal cell lines. This
lower level of SLN-positive cells could either be attributed to a lower rate of viral
infection achieved (as compared to the murine coculture amplification system) or
due to decreased SFFV promoter efficiency in the trabecular cells.

The pattern of staining, when compared with the murine fibroblast SFF-SLN
cultures, was not as intense nor punctate in appearance. It appears to be a more
uniform cell surface staining. As with the SFF-GH cultures, the nuclei of some
of the stained cells are distinctively observed (Fig. 50). The reasons for this have

not been determined.
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Figure 50. Porcine TM cultures grown in the presence of SFF-SLN coculture
conditioned media and immunohistochemically stained using a chicken
anti-human SLN polyclonal peptide antibody. Pictured is a field of
densely confluent porcine TM cells which show a cluster of at least
four cells which are positively stained for SLN and may have arisen
from the same precursor cell. SLN-negative cells in the field are
not visible.
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IV. DISCUSSION

A. The Need for an Human Stromelysin Expression System

The goal of this project was to develop a system for the expression of the
proteolytic enzyme, SLN. Although human skin fibroblast SLN mRNA had been
cloned and sequenced (55), the protein product made from this cDNA had not been
expressed. Therefore, before the SLN made from this cDNA could be used for
desired studies in glaucoma, it had to be characterized to show it had appropriate
properties and enzymatic activity.

Human SLN had previously been purified from media conditioned by
stimulated rheumatoid synovial fibroblasts (61). The drawback to this method is
that this transient induction of SLN also results in the induction of interstitial
collagenase and the 92 kD form of Type IV collagenase (43, 61). TIMP-1 is also
induced under conditions which induce the MMPs (91). Studies done with SLN
first required its purification away from other secreted proteins, particularly, the
other MMP’s and TIMP-1. This has been a tedious process, since there is
considerable sequence homology between the MMP’s, thus columns frequently
bind and coelute all MMPs (61, 9).

SLN purification is done most efficiently with a precipitating antibody, but
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sequences for making antibodies and probes must be carefully selected or they will
identify all MMP’s. Peptide antibodies, such as those used in this project, are
seldom optimum for immunoprecipitation. This was found to be true with our
rabbit anti-SLN antibody. The chicken anti-SLN antibody which was also used is
an IgY rather than an IgG immunoglobulin making the immunoprecipitation
protocol more complicated.

The rat SLN homolog, transin, had been moderately well characterized (69,
51, 123, 67, 52, 68, 135) by Matrisian et al. "Transin" was first described as an
oncogene and EGF-inducible mRNA; when it was subsequently sequenced (67) it
was found to be a SLN homolog. A COS cell expression system using a transin
cDNA has been used to express and study the protein product of the transin cDNA
(51, 52).

During the course of this project, Whitman et al. (24, 131) cloned a human
gingival fibroblast SLN cDNA and set up an expression system using the SV-40
promoter and COS cells. This COS cell system and their vector, while giving a
high level of inducible expression, is a transient expression and the cell lines are

not permanent (131).

B.  Results of Stromelysin Expression Using Ping-Pong Amplification
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The use of the Ping-pong amplification retroviral expression system has
several advantages (114, 115). The protein product will undergo eukaryotic
processing, it will be constitutively expressed at relatively high levels using the
retroviral promoters, it will create permanent cell lines expressing the protein of
interest, and the virions produced will be capable of infecting other cell lines of
interest. The data from the SFF-GH PCR experiment also shows that the host cell
is capable of splicing a retroviral RNA correctly to remove even intervening
sequences from a complete genetic coding sequence subcloned into the retroviral
vector (Fig. 21, 22).

. Preprostromelysin processing and post-translational modification

The SLN ¢DNA cloned into pSFF contained the "prepro" sequence as shown
in the sequencing data (Fig. 14), therefore, the nascent peptide should be correctly
routed in the golgi/RER organelles. The immunohistochemistry carried out with
and without detergent support this expectation (Fig. 30, 31).

It had p;eviously been reported that SLN, which was produced by phorbol-
ester stimulated human fetal lung fibroblasts, underwent post-translational
modification in the golgi (55). On SDS-PAGE gels stained with Coomassie blue,
the major protein product in the conditioned media appears to be SLN, present in

both a minor glycosylated and major nonglycosylated form. The Western blot
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verified this doublet was immunoreactive, using both a rabbit and chicken peptide
antibody (Fig. 33). Endoglycosidase D digestion showed a shift of the higher
molecular weight, minor band to the lower nonglycosylated form (Fig. 35). The
digestion, however, did not go to completion and may be due to the presence of
hybrid oligosaccharides, which Endoglycosidase D does not effeciently remove.
Digestion with N-glycosidase F may give better results because it cuts high
mannose polysaccharides and is not inhibited by sialic acid and other such
moieties.

2, Prostromelysin secretion

Secretion of SLN from cells is assumed to be by way of the constitutive
pathway (70). TPA induction gives an initial increase in SLN mRNA. This is
followed by a rise in proSLN found extracellularly starting at 6 hours post-
stimulation and peaking at approximately 36 hours (70).

The SFF-SLN clonal cell lines also show greatly increased levels of SLN
mRNA (Fig. 19) compared to mock transfected control cells and SFF-GH clones
(Fig. 47). The major identifiable band on Western blots of SFF-SLN conditioned
media immunostained with anti-human SLN peptide antibodies is the latent
propeptide form of SLN (Fig. 33). If the active form of SLN is present in the

conditioned media, no band has been visually detected at the expected 47kD size
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on Western blots or in the zymograms (Fig. 34). While the in vivo mechanism for

activation of proSLN is unknown (61, 136), this data suggests it is a specific, well

controlled event.

C. Functional Activity of Stromelysin

1L Reduction of cys disulfide does not inhibit enzymatic activity
When conditioned media from SFF-SLN clonal cell lines was first reduced

with DTT and then electrophoresed on a 10% SDS-PAGE gel, the immunoreactive
proSLN doublet was found to shift from 57/60 kD to 60/62 kD (Fig. 33). There
is one cysteine pair (cys*° and cys*’’) which forms a disulfide bond (55) and would
be capable of undergoing reduction in proSLN to produce this molecular weight
shift. After electrophoresis on a zymogram (Fig. 34) and enzyme activation, the
reduced proSLN appears to retain its enzymatic activity, although it has not been
shown the cysteine disulfide bond has not reformed during the incubation stage.
Enzymatic activity was abolished in the presence of 1,10-phenanthroline (Fig. 34),
a chelator which removes the zinc atom from the enzyme’s active site (25).

D Activation of latent stromelysin

Western blots and zymograms showed SLN to be present in the clonal

conditioned media in the latent propeptide form (Fig. 33, 34). It was necessary
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to show that the latent retrovirally-expressed, recombinant proSLN could undergo
processing to its enzymatically active form. The two methods chosen for this,
trypsin activation and APMA activation, had been described for both purified
human proSLN from rheumatoid synovial fibroblast conditioned media (61, 63,
136) and rat transin (51, 52).
a. Trypsin activation

Trypsin activation was conducted at an estimated molar ratio of 140 nM
trypsin to 11 nM SLN, at 37° C and over an 18 hour time course. Western blots
(Fig. 39) and zymograms (Fig. 40) show that the latent proSLN undergoes an
initial tryptic digestion to yield an intermediate form at an estimated 54/57 kD.
It is further cleaved to its mature, active 47/50 kD form very rapidly (within 30
min.), followed by an equally rapid degradation to smaller molecular weight
forms. Smaller SLN fragments at 28 and 21 kD (51, 61) were undetectable on
Western blots (Fig. 39). The C-terminus domain, which is cleaved to yield these
forms, is also the region recognized by the antibodies (127). On zymograms,
there was a region of clearing (Fig. 40), which may be the 28 kD SLN (51, 61).
There was also a band of enzymatic activity found at a lower molecular weight
(estimated at approximately 15 kD) (51, 61) which increases in intensity over the

time course of the experiment. Trypsin activation of the retrovirally expressed
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proSLN was consistent with activation data that has been published for interstitial
procollagenase (25), purified human rheumatoid synovial fibroblast proSLN (61,
63, 136) and recombinant protransin (51, 52).

b. APMA activation

Organomercurial activation was carried out with 5 mM APMA and an
estimated 11 nM SLN. Organomercurials activate MMPs by an unknown
mechanism, but the process of activation can be inhibited by mercaptans (25). The
first step in activation is suggested to be the dissociation of the propeptide’s
cysteine sulfhydryl from the zinc active site (63, 136). Interstitial procollagenase,
which is activated by a similar mechanism to proSLN (25, 136), has been shown
by Stricklin et al. (25) to have enzymatic activity when it is in this form. Ionic
detergents, such as SDS, initiate the activation process by conformational
perturbation, as well (25).

In the second step of APMA activation, an intramolecular cleavage within
the propeptide sequence occurs between Glu® and Val® (25, 63) by an unknown
mechanism. This form of SLN electrophoresed at approximately 47 kD (52, 136)
and is present on Western blots (Fig. 41) and zymograms (Fig. 42) of retrovirally
expressed proSLN treated with APMA (estimated molecular weight is 49-50 kD

in Figs. 41 and 42). Next, the intermediate activated state reportedly undergoes
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an intermolecular cleavage, which produces the 45 kD fully active form of SLN
(51, 52, 63). APMA-treated proSLN, expressed by the SFF-SLN clonal cell lines
also produced this molecular weight form (Fig. 41, 42).

The zymogram of APMA activated conditioned media (Fig. 42) shows a
strong band of enzymatic activity at 49 kD. This may be due to a differential level
of activity between the intermediate activated forms of proSLN generated by
trypsin and APMA (52), or it may be the minor glycosylated form of active SLN
has electrophoresed as a more diffuse band overlaying the 49 kD intermediate.

The activation by APMA occurs more slowly than it does with trypsin. The
time course with APMA activation shows that the molecular weight shift from
proSLN (60 kD) to the active form (45 kD) is still progressing at 2 hours, whereas

trypsin activation is completed in approximately 30 minutes.

D. SFF-SLN Clonal Cell Lines

1. Northern blot shows increased level of expression of

retroviral RNA

The use of the Ping-pong amplification system also allowed the
establishment of permanent, high-producing murine fibroblast clonal cell lines. On

a Northern blot (Fig. 24), a SLN-cDNA probe hybridized to two RNA bands
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containing SLN message. These messages were the predicted sizes for RNA made
from the SFF-SLN provirus. The larger (6.0 Kb) message is the full genomic
RNA; the smaller (3.3 Kb) is the subgenomic message made from the larger RNA
following a splicing event (Fig. 25). Control RNA (from SFF-GH cells) did not
contain any detectable SLN bands. If murine fibroblast SLN were being induced
by the retrovirus, it would be seen at approximately 1.9 Kb (67). Zymograms also
showed that the 72 kD and 92 kD Type IV collagenase as well as interstitial
collagenase were present in the media only in low, barely detectable levels,
consistent with unstimulated basal secretion (70).
o PCR analysis shows stromelysin mRNA is present in
SFFE-SLN clonal cell lines

Screening of SFF-SLN clonal cell lines using PCR showed SLN mRNA to
be present only in SFF-SLN cell lines (Fig. 19) and not in SFF-GH or mock
transfected controls (Fig. 47). Bovine trabecular meshwork cells were able to
produce SLN mRNA in response to TPA stimulation (Fig. 47), however, the
amount of mRNA produced was never as high as that produced from murine SFF-
SLN clonal cell lines. The levels of SLN mRNA found in SFF-SLN clonal cell
lines also correlated with Western blots of conditioned media from the same clones

(Fig. 33), i.e. clones with high levels of SLN mRNA also had high levels of
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proSLN (data not shown).
3, Estimation of prostromelysin concentration

Coomassie blue stained SDS-PAGE gels and Western blots showed proSLN
was the major protein present in SFF-SLN clonal conditioned media. Scanning
densitometry gave an absorbance for proSLN, which when analyzed based on a
standard curve of BSA protein concentration versus absorbance, allowed an
estimation of proSLN concentration. This was estimated to be 6 ug/ml, or 30 ug
of proSLN per 10° cells per 24 hours (i.e. one T25 flask with 5 mls conditioned
maedia). This synthesis and secretion surpasses the amount of proSLN produced
through TPA stimulation of rabbit capillary endothelial cells (15 pg proSLN per
10° cells per 48 hours) (70). The SFF-SLN expression system, therefore,
represents a greatly improved method for producing relatively large amounts of
processed SLN.

4. Clonal cell lines are unstable with high stromelysin production

MMPS have been shown to be vectorially secreted upon the formation of
tight junctions (132). The major form of SLN found in the media using Western
blots and zymograms was the propeptide (Fig. 33, 34), however, with vectorial
secretion, a small amount of SLN being activated may be sufficient to sever

matrix-cellular connnections, making these cultures more prone to detach from the
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surface of the culture flask. The in vivo mechanism for activation of proSLN is

not known, however, recent work has suggested the activator for the 72 kD Type

IV collagenase is membrane associated (137).

E. Cell-Matrix Destabilization -- A Possible Feedback Loop?

A coordinated regulation has been described for MMPs that shows their
production is down-regulated as the cell becomes confluent (8). Indeed, a lack of
such down-regulation is a property of metastatic tumor cells. This has suggested
to several investigators that the cell may have some mechanism for detecting
whether or not it has reached homeostasis (8, 138, 139, 140). Werb et al. (139)
and Ingber and Folkman (138), have suggested that fibronectin and integrins may
play a role in stabilizing the cell’s cytoskeleton, which is in turn "read" by the
nucleus as a signal to move into a differentiation gene program.

Since the clones containing the SFF-SLN provirus are constitutively
expressing proSLN, we reasoned that they could not reach homeostasis as they
became confluent. This seemed to be an ideal system, therefore, to examine
whether the inhibitors for MMPs, TIMP-1 and TIMP-2, could be induced in
response to this lack of extracellular stability. PCR was conducted with RNA

extracted from clonal cell lines as they became densely confluent (Fig. 43, 44).
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The data showed these fibroblasts normally synthesize an appreciable amount of
TIMP-2 in a constitutive fashion. Stetler-Stevenson et al. (92), have suggested this
role for TIMP-2, because the gene does not have a TPA responsive-element (TRE)
as does TIMP-1 in its upstream promoter region. TIMP-1, which has both a TRE
and a serum responsive-element (91) seemed the most likely candidate to be
upregulated if the nucleus were able to detect cytoskeletal destabilization. TIMP-
1, however, did not appear to change its level of synthesis as a function of
confluency of the clonal cell lines under the conditions of the PCR assay as
described. The PCR assay was not quantitative, however, without an RNA

standard curve to demonstrate the PCR products were within a linear range.

K. Establishment of Cell Lines Infected with SFF-SLN

The amphotropic viruses produced by the PA-12 packaging cell line during
the course of the ping-pong amplification process are capable of infecting cells of
any mammalian species. They were used, therefore, to establish cultures of
bovine and porcine trabecular meshwork cells, which were capable of producing
SLN in a constitutive manner. These cultures were shown to have both SLN
mRNA present, by PCR (Fig. 46) and an immunoreactive SLN protein, by

immunohistochemistry (Fig. 48, 49, 50).
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The cultures were estimated to contain 32% infected cells, based on the
immunohistochemical staining. This rate of infection of TM cells is not nearly as
great as the level achieved using the murine coculture amplification system. The
lower rate of infection is consistent with either a low viral titer in the coculture
conditioned media, which was used to produce the infected TM cultures, or a low
rate of infectivity of TM cells by these amphotropic viruses. The amount of
infection could be increased in the future, by raising the concentration of virus that
the cultures are exposed to, thereby increasing the number of cells infected. It is
also possible that the SFF promoter is not an efficient promoter in TM cells, which
are of neuroectoderm origin, thereby giving a lower level of SLN mRNA

expression than in the murine fibroblasts.

G. Implications for the Study of Glaucoma

Trabecular meshwork cultures which constitutively produce SLN lend

themselves to the development of the first in vitro system designed for the study
of glaucoma and its progression. No animal models currently exist for the study
of flow dynamics through the trabecular meshwork. Glaucoma is a slow, chronic,
nonfatal disease, so available human glaucomatous tissue has generally been

subjected to years of drug and laser treatment. Cultures grown on a flow filter or
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explants cultured in a perfusion chamber can be used to study flow dynamics and
changes that occur when the ECM undergoes a more rapid remodeling.

Construction of a pSFF-TIMP expression vector would allow specific
manipulation of fluid dynamics with TM cultured cells expressing either SLN or

TIMP or both.
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V. SUMMARY

Using the Ping-pong amplification system for the expression of a previously
sequenced but unexpressed SLN cDNA allowed the establishment of permanent
clonal cell lines, which produced high levels of proSLN. This proSLN was
antigenically reactive with two SLN peptide antibodies, could be localized
intracellularly using immunohistochemistry and underwent post-translational
modifications, which appear to be consistent with endogenous SLN synthesis.
Secreted proSLN exhibited similar electrophoretic mobilites and underwent
enzymatic activation in a manner as described for SLN in the literature. This
enzymatic activity was inhibited by 1,10-phenanthroline, a zinc chelator.

Establishment of permanent clonal cell lines producing high levels of SLN
provides a system for the study of cell homeostasis, extracellular matrix turnover,
and regulation of expression of MMPs, their inhibitors and ECM components.
Initial studies suggest an absence of direct feedback from SLN over-production on
levels of TIMP-1 and TIMP-2 mRNA levels.

Amphotropic virions produced by the murine fibroblast cocultures have been
shown to infect trabecular meshwork cultures and become stably expressed. This

provides a means of producing an in vitro model for studying the maintenance and
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turnover of extracellular matrix in the trabecular meshwork and the role it may

play in the etiology and treatment of glaucoma.
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