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Abstract

The expression of the lysosomal cysteine proteases, cathepsins B, H, and L, and
cysteine protease inhibitors in intracellular (cells) and extracellular (media) fractions
prepared from the MCF-7 human breast cancer cell line, its adriamycin resistant
variant, MCF—?IAdrR, and their somatic cell hybrid, M:A, was examined using
synthetic substrates. Although these three cell populations had similar growth
parameters, MCE-7/AdrR demonstrated statistically significant 10-25 fold and 10-15
fold higher levels of intracellular cathepsins B and L activities respectively, than those
found in the MCF-7 parent, or the M:A hybrid. Moreover, the increased levels of
cathepsins B and L observed in MCF-7/AdrR were not observed in either gpr or
ras/gpt transfected MCF-7 cells. Cathepsin H activities were similar in all MCF-7
populations examined. The pattern of expression of acid/pepsin activatable cathepsin B
in extracellular fractions of MCF-7, MCP—'?IAdrR, and M:A was similar to that
observed in intracellular fractions. Analysis of free and total cysteine protease
inhibitor levels in MCF-7 and MCF-7/ AdrR cells using FPLC suggested MCF-7 cells
possessed almost twice the total inhibitor level of MCE-7/AdrR, but retained better
than half of this activity in a protease bound (ie., inactive) form. These results support
the conclusion that alterations in the levels of total cysteine protease inhibitors, may

centribute to increased levels of cathepsin B and L activity in MCF-7/ AdrR cells.
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Introduction

Normal homeostasis within animals involves a delicate and complex balance
between cell division and cell death. In a young animal, cell multiplication exceeds
cell death so that growth may occur. In adults, some cells terminally differentiate then
die, and show little or no replacement. The growth of animal cells is a carefully
regulated process that responds intrinsically to the specific needs of the body (Darnell
et al., 1990). Occasionally, however, the mechanisms involved in regulating
homeostasis break down. A cell may begin to grow and divide, although the body has
no need for further cells of its type. Descendants of this transformed cell may inherit
their parents lack of for regulation, eventually producing a clonal population of cells
able to grow and expand indefinitely. This mass of "immortal cells” is called a turnor.

There are two basic types of tumors manifested within an organism, benign and
malignant. Benign tumors exist as an encapsulated, non-invasive and non-metastasizing
(i.e. non-malignant) mass of cells that generally are not considered life threatening
(Clark, 1991). Despite the appearance of proliferative excesses associated with "odd”
histological cell patterns, these tumors usually appear well differentiated (Buckley,
1992). In contrast, malignant tumors develop abnormal histological cell patterns and
also exhibit a loss of pattern, the n;ost malignant tumors being devoid of any pattemn
(Buckley, 1992). These histological observations are consistent with evidence that
malignant cells exhibit: deficiencies in differentiation, variability in phenotypes, rates

of cell proliferation in excess of rates of cell death, and, failure to remain in their



1.1

natural positions, resulting in invasion of normal tissue and metastasis to distant sites in
the body (Tryggvason er al., 1987). Of all the malignant phenotypes. metastasis, the
uncontrolled spread of malignant cells throughout the body, is the primary cause of

death from cancer (Liotta, 1992).

Metastasis: Molecular Mechanism

Descriptively, the process of metastasis is well established. Cells dissociate from
the primary tumor, enter the circulatory system, travel to distant sites, and initiate a
secondary tumor. However, litde is known conceming the molecular mechanism of
the metastatic cascade since the inherent complexity of carcinogenesis and of host-
tumor interactions have confounded the interpretation of results (Kerbel er al., 1988;
Stetler-Stevenson, 1990; Liotta er al., 1991). Despite this restriction, research has
provided some insight into the mechanism of metastasis. For example, Liotta and
colleagues observed that expression of the metastasis phenotype required activation of a
set of effector genes different from those for transformation to immortality (Liotta er
al., 1991). Such studies suggest that different malignant phenotypes are under
different genetic controls. 'fhe diversity in genetic controls, in turn, suggests
variability in expression of each malignant phenotype. Thus individual cells from the
same tumor may possess different metastatic potential and might therefore be expected
to demonstrate different efficiencies for initiating secondary tumors (Fidler and Hart,
1982; Liotta er al., 1991).

Research comparing proteolytic activity in normal and cancer cells has also

provided insight into the mechanism of metastasis. In 1925, A. Fischer reported that



malignant tumor tissue, but not normal tissue, released “factors” capable of degrading
extracellular proteins (reviewed in Recklies ef al., 1980). Research in whole animal,
tissue, and cell culture systems over the last 20 years has confirmed this result and has
established that levels of protease activities are increased in malignantly transformed
cells (Jones and DeClerk, 1980; Hocman, 1992). It has been suggested that this
increase in activity is a prerequisite for the expression of the metastasis phenotypes
(Liotta, 1990; Hocman, 1992).

The link between tumor-associated proteases and metastasis is a logical one for
various reasons. First, there are several points during the metastatic cascade that
would be facilitated by the action of proteases; for example, entry into and escape from
the circulatory system, and penetration into normal tissue (Liotta, 1992, Hocman,
1992). Second, in normal cells, proteases are involved in degradation of the
extracellular matrix, a2 complex component necessary to maintain the structural and
functional integrity of each cell within a tissue. The extracellular matrix consists of
two major structural components, the basement membrane and interstitial connective
tissue. These differ with respect to composition, location, and function (Tryggvason et
al., 1987). Basement membranes are thin, continuous, extracellular structures present
throughout the body. They separate organ cells, epithelia, and endothelia from the
interstitial connective tissue. The interstitial connective tissue, on the other hand, is a
complex matrix composed of cells located in a meshwork of collagen and elastic fibers,
proteoglycans, glycoproteins, and hyaluronic acid substance. It is present in several
different forms, including bone, tendons, cartilage, ligaments, fasciae, and stroma, and

- plays a mechanical and supportive role. Degradation is highly regulated and involves



1.2

synthesis, activation, and inhibition of pro-enzymes in the extracellular environment
(Starkey, 1990). A breakdown in this regulation could result in an increase in the
level of active protease. This, in tumn, would facilitate metastasis of a cancer cell.
While there is increasing evidence that proteases are involved in metastasis, ncither
the identities of the proteases involved, nor the molecular and cellular basis for their
increased aciivities is understood. Since some of the extracellular components, for
example, collagen and elastin, are noi efficiently degraded at physiological pH by
general proteases, it might be anticipated that degradation would require a battery of
hydrolytic enzymes (e.g., proteases) operating concomitantly (Recklies ez al., 1980).
More recent evidence suggests that extracellular proteases may indirectly stimulate cell
multiplication through the secretion and induction of other proteases via a multi-step,
multi-path cascade of proteolytic events (reviewed in Scher, 1987). Regardless of the
experimental details, the evidence thus far suggests that the phenotypic expression of
metastasis (and invasion) most likely involves a number of proteases working together
in a manner similar to the proteolytic cascades involved in biological processes such as
blood coagulation (Liotta er al., 1991). Further evidence suggests that the acid

proteases, or cathepsins, play an important role in metastasis.

Proteases: The Lyso_soma! Cathepsins

Lysosomal exopeptidases (peptidases) and endopeptidases (proteinases) are
responsible for the metabolism and function of numerous proteins (Neurath, 1989).
The endopeptidases, some of which are also exopeptidases, can be grouped into four

major families based on their catalytic site, optimum pH, cation requirements, and



susceptibility to inhibitors: cysteine proteases, serine proteases, aspartic proteases, and
metalloproteases (Table 1). While all of these proteases have been implicated in
various biological and pathological processes, the lysosomal acidic proteases, termed
cathepsins, together with plasminogen activators and collagenases, have been most
frequently associated with invasion and metastasis (Dresden et al., 1972; Jones et al.,
1975; Rochefort ez al., 1992; Sloane et al., 1992).

The cathepsins, for example cathepsin D, an aspartic protease, cathepsin G, a
serine protease, and cathepsins B,H, and L, cysteine proteases, are present in most
mammalian cells (Neurath, 1989). They are involved in normal tumover of cellular
components including the degradation of hemoglobin, collagen, cartilage proteo-
glycans, immunoglobulin G, bacterial cell wall proteins (reviewed in Leonessa ez al.,
1992), as well as components taken up from the extracellular environment (reviewed in
Sloane et al., 1990a). Cathepsins are synthesized on membrane-bound ribosomes as
biologically inactive precursors (Figure 1), and are transferred co-translationally into
the endoplasmic reticulum and later into the golgi apparata (Bohley and Seglen, 1992).
After post-translational proteolytic processing and modification of carbohydrate
moieties, they are transported to the lysosomes. Transport is mediated by a recepior
that recognizes mannose-6-phosphate residues present on the precursor cathepsins.
This process involves signal peptide cleavage, propeptide cleavage, and in some cases,
carboxy-terminal processing (Nishimura et al., 1990; Mach et al., 1992).

In normal cells, proteolytic maturation to the z;f:ﬁve enzyme occurs as an early
event within the lysosomes (Nishimurza and Kato, 1987). Only a small amount of the

proenzyme is secreted by default into the extracellular fluid. However, the secretion of
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active and activatable latent forms of cathepsin B and L has been shown to be elevated
in response to malignant dedifferentiation (Recklies er al., 1980; Mort er al., 1981;
Recklies er al., 1982). It has been suggested that this elevation reflects, at least in part,
an alteration in the normai intracellular trafficking of the lysosomal enzymes resulting
in increased secretion of lysosomal cathepsins (Sloane er al., 19902). Other studies
supported and expanded on this interpretation. Maciewicz and colleagues (1939), for
example, reported high levels of pro-cathepsin B and L in all cell lines established from
colorectal carcinoma. However, only clonally-derived, malignant cell lines were able
to process them to the mature active forms. Based on these results, it was hypothesized
that metastatic potential was better related to levels of active enzyme rather than levels
of synthesized precursor (Lah er al., 1992a). The data support this hypothesis.
Elevated levels of cathepsin B activity have been reported in experimentally induced
tumors (Sloane et al., 1982; Rozhin er al., 1987) as well as in lung (Higashiyama ez
al., 1991), gastric, colorectal (reviewed in Higashiyama er al., 1993) and breast
cancers (Krepela er al., 1989; Lah er al., 1992a). In each study, tumors with higher
grades of metastatic potential also demonstrated higher levels of active cathepsin B
(reviewed in Sloane er al., 1987; Sloane, 1990). Evidence for a similar correlation
between metastatic potential and other cancer-assoclated enzymes such as cathepsin D
(Sloane er al., 1982; Rochefort er al., 1992; Johnson er al, 1993), plasminogen
activator (Schmitt er al., 1992), and collagenase (Recklies er al., 1980) is not

convincing at present.
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1.3  Cysteine Proteases and their Endogenous Inhibitors

It has been suggested for some time that the correlation between cysteine protease
activity (e.g., cathepsin B) and metastatic potential appears to be a qualitative one
rather than a quantitative one (Rozhin er al., 1990). This may reflect the fact that
alterations in activity in malignant tumors can occur in several ways: 1) changes in
transcription and translation (i.e., synthesis) of the enzyme (Moin ez al., 1989), 2)
changes in processing and subcellular localization of the enzyme (reviewed in Sloane et
al., 1987), and 3) changes in its regulation by endogenous inhibitors (Lah er al.,
1689b). Of these, the third is receiving increased research attention.

Cathepsins, as cysteine proteases, react readily with, and are inhibited by, many
thiol-blocking reagents such as peptidyl-diazo methanes or peptidyl-diazomethyl
ketones (Polgdr, 1989). In vivo, however, these proteases are inhibited by the cystatin
superfamily of endogenous inhibitors generally known as cysteine protease inhibitors
(CPIs). Despite their current popularity, research concerning these protein inhibitors is
relatively recent. They consist of three evolution-related families: the stefins, the
cystatins, and the kininogens (Anastasi er al., 1983; Muller-Esterl er al., 1985).
Stefins and cystatins are low molecular weight inhibitors (11 kDa-15 kDa) relative to
the kininogens (56 kDa-160 kDa). Stefins are structurally the simplest inhibitor of the
three and contain no disulfide bridges. Cystatins are similar to stefins but possess two
disulfide bridges. Gene triplication has generated the kininogen heavy chain which
contains three cystatin-like domains (reviewed by Polgdr, 1989). The cystatin
superfamily of inhibitors all share a sequence of homology, the homology box, around

the proposed active site (Sali and Turk, 1987). Of the three families, the low
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molecular weight inhibitors appear to be particularly important in the regulation of
cathepsins. Members of the cystatin family are found both intracellularly and
extracellularly. They are heat, acid, and alkaline resistant (Green er al., 1984; Sloane
et al., 1990a) and bind in a one-to-one stoichiometric fashion to the target enzymes
with varying affinities (Chambers er al., 1992). The high affinity of the cystatins for
cathepsins has led to the hypothesis that their major role in vivo is to protect normal
cells against increased and unscheduled (i.e., unregulated) protease activity (Chambers
et al., 1992). It follows that a breakdown in this inhibitor-mediated regulation could
lead to the increased protease activities observed in metastatic cancer cells.

Although a great deal of scientific literature describes increased levels of protease
activity, the role of endogeneous protease inhibitors in this increase and its relationship
to metastasis has virtually not been investigated until recently. Itoh and colleagues
(1987) found that the ascitic fluid and plasma of Sarcoma 180 tumor-bearing mice
exhibited a potent inhibitory effect on the enzyme activity of papain (a plant cysteine
protease), not observed in plasma from normal mice. Rozhin and coworkers (1990)
demonstrated that the enhanced cellular and plasma membrane-associated activity of
cathepsin B in isolated B16a murine meianoma cell subpopulations with different lung
colonization potentials, did not reflect an increase in expression of the cathepsin B
gene. Based on their results, they proposed that this increase reflected an alteration in
the regulation of the cysteine proteases by their endogenous inhibitors. While some
research is consistent with this explanation, other research is not. At present, there are
reports indicating that malignant tumnors contain higher, the same, and lower levels of

cysteine protease inhibitors than those observed in normal tissues (Lah ez al., 1989b;
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Rozhin er al., 1990; Chambers er al., 1992). However, this variation may reflect, at
least in part, limitations in measuring both protease and protease inhibitor levels in a

sample.

1.4 Determination of Endogenous Protease Inhibitor Levels

Levels of protease are determined in two general ways: 1) activity against a
natural or synthetic substrate in a reaction mix (i.e., plate assays) or in solid-phase
(i.e., gel electrophoresis)(reviewed in Sarath et al., 1989), and 2) immunoassay
(Recklies and Mort, 1982). The former measures only active enzyme and is limited by
the sensitivity of the assay, the specificity of the substrate, and by interference from
components originating from nonmalignant cells in the case of tumors, or the culture
environment (e.g., serum) in the case of cell cultures (Dufresne er al., 1993b). Some
of the problems have been minimized by using more sensitive fluorometric substrates,
synthetic inhibitors to non-relevant proteases, and stringent assay conditions, for
example, pH (reviewed in Polgdr, 1989). Immunoassay, while more sensitive, does
not discriminate between latent, active, or inhibitor-inactive proteases (Recklies and
Mort, 1982; Gabrijelic ef al., 1992; Higashiyama et al., 1993).

Levels of inhibitor are also measured in two ways: 1) assay of percent inhibition
against a standard, exogenous protease, for example, the plant cysteine protease
papain, or purified cathepsin B- in a reaction mix, or more recently, embedded in a gel
(Rozhin er al., 1990; Toannidis er al., 1993), and 2) immunoassay. These methods
present limitations similar to those for assay of protease levels. Under physiological

conditions, for example, the inhibitor can exist in two forms which reflect protease
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regulation (detailed in the Discussion) at the simplest level, bound (i.e., inhibitor-
inactivated protease), and free. Assay of inhibitor levels under these conditions reflects
free rather than total inhibitor. Moreover, since inhibitor levels are routinely
determined by measuring percent inhibition against a known, exogenous protease,
endogenous protease present in the sample could confound interpretation of results.
One approach to this problem utilizes the heat and/or alkaline sensitivity of the
lysosomal cysteine proteases and the resistance of their endogenous inhibitors
(reviewed in Sloane, 1990). In a representative assay to measure CPIs, for example,
cell or tissue homogenates are treated at 100°C for 5 minutes prior to addition of the
exogenous protease: ie., papain or purified cathepsin B (Rozhin ef al., 1990; Chambers
et al., 1992; Sloane et al., 1992). Theoretically, this treatment eliminates endogenous
protease activity and dissociates any heat-resistant CPI from the protease:inhibitor
complex. The significance of this approach, however, is based on several assumptons,
for example: 1) that the elimination of protease activity and dissociation of inhibitor are
complete; 2) that the experimental conditions do not vary over time or between
experimental systems; and 3) that free dissociated inhibitors do not complex with their
free and/or inactivated proteases. At present, these assumptions have not been
estatiished. Thus the significance of determinations of inhibitor-to-protease levels in
both normal and malignant cell/tissue systems remains questionable as does their
relevance to the molecular mechanisms underlying metastasis. The experiments

described in this thesis were undertaken to address this problem.
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1.5 MCF-7 Breast Cancer Cell Line

Much of what we know concerning the relationship between regulation of protease
activity and the malignant phenotype of metastasis has been obtained from analysis of
rodent and human malignant tumors (Sloane et al., 1986; Sloane er al., 1987; Moin er
al., 1989). Despite the importance cf whole animal systems, biochemical and genetic
analyses of the molecular and cellular mechanism underlying metastasis are limited by
the inherent complexity and heterogeneity of normal and malignant tumors. It is well
established, for example, that tumors consist of normal, initiated (i.e. transition),
ransformed, and malignantly transformed cells with different metastatic potential
(Miller ez al., 1989). These different types of cells would certainly exhibit different
phenotypes which, if not identified, could affect expression and measurement of f.he
malignant phenotypes of interest. The use of cell culture has minimized this problem
by permitting the isolation, establishment, and characterization of homogeneous
subpopulations of mortal and immonrtal cells (reviewed in Freshney, 1990} from
primary explants (Figure 2). Cell lines established from breast cancers are particularly
good for analyses of malignant phenotypes since breast cancers usually metastasize
early in the development of the tumor. One of the most interesting, versatile, and well
studied breast cancer cell lines is MCF-7 (Vickers ez al., 1989; Scaddan and Dufresne,
1992; Scaddan and Dufresne, 1993a; Dufresne er al., 1993a). This cell line was
derived from the pleural effusion of a 69 year old Caucasian woman (Soule et al.,
1973). It has been studied extensively with respect to numerous malignant phenotypes
including: growth factors (Aakvaag er al., 1990), expression of cytochrome P4501A1

(Vickers et al., 1989; Dufresne er al., 1993a), transfection of v-rast DNA (Kasid et
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al., 1985; Worland er al., 1989; Gelmann er al, 1992), vimentin expression
(Thompson et al., 1992), overexpression of P-glycoprotein and glutathione-S-
transferase (Chen er al., 1990; Whelan er al., 1992), and estrogen receptor content
(Vickers ef al., 1989; Thompson et al., 1992). A great deal has been learned about the
relationships between different malignant phenotypes and their practical application. An
elevated level of estrogen receptor (ER), for example, is well correlated with prognosis
(i.e. survival time) in both pre- and postmenopausal women, where a positive ER status
predicts a longer disease free survival (Thompson er al., 1992). Tumors which are
most likely to respond to hormonal manipulation, via anti-estrogens, can also be
identified by the presence of estrogen receptors. Identification based on these
properties, however, is not absolute. Research has demonstrated that breast cancer
cells undergo an almost inevitable progression towards a more malignant phenotype
characterized by invasive/metastatic foci that ultimately become resistant to
chemotherapeutic drugs and endocrine manipulation (Brinner ef al., 1993). It is the
development of a metastatic, hormone-independent, and drug-resistant phenotype that
appears to be responsible for the high percentage of treatment failures among breast
cancer patients (Brinner e al., 1993). The ultimate acquisition of the highly
metastatic phenotype may be a fundamental biological property of many human breast
cancer cel]s, one linked to alterations in the regulation of proteases (Leonessa er al.,
1992).

Although the molecular events that enable breast cancer cells to acquire a
progressed phenotype remain unclear (Brinner ef al., 1993), it is clear that the MCF-7

breast cancer cell represents an early malignant breast cancer phenotype (Leonessa et
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al., 1992). MCF-7 cells require physiological levels of estrogen for maximal growth
in vitro and for tumor formation in nude mice (reviewed in Gelmann er al.. 1992).
Because of its hormone-dependent properties, MCF-7 has served as a useful model for
the study of signals which activate the malignant phenotype in breast cancer (Aakvaag
et al., 1950).

Early neoplastic populations like MCF-7 tend to be non-invasive and, by
implication, non-metastatic (Leonessa er al., 1992). The application of sclective
pressures, for example, immunological, nutrient deprivation, and therapeutic
intervention, could over a period of time, induce the progression of these cells towards
an invasive, metastatic, hormone- and cytotoxic drug-resistant tumor (Clarke er al.,
1986). Such is the case with the adriamycin (doxorubicin) resistant variant of MCF-7,
MCF-7/AdrR.  This cell line exhibits multidrug-resistance by virtue of its
overexpression of P-glycoprotein (Fairchild er al., 1987), and altered expression of
drug metabolizing enzymes, including glutathione-S-transferase (Batist er al., 1986),
and aryl hydrocarbon hydroxylase (AHH) (Vickers et al., 1989). The MCF-7/AdrR
cell line also expresses significantly lower levels of estrogen receptor than those
expressed in its MCF-7 parent cell line and is capable of estrogen-independent growth
in nude mice (Vickers er al, 1989). Lastly, the MCE-7/AdrR cell line is more
metastatic and invasive than MCF-7 as demonstrated by Thompson's Boyden
chemoinvasion chamber studies (Thompson et al., 1992). Taken together, these results
make it clear that the MCF-7 and MCF-7/AdrR cell lines represent an excellent model
system to examine the mechanism of metastasis. First, the alterations in phenotypes

accompanying resistance of MCF-7 to adramycin (i.e. MCF-7 to MCF-7/AdrR)
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mimic the alterations in phenotypes accompanying progression of breast cancer cells to

a more malignant state. Second, It has been reported that decreased ER levels are

accompanied by increased cathepsin B and L activities, and decreased cysteine protease

inhibitor levels (Lah er al., 1992b).

Research Description and Objectives

The following work describes an analysis of the expression of three cysteine

protease activities, cathepsin B, cathepsin H, and cathepsin L, and cysteine protease

inhibitors in the human breast cancer cell line, MCF-7, and its adriamycin-resistant

variant, MCF-7/AdrR using Fast Performance Liquid Chromatography (FPLC).

The specific objectives of the study were:

to examine and compare the growth parameters of MCF-7 and its
adriamycin -resistant variant, MCF—?/AdrR;

to examine and compare intracellular levels of cathepsin B, H, and L
activities in unfractionated samples of: a) MCF-7, b) MCF-7 transfected
with gpr, ¢) MCF-7 transfected with ras/gpr, d) MCF-7/AdrR, and &)
MA, a somatic cell hybrid between MCF-7 and MCF-7/AdrR, using two
types of substrates, colorimetric and fluorometric;

to examine and compare intracellular and extracellular levels of cathepsin B
in MCF-7, MCF-7/AdrR, and their somatic cell hybrid, MA; and

to examine intracellular levels of cathepsins B, H, and L, and levels of free
and heat-dissociated CPI after fractionation on a Superose 12 HR 10/30

FPLC column.
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Materials and Methods

Materials

Fast garnet CBC salt, L-cysteine, bovine serum albumin (fraction V), p-hydroxy-
mercuribenzoic acid, Ne-CBZ-argininyl-argininyl 4-methoxy-B-napthylamide, Na-
CBZ-argininyl-argininyl 7-amido-4-methylcoumarin.HCl, E-64, leupeptin, pepstatin,
7-amino 4-methylcoumarin, pepsin, sodium selenite, and low molecular weight
markers were purchased from Sigma Chemical Co. (St. Louis, Missourl). N-«-CBZ-
L-argininyl-7-amido-4-methlycoumarin. HCl, and N-CBZ-L-phenylalanyl-L-argininyl-
7-amido-4 methylcoumarin.HCl were purchased from Bachem California (Torrance,
California). Purified pork liver cathepsin B and Trayslol (aprotinin), were generous
gifts from Dr. A. Warner (University of Windsor) and Dr. G. Stojanovic (Arizona
State University) respectively. PMSF was purchased from Boehriinger Mannheim
Canada (Laval, Quebec). Superose 12 HR 10/30 FPLC column was purchased from
Pharmacia (Uppsala, Sweden). The protein assay kit was purchased from Bio-Rad
Laboratories (Mississauga, Ontario). Medium (alpha MEM), calf and fetal calf sera,
gentamicin sulfate, trypsin EDTA and tissue culture plasticware were purchased from
Gibco Laboratories (Burlington, Ontario). All other chemical were purchased from
Sigma Chemical Co. (St. Louis, Missouri), or Fisher Scientific Co. (Fair Lawn, New

Jersey), and were of reagent grade or better.
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Cell Cultures

MCE-7, MCF-‘HAdrR, MCF-7/ras gpt, and MCF-7/gpt human immortal breast
cancer cell lines were originally obtained from Dr. Kenneth Cowan (National Institute
of Health, Bethesda, Maryland, 20205). The somatic cell hybrid between MCF-7 and
MCF-7/AdrR, MA, was also examined. This hybrid was formed by exposing mixed
suspensions of these cells to decreasing concentrations of polyethylene glycol 6000
(Dufresne and Dosescu, 1985). Selection of putative hybrids was based on the
dominance of the adriamycin-resistant phenotype, and true hybrids were identified by
means of facs analysis of DNA (Dufresne er al., 1993z). Cells were routinely
maintained in alpha-MEM medium supplemented with 5% heat inactivated (56°C)
serum (6 parts calf serum to 4 parts fetal calf serum, v/v) and 50 pg/ml gentamicin
sulphate. Cell transfers were carried out using 0.25% trypsin-EDTA after washing
with warm citrate saline solution (15 mM trisodium citrate, 134 mM potassium
chloride, pH 7.8). All cell cultures were maintained at 37°C in an atmosphere of 5%
COy and 95% air.

The assay of extracellular proteolytic activity required the use of serum free
medium for 24 hours prior to the collection of cells and media. The serum free
medium used was a modified version of Darlington’s (Darlington, 1987) developed by
Adeli and Sinkevitch (Adeli and Sinkevitch, 1990). It consisted of 3 parts alpha MEM
and one part Waymouth’s MB752/1 supplemented with: 2 mM L-glutamine, 30 nM
sodium selenite, 1.0 mg/L i-inositol, 8.0 mg/L thymidine, 0.05 mg/L CuSQO4.5H5O,
0.016 mg/L MnSO4.H50, 0.03 mg/L ZnSO4.7H,0, 0.024 mg/L Mo;0,4.4H70,

0.022 mg/L CoCly.6H70 and antibiotic-antimycotic solution consisting of penicillin,
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streptomycin, amphotericin B and fungizone. This serum-free medium was adapted for

use in protease analysis in human cells (Dufresne er al., 1993b).

Cell Storage

Long term storage of cells is a routine cell culture procedure used to prevent loss
of cells in culture due to factors such as contamiration and incubator malfunction, and
to minimize changes in genotypes and phenotypes which may occur with prolonged

maintenance in culture. Storage was routinely carried out in liquid nitrogen and in an

. Ultra Low Revco, Revco Inc. (West Columbia, S.C., 29169) at -80°C. Trypsinized

cells were diluted in rcgular alpha medium supplemented with 5% serum and
centrifuged at 1000 rpm for 5 minutes to remove trypsin. Cells were then resuspended
in freezing solution (7 parts alpha medium, 2 parts fetal calf sera, 1 part DMSO, v/v)
and seeded into Nunc cryotubes at 1x100 cells per vial. Vials were placed in a -20°C
freezer for 2 hours before transfer to liquid nitrogen or the Revco freezer. Oue to two
weeks after freezing, cell samples were checked for contamination and viability.
Storage under these conditions provided better than 60% of the expected efficiency of

plating over a 12 month period.

Cell Maintenance -

Cells were routinely maintained in 25 cm? culture flasks, and were transferred to
larger 75 cm? culture flasks to provide sufficient numbers for plating (e.g., "seeding").
Cells were seeded into 100 em?2 culture dishes at a concentration of 2x10° cells per
dish and grown to near confluency. Cells were then collected in ice cold phosphate

buffered saline solution (PBS) (136.9 mM sodium chloride, 2.7 mM potassium



23

chloride, 8 mM anhydrous sodium phosphate, 1.5 mM anhydrous potassium phosphate,
pH 6.0) into 17 x 100 mm polypropylene tubes with a rubber policeman. The
suspension was pelleted at 1000 x g for 5 minutes in a Damon/IEC HN-S Centrifuge
(Needham Heights, Mass, 02194) and washed three times in cold PBS. Cell pellets

were stored at -20°C until time of enzyme assay.

2.5 Growth Parameters

Cells were seeded into 100 mm culture dishes at a concentration of 2x10° cells per
dish, and incubated at 37°C. Each day thereafter (for 67 days), two cell counts were
performed with a hemacytometer at each of two time points (i.e., moming and
agternoon). At the completion of the experiment, cell number was plotted against time
to form a growth curve where saturation density (the maximum number of cells that
grow per cm? of surface area) and population doubling time (the length of time it
requires a population of cells to double in number during exponential growth) were

determined.

2.6 Enzyme Assays
Six hundred pl of cold homogenization buffer (135 mM potassium chloride, 0.1
mM EDTA, 0.1% tween 80, 15mM potassium phosphate, pH 6.0) was added to the
. thawed cell pellet. The pellet was then homogenized with a Brinkmann Polytron
| (Brinkmann Instruments, Oakville, Ontario) ..6n setting 4 for 2 x 10 second pulses. The
homogénate was clarified at 4,000 x g in a Beckman Microfuge E (Beckman
Instruments Inc., Palo Alto, California) for 5 minutes to remove cellular debris. A

protein assay was performed on the clarified homogenate (see Methods section 2.9).
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Enzyme assays using colorimetric (B-napthylamide) and/or fluorometric (4-
methylcoumarin) substrates were conducted on both unfractionated and FPLC-
fractionated cell homogenates (intracellular fractions), as well as on serum-free cell
medium collected from cells (extracellular fractions). In the case of unfractionated
homogenates, the protein concentration of each sample was adjusted down to 0.16
mg/ml, a concentration at which substrate was not limiting (Figure 4).

A. Unfractionated Homogenate

Cathepsin B was assayed in unfractionated homogenates using the colorimetric
substrate, No-CBZ-arg-arg-4-methoxy B-napthylamide (arg-arg), according to a
modified procedure of Barrett (Barrett, 1972). In a volume of 300 I, the pre-reaction
mix contained 200 ul of sample homogenate and 100 ul of cysteine/incubation buffer
(1.33 mM NayEDTA, 83.2 mM anhydrous potassium phosphate, 13.7 mM sodium
phosphate, pH 6.0, with 0.32 mg/ml L-cysteine) and was allowed to preincubate at
room temperature for 10 minutes. Twenty ul of arg-arg substrate was then added to
the reaction mix and SO ul of this was immediately transferred to a reaction stop tube
(on ice) containing 50 ul of coupling reagent (3.57 g p-hydroxy-mercuribenzoic acid in
120 ml 0.5 M sodium hydroxide, with 50 mM Na,EDTA in 1 liter, pH 6.0). The
reaction mix was then transferred to a 37°C water bath. At 15 and 30 minute time
intervals after transfer, 50 p! of reaction mix was removed and added to a stopper tube
{on ice) containing SO ul of coupling reagent. Upon completion of the last transfer, 50
ul of fast-garnet-Brij solution (2.5 mg fast garnet salt in 4.8 ml auto-pano-water with
200 ul 4% Brij 35 in water) was added to each reaction stop tube. The tubes were

allowed to sit for at least 10 minutes at room temperature then 1 ml of butanol was
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added to each. Tubes were vortexed vigorously, then centrifuged in a Precision Vari-
Hi-Speed Centricone (Precision Scientific Co., Chicago, Illinois) at 1000 x g for §
minutes. The liberated 2-napthylamine contained in the top butanol layer was then
measured at 520 nm with a Beckman DU-64 Spectrophotometer equipped with a2 Quant
I{ Quad Soft Pack Module. One unit of proteolytic activity (EU) was defined as that
amount of enzyme which gives tise to an absorbance of 0.016 in on¢ minute. Specific
Activity was expressed as enzyme units (EU) per milligram of total protein.

Cathepsins B, H, and L activities were measured in unfractionated samples using
fluorometric, 4-methylcoumaryl-amide substrates according to a modified procedure of
Barrett. (Barrett, 1980; Barrett and Kirschke, 1981). In all cases, cell samples and
synthetic substrates were kept on ice prior to addition to reaction mix. A 750 pl pre-
reaction mix consisted of 500 pl of homogenate sample, diluted in 0.1% Brij 35
solution in water, which was preincubated for 2 minutes at 37°C with 250 ul activation
buffer (cathepsin B: 352 mM KH5PO,, 48 mM Na),HPO,, 4 mM disodium EDTA,
and 8 mM DTT, pH 6.0; cathepsin H: 200 mM KH;POy4, 200 mM NayHPO,, 4
mM disodium EDTA, and 40 mM DTT, pH 6.8; cathepsin L: 340 mM sodium
acetate, 60 mM acetic acid, 4 mM disodium EDTA, and 8 mM DTT, pH 5.5). The
assays were started with the introduction of 250 ul of 0.02 mM substrate solution
(cathepsin B: Na-CBZ-arginine-arginine 7-amido-4-methyl-coumarin.HCl, or Z-Arg-
Arg-Mec; cathepsin H: N-a-CBZ-L-arginine-7-amido-4-methylcoumarin . HCl, or Z-
Arg-Mec; cathepsin L: N-CBZ-L-phenylalanyl-L-arginine-7-amido-4-methyl-
coumarin.HCl, or Z-Phe-Arg-Mec). All substrate solutions were originally prepared

as 1 mM stock solutions in dimethyl sulfoxide (BMSOQ) and stored at 4°C. Stock
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solutions were diluted to 0.02 mM working strength solutions with auto-nano-water (te.
200 pl stock into 10 ml auto-nano-water). After 10 minutes incubation at 37°C, the
reactions were terminated with the addition of 1 ml stopping reagent (100 mM sodium
monochloroacetate, 30 mM sodium acetate, and 70 mM acetic acid, pH 4.3). [NOTE:
The reaction blank was as described above except that 1 ml of stopping reagent was
added before the activation buffer.] Since the specific activities for cathepsins Band L
are of similar order (as are their K,,/K;, values) and both proteases recognize the Z-
Phe-Arg-Mec substrate, a correction was made for cathepsin L activity. Cathepsin B
activity was determined with Z-Arg-Arg-Mec under conditions specific for cathepsin L
(i.e., pH 5.5). These values were subtracted from the values obtained with the Z-Phe-
Arg-Mec substrate to provide a corrected activity for cathepsin L (Nishimura er al.,
1988).

The fluorescence of free aminomethylcoumarin in each reaction tube was then
measured at room temperature at an excitation wavelength of 370 nm and an emission
wavelength of 460 nm with a Tumer Model 430 Spectrofluorometer (G.K. Turner
Associates, Palo Alto, California). Fluoresence readings were standardized with 0.5
gM 7-amino-4-methylcoumarin standard (prepared from 1 mM stock in DMSO diluted
to 0.5 uM with a 1:1 mixture of activator buffer and stopping reagent) set at 1000.
The spectrofluorometer was adjusted so that 1000 arbitrary units corresponded to the
release of 1 nmol of product. One milliunit of proteolytic activity was defined as the
quantity of enzyme releasing 1 nmol of aminomethylcoumarin per minute, For the 10
minute assay, a reading of 1000 therefore corresponds to 0.1 milliunits of activity in

the tube.
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B. FPLC-Fractionated Homogsenate

Clarified homogenates were fractionated with a Superose 12 HR 10/30 FPLC
column (Pharmacia, Uppsala, Sweden). One to two mg/ml of homogenate was loaded
in 500 x! homogenization buffer (135 mM potassium chloride, 0.1 mM EDTA, 0.1%
tween 80, 15SmM potassium phosphate, pH 6.0) and eluted in column buffer 25 mM
potassium chloride, 0.1 mM EDTA, 10% glycerol, 15 mM potassium phosphate, pH
6.0) at a flow rate of 1.0 ml/min with a Beckman Gradient Liqmd Chromatograph.
Eluates were detected with a Beckman Analytical Optical Unit at a UV wavelength of
280 am. Sensitivity was generally between 0.08 and 0.32 absorbance units full scale
(AUFS). Elution profiles were recorded on a Kipp and Zonen Chart Recorder at a
chart speed of 1.0 cm/min. Fractions of 250 plI (for colorimetric analysis) and 500 pl
fractions (for fluorometric analsis) were crollected with a Pharmacia Frac-100 Fraction
Collector and stored on ice until assay.

For colorimetric assays, a pre-reaction mix consisted of: 25 gl of fractionated
homogernate which was preincubated with 50 pl of 3X cysteine/incubation buffer (1.33
mM NayEDTA, 838.2 mM anhydrous potassium phosphate, 13.7 mM sodium
phosphate, pH 6.0, with 0.96 mg/ml L-cysteine) and 75 ul of incubation buffer (1.33
mM NayEDTA, 88.2 mM anhydrous potassium phosphate, 13.7 mM :sodium
phosphate, pH 6.0) for 10 minutes. The reaction was started with the addition of 10 pl
arg-arg and allowed to proceed for 15 minutes following the initial removal of 50 pl
reaction mix, which was added to S0 ul of coupling reagent (3.57 g p-
hydroxymercuribenzoic acid in 120 ml sodium hydroxide, with 50 mM Na,EDTA in 1

liter, pH 6.0). The reaction was terminated with the addition of 50 ul of reaction mix
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to 50 ul coupling reagent. Zero and reaction tubes were measured colorimetrically as
described above, following the addition of fast-garmnet-Brij solution. Protease acuvity
was expressed in enzyme units (EU).

Fluorometric assays of fractionated homogenates for cathepsins B, H and L
activity involved diluting 50 ul of fraction with 450 x10.1% Brij solution in auto-nano-
water. Diiuted fractions were then preincubated for 5 minutes at 37°C with activation
buffer (see fluorometric assay for whole homogenates for buffer composition). The
reactions were started with the addition of 250 pl of 0.02 mM substrate (see
fluorometric assay for whole homogenates). After 10 minutes incubation at 37°C, the
reactions were terminated by the addition of 1 ml stopping rcagent (see fluorometric
assay for whole homogenates). The reaction blank was prepared as described above
using a representative fraction. As well, the fluorescence was measured as described
above.

C. Extracellular Medium

Levels of activatable cathepsin B were determined using a modified method of
Mort (Mort et al, 1981). After 24 hours of growth in serum frec medium, cells were
collected and their homogenates assayed as described for whole homogenates. The
serum free medium is collected into SO ml conical tubes (for multiple samples) and
clarified with a Damon IEC Clinical Centrifuge (Needham Heights, Mass, 02194) at
1000 x g for 5 minutes. Samples were stored at -20°C until time of assay. For the
assay, 150 pl of extracellular medium was activated with 30 pl of 0.5 mg/ml pepsin in
an acid buffer (0.8 M anhydrous sodium acetate, pH 3.8) at 40°C for 1 hour. The pH

was returned to near 6.0 with 60 ul of 0.2 M potassium phosphate buffer (pH 9.0).
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The reaction was initiated with the addition of 20 ul arg-arg and terminated at 0, 1, 2
and 3 hour time points with 50 ul cold coupling reagent and after the addition of fast-
garnet-Brij solution, the reaction was measured colorimetrically, as described

previously.

Inhibitor Assays

A. Exogenous {commercial) Inhibitor

The commercial inhibitor assay was performed exactly as the whole homogenate
assay, excepting the following: the reaction mix consisted of 190 ul homogenate, 10 pl
commercial inhibitor, 100 ! cysteine/incubation buffer, and 20 ul arg-arg.

B. Preparation of Commercial inhibitors (Beynon and Salveson, 1989)

L-trans-epoxysuccinyl-leucylamide-(4-guanidino)-butane  (E-64) inhibits cysteine
proteases, has a molecular weight of 367.4, and an effective concentration of 1-10 uM.
For 10X effective stock, 2.28 mg E-64 was dissolved in 2 ml auto-nano-water. At this
concentration, this was stable for up to two months at -20°C. This was diluted by one
tenth just prior to use. Leupeptin inhibits trypsin-like serine and some cysteine
proteases, has a molecular weight of 426.6, and an effective concentration of 10-100
uM. For a 10X effective stock, 8.53 mg leupeptin was dissolved in 2 ml auto-nano-
water. This was stable for one month at -20°C. This was diluted by one tenth just
prior to use. Phenylmethylsulphonyl flouride (PMSF) inhibits serine proteases, has a
molecular weight of 174.2, and an effective concentration of 0.1-1 mM. A 10X
effective stock was prepared by dissolving 5.6 mg PMSF in 2 ml 100% methanol.

This was stable for nine months at 4°C. This was diluted by one tenth just prior to
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use. Ethylenediamine tetraacetic acid (EDTA) inhibits metallo-proteases, has a
molecular weight of 372.24, and an effective concentration of 1-10 mM. A 10X
effective stock was prepared by adding 1.6 ml EDTA (0.5 M) to 3.4 ml auto-nano-
water. This was diluted by one tenth just prior to use. Aprotinin  (trayslol)
inhibits serine proteases, has a molecular weight of 6500, and an effective
concentration of 100 KIU (kallikrein inactivating unit). This is diluted from 10,000
KIU/ml manufacturers stock solution just prior to use. Pepstatin inhibits aspartic
proteases, and has an effective concentration of 1 gM. A 10X effective stock was
prepared by dissolving 2 mg pepstatin in 2 m! 100% methanol. This was diluted by
one tenth just prior to use.

C. Endogenous Inhibitor

The cathepsin B inhibitor assay was performed exactly as the fractionated
homogenate enzyme assay, except for the following: the reaction mix consisted of 50
pul 3X cysteine/incubation buffer, 50 ul of column fraction, 50 pl of pork liver
cathepsifl B, and 10 pl arg-arg. Control vessels contained 50 pl 3X cysteine/incubation
buffer, SO ul incubation buffer, 50 pl pork liver cathepsin B, and 10 ul arg-arg.
Control levels of proteolytic activity for pork liver cathepsin B were around 0.1 delta
absorbance units at 520 nm. The pork liver cathepsin B was a generous gift from Dr.
Alden H. Warner of the University of Windsor. Inhibitory activity was defined as the
percentage drop in proteolytic activity in experimental vessels compared to the control
levels of pork liver cathepsin B activity.

Endogenous cathepsin B inhibitor assays using fluorometric substrates involved

diluting 100 ul of fraction with 100 1 0.1% Brij solution, and preincubating with 50
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ul pork liver cathepsin B and 250 gl cathepsin B activation buffer for 5 minutes at
37°C. The reaction was started with the addition of 250 gl of 0.02 mM Z-arg-arg
Mec. After 10 minutes incubation at 37°C, the reaction was terminated with the
addition of 1 ml stopping reagent. The enzyme control reaction mix consisted of 50 ul
cathepsin B and 200 gl 0.1% Brij solution preincubated with 250 pl cathepsin B
activation buffer. Both control and inhibitor samples were assayed fluorometrically as
described previously. Total protease inhibitor activity was determined by the method
of Green er al (1984). This involved heat treatment of a constant amount of
homogenate protein at 80°C for 5 minutes, followed by centrifugation at 4,000 x g to
remove debris. Fractions from FPLC were assayed for inhibitor activity as described

previously for non-heat treated fractionated homogenates.

Selectivity Curve Using FPLC

Molecular weight standards were run on a Superose 12 HR 10/30 FPLC and their
elution volumes recorded. Utilizing Blue Dextran to elicit the void volume (V,), as
well as bovine albumin (M. W. 66.2 kDa), ovalbumin (M.W. 42.7 kDa), chymotrypsin
(M.W. 25.0 kDa) and cytochrome C (M.W. 13.0 kDa), a selectivity curve for the
approximation of molecular weight was produced. Separation coefficients (K,,) were
calculated using the following formula:

Kay = (Ve - Vo) / (V¢ - Vo)

where V,, = the elution volume, V4 = the void volume, and V,; = the total volume.
Protein Determination

The standard protein microassay described by Bradford in 1976 and prepared by
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Bio-Rad was followed. Bovine stock albumin, fraction V, was prepared by dissolving
29 mg BSA in 10 ml of autoclaved nano-pure water (auto-nano-water). 50 ul of this
stock solution was then added to 1400 ul of auto-nano-water to give a concentration of
100 pg/ml BSA. 1 ml of this solution was diluted with 4 ml auto-nano-water to give a
final stock solution concentration of 20 pg/mi. Protein standards and samples were
prepared as follows:

protein amount vol. stock  vol. water vol. dye

2 ug 100 pl 700 pl 200 pi
3pg 150 pl 650 ul 200 ul
4 pg 200 pl 600 pl 200 pl
Spg 250 pl 550 pd 200 pl
8 ug 400 ul 400 pl 200 ul
12 pg 600 pl 200 pul 200 pl
blank 0 pul 800 ul 200 ul
sample 30 ui 770 pl 200 ul

Standards and samples were analyzed with a visible light wavelength of 595 nm using a
Beckman DU-64 Spectrophotometer equipped with a Quant I Quad Soft Pac Module.

Standard curves were deduced from the change in O.D. absorbance values.

2.10 Statistical Analysis
Statistical analysis was carried out using the SYSTAT for Windows 5.1 statistical
program (SYSTAT Inc., Evanston, Illinois, 1992) with the generous assistance of Dr.

I.M. Weis and Mr. Aaron Fisk, both of the University of Windsor.
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Results

Growth Characteristics of MCF-7 and MCF-7/AdrR

Before the two breast cancer cell lines, MCF-7 and MCF-‘HAdrR, could be
compared for expression of cathepsin activities, it was important to establish that both
cell lines behaved similarly in culture. To achieve this, general patterns of growth
were observed and the growth parameters (i.e., satvration density, and population
doubling time) were determined for each cell line (described in Methods). Both cell
lines exhibited similar, classic growth curves (Freshney, 1990) consisting of a lag
phase, a period of exponential growth, and a plateau. [NOTE: Growth curves are
presented in Results section 3.4 and are therefore not reproduced here.] This is evident
from the results in Table 2 for the two growth parameters calculated from the growth
curve. Population doubling times, calculated during the exponential phase of cell
growth, were similar in both cell lines. Saturation densities, the number of cells per
cm? of surface area at the plateau phase of growth, were also similar for both cell
lines. Previously, our laboratory had noted that both cell lines demonstrated similar
efficiencies of plating, a parameter which defines the number of cells giving rise to
colonies (Dufresne er al., 1993a). Three general properties concerning the biology of
MCF-7 and its adriamycin-resistant variant were judged to be important to the
subsequent analysis. First, both cell lines are highly anchorage dependent and the
proportion of cells liberated into the medium, even at saturation, is negligible. Second,

both cell lines demonstrated stable growth characteristics and aneuploid chromosome
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numbers over time in culture and between experiments. Third, cells from the two cell
lines were similar in size and contained similar 2mounts of protein and DNA (per cell)

(Dufresne er al., 1993a).

3.2  Substrate Specificity

There is controversy with respect to the specificity of the synthetic substrate No-
CBZ-arg-arg-4-methoxy-8-napthylamide (arg-arg). Early studies indicated that arg-arg
was specific for cathepsin B alone with no cross-reactivity for two other cysteine
proteases, cathepsins H and L (Barrett and Kirschke, 1981). More recent work
questions the absoluteness of this specificity and has resulted in a more cautious
interpretation of specificity by some researchers. Sloane’s group, for example, has
modified Barrett’s interpretation in such a way that acknowledges the preference of
arg-arg for cathepsin B but does not exclude cathepsins H or L (Rohzin er al., 1990).
Despite the controversy, it is generally agreed that pH plays an important role in the
definition of specificity. Each of the different cathepsins in the cysteine protease
family is reported to have a different pH optimum. In the studies described in this
thesis, assay conditions for each cathepsin were stringently controlled to favor that
cathepsin. However, until the conditions for specificity are established, all
interpretations are open to question.

While there is obvious debate about the absolute specificity of arg-arg for
cathepsin B, it was possible to test if this substrate was specific for the cysteine family
of proteases. In brief, homogenates from MCF-7 and MCF-7/AdrR were assayed

under conditions specific for cathepsin B, in the absence and presence of different
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commercially available inhibitors. The results of this analysis are presented in Table 3.
In both cell lines, E-64 (L-3-trans-epoxysuccinyl-leucyl amide-(4-guanidino)-butane: 1-
10pM) and leupeptin (10-100xM), known inhibitors of cysteine proteases, eliminated
protease activity using arg-arg. In contrast, inhibitors of the serine-, aspartic-, or

metallo-proteases had no effect on levels of activity.

Cathepsin Activity in Unfractionated Cell Homogenates

As discussed in the introduction (section 1.5), the MCF-7 cell line has become the
experimental system of choice for many researchers examining malignant phenotypes
(Kasid er al., 1985; Worland et al., 1989; Vickers er al., 1989; Chen et al., 1990;
Whelen et al., 1992; Thompson er al., 1992; Gelmann et al., 1992; Scaddan and
Dufresne, 1992). During the course of research in these different laboratories, the
original MCF-7 cell line genotype and phenotype have been altered by mutation (e.g.,
resistance to chemotherapeutic agents) and by transfection of particular genes (e.g.
oncogenes). Such manipulations can produce multiple changes at the level of phenotype
(Vickers er al., 1989). While many of the changes in phenotypes appear to be the
resuvit of a specific type of manipulation, it is possible that others will be observed in all
variants of MCF-7, regardless of the manipulation. This possibility has obvious
implications concerning the relationship between genotype and phenotype. For this
reason, the expression of cysteine protease activity was first examined in unfractionated
homogenates prepared from MCF-7 cells and three different variants of the MCF-7 cell
line: a gpr-transfected variant, a ras/gpi-transfected variant, and the adriamycin-

resistant variant used throughout this study. The assays were conducted with arg-arg
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under conditions optimal for cathepsin B using homogenates with similar concentrations
of protein. Levels of activity were measured 15 and 30 minutes after initiation of the
reaction. The results of this study, presented in Figure 3, indicate that levels of
activity measured in the gpr-transfected and the ras oncogene-transfected variants were
similar to those measured in the original MCF-7 cell line. Levels of activity in the
adriamycin-resistant variant, however, were significantly 20 to 25 fold greater than its
MCF-7 parent (p=0.003). In all cell lines examined, the specific activities at 15 and
30 minutes were similar suggesting that the reaction was linear over the time,

The results obtained with arg-arg suggested that the increased cysteine protease
activity phenotype was sperific to MCF-7/AdrR. However, the colorimetric substrates
are not as sensitive as other substrates for measuring protease activity (reviewed in
Polgdr, 1989). To examine the possibility that the low levels of activity measured in
MCF-7 and its two transfected variants reflected limited sensitivity, a fluorometric
assay for cysteine proteases was adopted using methylcoumarylamide substrates. While
these substrates can be prohibitively expensive to use, they are safer (napthylamide is a
suspected carcinogen) and more sensitive than colorimetric substrates (Barrett and
Kirschke, 1981). Their sensitivity reflects the liberation of 7-amino-4-methylcoumarin
which can be measured using a fluorometer. The linear relationship between
fluorescence and increasing concentrations of an aminomethylcoumarin standard is
presented in Figure 4.

Three methylcoumarin substrates were used to re-examine levels of cysteine
proteases in the differeni MCF-7 cell variants: Ne-CBZ-arginine-arginine 7-amido-4-

methylcoumarin .HCl; Ne-CBZ-L-arginine-7-amido-4-methylcoumarin. HCI; and N-
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CBZ-phenylalanyl-L-arginine-7-amido-4-methylcoumarin.HCI (Table 4). Historically,
these substrates have been used to measure lysosomal cathepsins B, H, and L,
respectively. However, as described in Methods (section 2.6), a correction for cross-
reactivity between cathepsin B and cathepsin L is routinely introduced (Nishioura er
al., 1988). The corrected values for levels of cathepsins B, H, and L activities in
unfractionated homogenates of different MCF-7-derived celi lines is presented in
Figure 5. At the very least, the overall pattern of expression of total cysteine proteases
(cathepsins B, H and L) among cell lines using fluorometric substrates is similar to that
obtained with the colorimetric substrate, arg-arg (compare Figures 3 and 5). However,
differences were observed in the expression of individual cathepsins (Figure 5). Levels
of cathepsin B activity were reproducibly similar in MCF-7 and its two transfected
variants, while levels in the adriamycin-resistant variant were 10-15 fold greater. A
similar pattern of expression was observed in these four cell lines for cathepsin L
activity, Levels of cathepsin H, however, were similar in all cell line homogenates.
Moreover, in sharp contrast to cathepsins B and L, levels of cathepsin H activity did
not increase in the adriamycin-resistant variant. Using Spearman rank correlation
analysis (Zar, 1984), the descending order of expression of cathepsin activities in the
adriamycin-resistant variant -cathepsin L first, cathepsin B second, and cathepsin H
third- over a series of experiments was significant (p=0.010). Irrespective of this
order, an increase in cysteine protease activity was observed only in the adriamycin-
resistant variant of MCF-7. This is in agreement with the previous data using the

colorimetric substrate, arg-arg,
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Figure 5 presents data that has not yet been discussed, that for M:A, 2 somatic cell
hybrid between MCF-7 and its adriamycin-resistant variant. Since questions of
dominance of expression are routinely examined in cell hybrids between parents with

different phenotypes {(Dufresne and Dosescu, 1985; Manjunath and Dufresne, 1989),

M:A provided a convenient opportunity to gain some insight conceming the mechanism

underlying increased cysteine protease activity in the adriamycin-resistant variant of
MCF-7. Since levels of cysteine proteases (i.e., cathepsins B, H, and L) in the hybnd
celis were similar to those of the MCF-7 parent it appeared that the expression of
increased cysteine protease activity observed in adriamycin-resistant cells was

suppressed in the hybrid.

Levels of Cysteine Protease Activity in Cells and Media

It has been reported that the acquisition of the metastatic phenotype is accompanied
by increases in both intracellular and extracellular levels of cysteine proteases such as
cathepsin B (Introduction section 1.2), Early studies suggested that increases in
extracellular levels reflected a multi-step process involving increased secretion of both
active, mature forms and activatable proforms of cathepsins B and L, followed by
subsequent activation of latent proforms via autoactivation at acidic pH and/or protease
action (Recklies er al., 1980; Mort, er al., 1981; Recklies er al., 1982). To examine
this relationship, levels of cysteine protease were examined in unfractionated
homogenates and medium collected from MCF-7 cells and their adrniamycin-resistant
variant. Because of the similar patterns of expression of cathepsin B activity observed

with colorimetric and fluorometric substrates, the assays were conducted under
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conditions optimal for cathepsin B using arg-arg as the substrate (described in Methods,
section 2.6). In brief, cells were seeded and grown in culture medium supplemented
with serum. At 24 hour intervals for each of seven days after initial seeding, the
medium was removed from cells and replaced with serum-free, defined medium
(Dufresne er al., 1993b). Cells were then incubated at 37°C for 24 hours after which
cell counts were determined and cells and their medium were collected. Fractions
prepared from cells and medium were termed intracellular and extracellular fractions
respectively. Latent pro-enzyme (e.g., pro-cathepsin B) in the extracellular fractions
was activated according to established procedures and involved pre-incubation of
conditioned serum free medium with the aspartic protease, pepsin, at pH 3.8 (described
in Methods section 2.6). The results of these analysis for MCF-7 and MCF-7/AdrR
are presented in Figures 6A and 6B respectively. To facilitate comparison, the
protease activity data are also summarized in Table 5. Within each cell line, levels of
intracellular activity at each point of growth were reproducibly greater than levels of
activated extracellular activity. Between cell lines, the MCF-7/AdrR cell line
demonstrated greater levels of intracellular cathepsin B activity at each point of growth
than the MCF-7 parent (compare Figures 6A and 6B, and corresponding data in Table
5 for clarification). This result is consistent with the previous results (i.e., Figures 3
and 5). The pattern of expression of acid/pepsin-activated activity in extracellular
fractions of MCF-7 and MCF-7/AdrR cells is somewhat different in that higher levels
of activity were apparent in the adriamycin-resistant variant late in cell growth (i.e.,
144 and 168 hours). Prior to this, levels of protease (e.g., cathepsin B) in both cell

lines were comparable. A decrease in activity in both intracellular and extracellular
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FIGURE 6.
Intra- and Extracellular Levels of Cathepsin B Activity
in MCF-7, MCF-7/AdrR, and M:A Hybrid.
Panels A, B, and C represent intra- and extracellular levels of cathepsin B
activity, coupled with growth curve analysis over a 7 day period. 2 x 10°
cells were seeded in 100mm culture dishes for (A) MCF-7, (B) MCF-
7/AdrR | and (C) the M:A hybrid. Presented are cell numbers for each day
of growth (), following one day in serum-free medium. Cathepsin B
activities of intracellular (solid bars) and extracellular (open bars) fractions
of MCF-7, MCF-7/AdrR, and the M:A hybrid, were determined using the
synthetic substrate, arg-arg (extracellular cathepsin B activity was
determined after acid/pepsin activation, as described in Materials and
Methods, section 2.6C). Protease activity is expressed as Enzyme Units/mg
total protein, where one enzyme unit (EU) is defined as the quantity of
protease that gives rise to an absorbance unit of 0.016 in one minute at a

wavelength of 520 nm,
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TABLE 5

Summary of Intracellular and Extracellular Levels of Cathepsin B Activity
in MCF-7, MCF-7/AdrR, and M:A Rybrids

Cathepsin B Specific Activity (Enzyme Units/mg Protein)4

DAY MCF-7 MCF-7fAd.r'R M:A Hybrid
Intra?  Extra® Intra Extra Intra  Extra
0 -d - -~ - -— -—
1 -— J— -— — -— —
2 21.32 427 53.07 8.01 10.87 n.d.f
3 15.38 3.21 77.97 3.67 12.23 n.d.
4 16.03 5.66 83.54 7.63 11.97 n.d.
5 17.41 5.57 145.53 6.41 16.13 2.67
[ 7.07 3.31 114,12 51.28 13.22 3,56
7 3.67 1,11 103.70  36.06 11.59 2.07

2  Specific Activity is expressed in Enzyme Units per milligram of sample protein; each
value represents the mean, where n=3. Standard deviations were less than 10%.

b.¢ Intra and Extra represent the intracellular and extracellular level, respectively, of
cathepsin B activity after 1 day in serum free medium, for each day of growth.

d represents points in the growth of the cells where cathepsin B activity cannot be
determined, since cells will not adhear to a growing surface if they are plated into
serum free medium.

€ n.d. not detected.
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fractions was observed by the last time point of the experiment (Table 5, day 7). The
biological significance of this decrease is not known at present although it may retlect a
decreased translation resulting from cell cycle inhibition in culture, or a post-metastatic
decrease in protease activities of tumors in vivo (Veksler ef al., 1987). Regardless of
the explanation, it is unlikely that these results reflect cell death since transfer to
serum-free medium had no effect on cell growth or on cell viability (results not
shown). This is consistent with previous observations indicating that MCF-7 cells
showed the same growth characteristics in both the presence and the absence of fetal
bovine serum (De Launoit er al., 1991). A time course experiment to compare levels
of activity in intracellular and extracellular fractions in the M:A somatic cell hybrid
was also performed. For the purpose of comparison, these results were also included
in Figure 6 (i.e., Figure 6C) and in Table 5 (third column). Once 27ain, levels of
activity in intracellular and acid/pepsin trected extracellular fractions of the hybrid
were similar to those for MCF-7 at each time point of growth. The failure to datect
any activity for day 2, 3, and 4 extracellular fractions may reflect a limited sensitivity.
Regardiess of these differences, increases in levels of acid/pepsin-activatable protease
activity were eliminated by preincubating the extracellular fractions with either the
cysteine proteinase inhibitor E-64 or the aspartyl proteinase inhibitor pepstatin (results
not shown). These results are consistent with those suggesting an increased secretion
of a latent, high molecular weight form of cathepsin B from malignant tissues in

comparison with non-malignant tissue (Mort and Recklies, 1986).
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FPLC Fractionation of MCF-7 and MCF-7/AdrR Cells

The data obtained in unfractionated cell homogenates demonstrated that levels of
cysteine protease activity in MCF-7/AdrR, were greater than those measured in MCF-
7. This is most evident in intracellular fractions. There are several mechanisms which
could explain this increase (discussed in Introduction) including an alteration in the
regulation of proteases by their endogenous protease inhibitors. Assay of inhibitor
levels in unfractionated homogenates, however, can be problematic. Homogenates
contain bound (i.e., complexed with target protease) and free forms of the inhibitor, as
well as endogenous proteases that may interfere with measurements of inhibition
against a standard, exogenous protease. Some investigators have approached this
problem by using heat treatment, or alkaline pH, to dissociate inhibitor from th"
protease:inhibitor complex. These treatments presumably destroy the biologicai
activity of proteases but not that of their endogenous inhibitors (Sloane et al., 1992).
While these treatments are useful, their effectiveness depends on complete dissociation
and assumes that inactivated protease cannot reassociate with free inhibitor. The need
to consider this assumption was bypassed in this study by separating inhibitors and
proteases in fractions by FPLC on a Superose 12 HR 10/30 FPLC column. This
column permits the efficient separation of molecules with molecular masses between 10
kDa and 300 kDa, a range that includes various proteases and protease inhibitors. A
selectivity curve was prepared by calculating separation coefficients, K,y (detailed in
Methods, section 2.8) fof ;:li;’lferent molecular weight standards (Figure 7). This curve
was in excellent agreement with the separation curve provided by the manufacturer and

demonstrated reproducible separation of both exogenous pork liver cathepsin B and
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commercial egg white cystatin preparations without loss of their biological activity,
For reference, this figure also includes the apparent molecular weight positions at
which endogenous inhibitor, I (i.e., % inhibition of pork liver cathepsin B), and
endogenous protease (i.e., cathepsins B, H and L) activity were detected from breast
cancer cells. These patterns were identical for all three FPLC columns used during the
course of this thesis research.

To determine if the column would separate cysteine proteases (e.g. cathepsin B)
and their endogenous inhibitors in the human breast cancer cell system, cell
homogenates were prepared from growing cultures of MCF-7 and MCF-7/AdrR cells
and similar amounts of protein from each, in homogenization buffer (pH 6.0), were
injected separately onto a Superose 12 HR 10/30 FPLC column at room temperature.
Fractions were eluted at room temperature with phosphate column buffer (pH 6.0) at a
flow rate of 1.0 ml/min. Absorbance at 280 nm was monitored with a Beckman
Analytical Optical Unit and recorded on a Kipp and Zonen chart recorder. Five
hundred u! fractions were collected, stored on ice then assayed for cathepsin B activity
using the colorimetric substrate, arg-arg, and for inhibitor activity using purified pork
liver cathepsin B (detailed in Methods, section 2.7). The elution profile, protease (E)
and inhibitor (I) assay profiles for MCF-7 and MCF-7/AdrR are presented in Figure
8A and Figure 8B respectively. Distinct peaks of protease and inhibitor activity were
observed at similar positions for both cell lines. Moreover, although an equal amount
of protein was added, levels of protease activity in fractions from the adriamycin-
resistant variant of MCF-7 were reproducibly greater than those measured in fractions

from the original MCF-7 as evidenced from the different enzyme units scale.
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Having established that protease and inhibitor could be separated in both cell lines,
the experiment was repeated using the more sensitive fluorometric assay and the 4-
methylcoumarylamide substrates for cathepsins B, H, and L (detailed in Methods).
Levels of inhibitor were again determined using purified pork cathepsin B and
expressed as percent inhibition. Representative profiles for MCF-7 and MCF-7/AdrR
are presented in figure 9A and Figure 9B respectively. The activity of the cathepsins
in fractions collected from FPLC paralleled the order of activity observed in whole
homogenates for both MCF-7 and MCF-'!/AdrR, with cathepsin L (corrected)
expressing the greatest level of activity, followed by cathepsin B, then cathepsin H.
Peak average levels -the calculated average of enzyme activity at each enzyme peak-
for cathepsin B and cathepsin L activities were greater in MCF-7/AdrR by 3.6 and 3.4
fold respectively than levels in MCF-7 fractions. Cathepsin H actiﬁity was similar in
both cell lines. Based on the standard FPLC separation curves (Figure 7) cathepsin B
and cathepsin L peak activities from MCF-7 and MCF-7/AdrR fractions both eluted at
a molecular weight posit;0n correspunding to 31.0 kDa. Cathepsin H activity in both
cell lines eluted slightly later at a molecular weight position corresponding to 27.5
kDa.

Cathepsin B inhibitory peaks for both cell lines eluted after endogenous cathepsin
B activity over 2 5 ml elution volume from 14.5 to 19.5 mls. Two distinct inhibitory
peaks at molecular weight positions corresponding to 25.0 kDa and 15.0 kDa were
observed within this elution range. The 25.0 kDa peak for MCF-7 and MCF-7/AdrR
samples yielded peak average levels of inhibition -the calculated average % inhibition

at each inhibitor peak- of 8.5% and 7.5% respectively, while the 15.0 kDa peak
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yielded peak average levels of inhibition of 6.8% and 5.5% inhibition respectively.
The total peak average levels of inhibition (the sum of all peak average % inhibitions),
for MCF-7 was 15.3%, while that for MCE-7/AdrR was 13.0%. The relative values
for average peak levels of cathepsin activities and of inhibition remained the same for

both cell lines between experiments and with increased time in culture.

Heat Treatment: Total Endogenous Cathepsin B Inhibitor

The results obtained using FPLC column chromatography repeatedly demonstrated
that levels of cysteine protease in the adriamycin-resistant variant were higher than
those measured in MCF-7 when assayed under conditions optimal for cathepsin B. The
results further suggested that this increase was not the obvious result of different levels
of inhibitor of cathepsin B. Peak average levels of inhibition were similar in both cell
lines. It was recognized, however, that this interpretation could be misleading since
levels reflected the amount of free inhibitor available to interact with the extraneous
cathepsin B. Inhibitor that is bound to endogenous protease would not be detected.
The stability of cysteine protease inhibitors to heat has been used by many researchers
to provide a more represemative estimate of the total level of heat stable inhibitors
(i.e., stefins, cystatins, and kininogens) present in each cell line. In NIH 3T3 cells, for
example, incubation of homogenates at 100°C for 5 minutes effectively dissociated
inhibitors from the cathepsin B:inhibitor complex. Moreover, while this treatment had
no effect on inhibitor reactivity, it eliminated detectable, endogenous cathepsin B
activity (Chambers et al., 1992). The potential of this approach in the MCF-7 human

breast cancer cell system was first examined by treating homogenates of MCF-7 and
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MCF-7/AdrR cells at different temperatures prior to colorimetric (arg-arg) assay of
protease activity under conditions optimal for cathepsin B (Lah er al., 1992). The
results of a typical experiment are presented in Figure 10. For each temperature at
which activity was detected, levels in MCF-7/AdrR were signifigantly greater than
those observed in MCF-7 (p=0.000). Levels of activity in both cell lines decreased at
greater than physiological temperatures. At 70°C no activity was detected in either
cell line.

While heat treatment of MCF-7 and MCF-7/AdrR unfractionated homogenates
(e.g., 80°C, 5 min) effectively eliminated cathepsin B activity, attempts to measure
levels o inhibitor were unreliable and for the most part unsuccessful despite the
manipulation of controls (e.g., addition of bovine serum albumin) suggested in the
literature (Chambers et al., 1992). In view of this result, an approach combining heat
treatment of homogenates with subsequent fractionation by FPLC chromatography was
attempted. In brief, homogenates prepared from each cell line were normalized for
protein content and treated at 80°C for 5 minutes. After clarification by
microcentrifugation, the heat-treated samples were injected onto the FPLC column.
The column was eluted with column buffer at pH 6.0 and fractions were collected, then
fluorimetrically assayed as described for non-heated FPLC fractions. The results of
these analysis for MCF-7 and MCF-7/AdrR are summarized in Figures 11A and 11B
respectively. Heat treatment appeared to alter the absorbance profiles of regions
eluting at mplecular weights greater than 23.0 kDa in both the MCF-7 and MCF-7/
AdrR samples (compare figures 9A and 9B, to 11A and 11B, respectively). Heat

treatment also eliminated detectable cathepsin activity in both cell line extracts but did
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not eliminate inhibition of cathepsin B activity. Inhibition was detected between elution
volumes of 10.0 mils and 22.0 mls for the MCF-7 sample (Figure 11A) and between
10.5 mis and 19.5 mis for the MCF-7/AdrR sample (Figure 11B). Within these
elution volumes, three distinct regions of inhibition were observed in both MCF-7 and
MCF-7/AdrR heat-treated, fractionated samples. The first inhibitory region eluted at a
position corresponding to an average, apparent molecular weight of 45.0 kDa. The
peak average level of inhibition (%) for this region was 2.5 fold greater in MCF-7 than
in MCF-7/AdrR. The second inhibitory region eluted at a position corresponding to an
average, apparent molecular weight of 28.5 kDa. At this region, the peak average
level of inhibition (%) was 1.8 fold greater in MCF-7 than in MCF-7/AdrR. The third
inhibitory region was reproducibly broader and eluted at positions corresponding to
apparent molecular weights between 11 kDa and 19 kDa. At this region, the peak
average level of inhibition (%) was 1.8 fold greater in MCF-7 than in MCF-7/AdcR.
The positions of the 28.5 kDa and 11-19 kDa inhibitory regions corresponded, in an
approximate manner, to regions obtained after FPLC chromatography of non-heated
homogenates prepared from MCF-7 and MCF-7/AdrR (compare Figures 9 and 11).
The data for non-heated and heat-treated homogenates of MCF-7 and MCF-7/AdrR
after FPLC chromatography are summarized in Table 6. While the absolute values for
levels of inhibition varied from experiment to experiment, the relative ratios between
levels in the cell lines remained constant. In general, although heat treatment increased
levels of inhibition in both MCF-7 and MCF-7/AdrR, compared to non-heated
samples, levels of increase (e.g., 1.3 fold) in the adriamycin-resistant variant of MCF-

7 were lower than those measured in MCF-7 (e.g., 2.2 fold). At the same time,
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assuming that heat-treatment and FPLC fractionation permit a more realistic estimate of
total inhibiter, fold differences in protease activity between the two cell lines after
FPLC chromatography of non-heated homogenates were always greater (i.e., 2-5 fold)
than fold differences in levels of inhibition afier FPLC chromatography of heated
homogenates. Thus, while the adramycin-resistant variant of MCF-7 demonstrated
higher levels of protease activity and lower levels of inhibition than those in the MCF-7

parent, the differences were not complementary.
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Discussion

Malignam transformation of a somatic cell is a multi-step process that begins with
the transformation of a normal cell to a cell that reproduces and differentiates
abnormally. Through cell division, this transformed cell gives rise to a population of
similarly transformed cells termed a clone. Cells in this clone can demonstrate two
general patterns of growth: they can remain encapsulated and not spread, in which case
the tumor is usually benign, or they can detach and spread to other parts of the body,
in which case the tumor is usually malignant. Some cancers are more malignant than
others. The degree of malignancy depends in part on the rate at which the cells
reproduce, but a more critical property appears to be how readily cells metastasize
from the primary cancer (Schirrmacher, 1985; Hill, 1987; Thompson ef al., 1992).

According to Thompson (1992), "Metastasis is a multifactorial process by which -
tumor cells escape from the primary tumor, disseminate through blood and lymph
vessels, evade host immune defense, and home to specific target organs where they
extravasate and re-colonize". Cancers that tend to metastasize quickly (i.e., when the
number of cancer cells is still small) are generally more malignant. There are several
reasons for this including that secondary cancers often form in tissues such as brain,
lung, liver, or bones and are more'difﬁcu‘-.j.to detect and usually more difficult to treat.
Moreover, a secondary cancer may also me:tastasize and initiate tertiary cancers in still

other sites.
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The correlation between malignancy and metastasis has resulted in considerable
international research into the molecular mechanisms by which cells detach from the
primary tumor. Although the research is relatively recent, there is some consensus that
decreased cell-to-cell adhesion and increased cell motility -phenotypes readily observed
in cancer cells- are important io metastatic potential. These phenotypes have several
molecular explanations. For example, they may be a result of changes that occur in the
surface of the cell membrane when a normal founder cell is first converted to a cancer
cell. Alternatively, they may also be the result of changes in the ability to degrade and
invade through basement membrant (i.e., the extracellular matrix) by proteolytic
enzymes (reviewed in: Recklies er al., 1980; Nicolson, 1991; Liotta, 1992).

A variety of degradative enzymes, including heparanases, collagenases, and
lysosomal metallo-, serine-, aspartic-, and cysteine proteases, have been reported to
contribute, directly and indirectly, to metastasis (Sloane, 1990; Liotta e al., 1951;
Chambers, 1992; Chambers er al., 1992; Sloane er al., 1992). Of these, alterations in
the activities of lysosomal cysteine proteases (e.g., cathepsins B and L) appear to be
particularly significant (reviewed in Recklies er al., 1986 and Tryggvason et al.,
1987, Sloane, 1990; Chambers et al., 1992).

Several hypotheses have been suggested to explain the molecular basis of increased
lysosomal cysteine protease activity in cancer cells. Not surprisingly, these hypotheses
reflect the complexity of p}otease regulation in normal cells and include: 1) enhanced
transcription of protease genes as a result of oncogene-mediated amplification, up-
regulation, or increased efficiency of the transcription molecular mackinery (Nishimura

and Kato, 1987; Moin ez al., 1989); 2) changes in subcellular processing and
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localization (Mort and Recklies, 1986); and 3) changes in reguiation by endogenous
cysteine protease inhibitors (CPIs) (Lah er al., 1989b; Chambers er al., 1992; Lah er
al., 1992b). While these hypotheses are neither mutually exclusive nor exhaustive, the
research described in this thesis focused on the latter, specifically, the reguiation of
cathepsin B ",y its endogenous inhibitors in various human MCF-7 breast cells in
culture. The rationale for using the MCF-7 breast cancer cells has been discussed in
detail in the Introduction of this thesis. In short, it provides a highly controlled, well
charactenized, relevant, isosytem to study tumor progression in a human cancer that is
charactenzed by early metastasis. The MCF-7 wild type cell line is characteristic of
"early” breast tumor progression in that it is: a) fully hormone dependant (i.e.,
estrogen receptor (ER) positive), b) sensitive to chemotherapeutic drugs, and ¢)
poorly metastatic. MCF-7 cells rarely form tumors without the influence of hormones
and require physiological levels of estrogen for maximal growth ia vitro and for tumor
formation in nude mice (Aakvaag er al., 1990; Gelmann er al., 1992). In contrast,
MCF-‘?/AdrR, an adriamycin resistant variant derived from MCF-7 is characteristic of
“late” breast tumor progression in that it is: a) hormone independent (i.e., estrogen
receptor negative), b) resistant to seemingly unrelated chemotherapeutic drugs (i.e.,
multidrug (MDR) resistant), and ¢) highly metastatic (Fairchild e al., 1987; Vickers
et al., 1989). This cell line will form proliferating tumors in the presence or absence
of estrogen (reviewed in Leonessa er al., 1992). The inclusion of ras/gpr transfected
MCF-7 cells, and their gpt transfected controls, needs little explanation; transfecied ras
oncogenes induce metastatic properties in some cells. The MCF-7 breast cancer cell

system is also excellent from a cell culture perspective. All MCF-7 and MCF-7/AdrR
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cell lines are easy to manipulate in culture, have similar growth parameters (e.g..
Table 2, Results for MCF-7 and MCF—?/AdrR), demonstrate high viability, and are
stable with respect to genotypes and phenotypes.

Relative to the MCF-7 parent, increased levels of cathepsins B (11 to 23 fold) and
L (11 fold) were observed in the adriamycin resistant MCF-7 cell line but not ia either
the gpt-transfected or the ras/gpe-transfected MCF-7 cell lines. In contrast, levels of
cathepsin H in MCF-7/AdrR, MCF-7/gpr, and MCF-7/ras/gpt were similar or lower
than those found in the MCF-7 cell line. Although the absolute values differ, the
relative order of these results are consistent with those of Lah er al., (1992b) who
reported a 18.5 fold and 52.5 fold increases in cathepsins B and L, respectively, in 70
matched pairs of breast carcinoma. The relative order of increased [B and L] activities
in MCE-7/AdrR also supports the close relationship between the c}steinc proteases and
the major excreted protein, MEP, observed in other malignantly transformed celis
(Denhardt et al., 1986; Gal and Gottesman, 1986; Chambers ef al., 1992).

The results with ras transfected MCF-7 were of particular interest since transfected
ras oncogenes have been shown to induce metastatic properties in both murine and
human cells. However, it is clear from the literature that not all cells respond in the
same way to expression of odbogeqic ras. Transfection of murine NIH 3T3 fibroblast
cells with v-rasH, for example, resulted in metastasis and increased levels of cathepsin
B (Joseph et al., 1987; Hill er al., 1988; Chambers ef al., 1990; Chambers et al.,
1992). Murine LTA fibroblast-like cells, on the other hand, were ras-resistant (i.e.,
resistant to transformation) and remained tumorigenic but nonmetastatic after

transfection with v-rasH (reviewed in Chambers, 1992). In contrast, transfection of
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human MCF-7 breast cancer cells with the v-rasH oncogene resulted in metastasis
without an increase in cathepsin B (Kasid et al., 1985). The derivative MCF-7/ras cell
line, unlike the original estrogen positive MCF-7 cell line, no longer required estrogen
supplementation to form tumors in nude mice. In addition, although these cells
demonstrated cellular and secreted polypeptides that were in common, the patterns
were not identical, most notably with respect to the secretion of cathepsin D, an
estrogen regulated gene in MCF-7 (Rochefort ez al., 1987; Leonessa er al., 1992;
Briinner et al., 1993). The human cathepsin D gene has been mapped to chromosome
11p15, while lysosomal cathepsins H and L have been niapped to 15q25-qg25 and Sq21-
q22 respectively (reviewed in Fong er al., 1992). The human cathepsin B gene
(CTSB) was recently localized between the p22 and p23.1 regions of chromosome 8
(Fong et al., 1992). Interestingly, Emi er al (1992) noted frequent loss of
heterozygosity for various human tumors at region 8p21.3 to 8p23.1, indicating that
one or more tumor suppressor genes may be present in that regton.

Adriamycin can also induce metastatic properties in MCF-7 cells. This appears to
be the result of a multidrug resistant (MDR) phenotype selected against adriamycin
which compounds genetic alterations accompanying the progression of MCF-7 to a
hormone-independent, metastatic phenotype in vitro (Clarke et al., 1986; Vickers ez
al., 1988; Vickers et al., 1989; Hochhauser énd Harris, 1991; Pastan and Gottesman,
1991; Yeh er al., 1992; Ferguson and Baguley, 1993). Although this also occurs in
vivo, it is not known if tumor cells acquire the MDR phenotype naturally during their
malignant progression, or if parﬁculm cells intrinsically possessing the MDR

phenotype are selected for during chemotherapeutic therapy (Riordan er al., 1985;
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Batist er al., 1986; Beck, 1987). Regardless of this uncertainty, it is clear that
adriamycin resistant MCF-7 cells, unlike their esirogen stimulated or ras transfected
counterparts, are estrogen receptor negative. The acquisition of adriamycin resistant
and estrogen receptor negative phenotypes, however, does not appear linked since
selection for hormone-independence does not alter MCF-7's sensitivity to cytotoxic
drugs (Leonessa er al., 1992). Based on our resuits, adriamycin resistant MCF-7 cells
also demonstrate higher levels of cathepsins B and L than wild type or ras transfected
MCE-7 celis. Taken together, these observations suggest that: 1) factors contributing
to disturbances in antiestrogen and cytotoxic drug sensitivities, hormone-dependent
.growth, metastatic potential, and tumorigenicity can act independently of one other,
and 2) ras transfected, estrogen receptor positive, MCF-7 cells acquire their malignant
phenotype via a different mechanism than that for the adriamycin resistant, estrogen
receptor negative, MCE-7/AdrR cells -a mechanism not involving an -bvious elevation
of lysosomal cysteine proteinases. Adriamycin induces P-gp (p170), a“170 kDa M.W.
glycoprotein which is the putative drug efflux pump (Kartner er al., 1983; Yeh er al.,
1992); ras induces p21, a 21 kDa protein that presumably acts as a signal transducing
molecule (reviewed in Cantly er al., 1991). These differences, of course, do not
preclude 2 possible link between the induction of p21 and the induction of pl170. The
overexpression of p170, for example, can occur by several mechanisms including
multiple gene copies, positive transcriptional control, and post translational
modifications such as phosphorylation through protein lmasc C and phosphatidinositol
pathways (Riordan er al., 1985; reviewed in Ferguson and Baguley, 1991; Schecter er

al., 1991). Given our expanding understanding of p2l function (e.g., guanine
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nucleotide binding protein with GTPase activity and cysteine protease inhibitor-like
properties), it is possible that ras, or ras-related products, participate in this
overexpression. The analysis of an adriamycin resistant, ras transfected MCF-7 cell
line would be helpful in this regard.

The complexity of the metastatic process is further suggested by our results
concerning expression of cysteine protease activities in a somatic cell hybrid between
the poorly me;astatic, MCF-7 wild type parent and its highly metastatic, adriamycin
resistant variant, MCF-7/AdrR. The M:A hybrids rcsemble the MCF-7 parent. In
contrast, Tuck reported that somatic cell hybrids between LTA cells and NIH3T3 cells,
both with and without H-ras supplied by one or the other parent, were always
metastatic (Tuck er al., 1991). Interestingly, hybrids from control crosses with ne ther
parent supplying a transfected ras oncogene were also metastatic, a result which puts
the role of ras in the metastatic phenotype observed in the other LTA x NIH3T3
hybrids in question. At any rate, the explanations for expression of the metastatic
phenotype in these murine cell hybrids -complementation of (a) factor(s), and
intracellular reciprocity of the ras product- are clearly not operative in our human cell
hybrids.

Elevated levels of cathepsin B activity in body fluids have been reported in clinical
cases for pancreatic, colon, liver, and breast tumors (reviewed in Sloane et al., 1987;
Petrova-Skalkova er al., 1987). In cell and tissue culture, Recklies er al., (1930,
1982), and Mort and Recklies (1986), reported 11 fold greater cathepsin B activity in
the culture media of explants of malignant breast tumors than in the media of explants

of normal breast tissue or non-malignant tumors. Studies of extracellular media from
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ascitis cells demonstrated that this actvity reflected high levels of a 41 kDa, inactive
pro-cathepsin B which was subsequently activated by the aspartic protease pepsin, at
acid pH, to a 33 kDa single chain active form that was immunologically related to the
lysosomal cathepsin B (Mort er al., 1981). Nishimura subsequently identified a 39
kDa cathepsin B proform in hepatic endoplasmic lumen (Nishimura e7 al., 1988). This
proform could be activated in several ways including incubation for 36 hours at pH
3.8, conditions simulating the lysosomal environment, or treatment with pepsin or
cathepsin D at acid pH. This latter result supported a processing role for cathepsin D,
a major aspartic protease, in the proteolytic maturation of pro-cathepsin B. Although
there is limited evidence for the secretion of a second cathepsin B proform which is
active against low molecular weight synthetic substrates at alkaline pH (Mort and
Recklies, 1986), it is generally agreed that the inactive (i.e., latent) proform is the
form significant to metastasis. Despite this progress, research toward understanding
the relationship between synthesized and secreted protease activities over time has been
restricted by serum present in tissue samples or that added to cell culture environment
to maintain growth (reviewed in Freshney, 1990). Serum contains undefined
components (e.g., inhibitors, activators) which can interfere with the measurement of
protease activity. Mort and Leduc (1984), for example, demonstrated the presence of
two enzymes present in human serum that mimicked the proteolytic action of cathepsin
B against synthetic substrates. Research in our laboratory has further demonstrated
that serum components interfere with levels of cysteine protease activity synthesized in,
and secreted from, human breast cancers cells in culture (Scaddan and Dufresne,

1993b). The problem has been addressed historically by omitting serum from the
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grewth medium for short periods (e.g., 12-24 h) prior to measurement. This is not a
solution since the viability of the cells invariably decreases as a result of "culture
shock”, which may in tumn, result in the release of cellular components which can
interfere with levels of protease activity. This study made use of a defined, serum-free
medium which permits analysis of levels of intracellular active and extracellular
activatable levels of cathepsin B over time without compromising the viability or
growth parameters of the cells (Dufresne er al., 1993b). Results from these studies
provide evidence for the secretion of a latent, activatable proform of cathepsin B by
MCF-7/AdrR (Petrova-Skalkova er al., 1987). Increases in protease activity, detected
under the conditions optimal for cathepsin B, were observed in extracellular fractions
of MCF-7/AdrR only after pepsin activation at acid pH, and could be inhibited by the
omission of cysteine, and by the addition of either pepstatin, an aspartic protease
inhibitor, or E-64, a cysteine protease inhibitor.

The results also suggest that increases in extracellular levels result from increases
in intracellular levels and are related to cell growth. Specifically, the specific activity
~of active cathepsin B in intracellular fractions of MCF-7/AdrR increased modestly
| while that of extracellular fractions remained relatively constant during the initial lag
and early exponential phases of cell growth (i.e., Days 24). During this time, levels
of activity in intracellular fmctions: of MCF-7/AdrR were consistently greater than
those of MCF-7, while levels of activatable activity in extracellular fractions were
similar in both cell lines. Within the next 24 hours (i.e., Day 5) -a time c;orresponding
to the late exponential phase of growth- the specific activity in intracellular fractions of

MCF-7/AdrR markedly increased and peaked. This was followed by a concomitant
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increase in activatabie activity detected in extracellular fractions (i.e., Day 6), at which
time levels of activity in intracellular fractions decreased. Although a similar pattern
of expression may occur in fractions of the M:A somatic cell hybnd, levels remained
comparable to the low levels observed in the MCF-7 wild type parent over time. This
result is in agreement with our previous observations, and suggests that the low levels
of latent activity in extracellular fractions are the result of suppression of the MCF-7
/AR cysteine protease phenotype in the hybrid cell.

For reasons already discussed, the current literature does not yet contain results
concerning the expression of cysteine proteases over time. However, while our results
can't be confirmed at present, there are compelling reasons to support their
significance. First, similar patterns of expression have been reported tor other
malignant phenotypes such as the initial up regulation and subsequent down regulation
of fos and jun oncogenes fllowing ras transformation of murine cells (Stacey ef al.,
1987; Sistonen et al., 1989; Chambers, 1992). Second, similar patterns of expression
have been reported for protease activity levels in clinical studies. Veksler, for
example, reported that the activity of proteases increased during the growth of tumors,
reached peak levels when metastases were beginning to form, then decreased (Veksler
er al., 1987). Third, our results can be explained in terms of available data conceming
tumor progression and protease effects. Cysteine proteases are known to act as growth
factors by exerting mitogenic effects on cells (reviewed in Scher, 1?_87; Scott, 1992;
Scott and Tse, 1992). Therefore, the increased expression of active intracellular
cathepsin B, and subsequent secretion of activatable procathepsin B, during mid to late

exponential growth of MCF-7/Adr® cells could help the cells overcome contact
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inhibition and density limited growth at later stages of growth. Some proteolytic
mitogens have, in fact, been implicated in stimulating the release of other proteases
from the cell. In this role, these proteases may initiate part of 2 proteolytic cascade,
which could result in the degradation of extracellular matrices and promote metastasis
(He er al., 1989).

In normal cells, cysteine proteases are targeted to lysosomes, but when they are
overexpressed in malignant cells they also become associated with the plasma
membrane and are secreted (Chambers er al., 1992). While alterations in cellular
localization no doubt contributes to the differences in intracellular and extracellular
levels of cathepsin B between MCF-7 and MCF-’?/AdrR, they may not be the only
contributing factor. Rsth cell lines are tumorigenic and one is derived from the other.
Therefore a change in cellular localization alone might be expected to result in a "flip-
flop" in the levels of intracellular and extracellular cathepsin B activity between each
cell line (e.g., MCF-7 expressing high levels of intracellular activity, MCF-7/AdrR
expressing high levels of extraceilulaf activity). In our studies, levels of activity in
both intracellular and extracellular fractions of MCF-7/AdrR were generally greater
than those of MCF-7. This, together with the multifactorial nature of metastasis,
supports the involvement of other mechanisms (reviewed in: Sloane, 1990, and
Chambers, 1992).

The cysteine proteases are inhibited by a group of heat and alkaline-stable proteins
known as cysteine protease inhib_iggrs (CPIs), or cystatins. Members of this family are
found both intracellularly and extracellularly where they bind in a one-to-one

stoichiometric fashion to their target enzymes with varying affinities (Green er al.,
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1984; reviewed in Chambers, 1992). The high affinity of these inhibitors for the
cysteine proteases has led to the speculation that their major cellular function is to
protect cells against the uncontrolled activity of these enzymes. It follows that the net
proteolytic activity that would permit cells to invade through the extracellular matrix
and metastasize could ultimarcly depend on the balance between proteases and their
inhibitors.

The biological significance of the protease-to-inhibitor balance was immediately
recognized and resulted in intense research activity. The basic approach to this
research has been ariculated by Sloane who suggests that any assay for cysteine
proteases activity in biological fluids, homogenates, or culture medium will be affected
by the presence of cysteine protease inhibitors (CPIs), and will therefore reflect the
concentration and efficiency of CPIs in the sample (Sloane, 1990). This approach also
defines a practical problem in the quantification of inhibitor or protease activities in a
sample; inhibitors bound to proteases are by definition biologically inactive.
Historically, this problem has been approached by combining immunological
techniques with biological assays, or by exposing samples to extreme heat, a lreatment
which presumably permits assay for total inhibitor by inactivating the heat sensitive
proteases and dissociating them from the heat resistant inhibitors (Green et al., 1984).
This approach was not entirely successful for homogenates of MCF-7 or MCF-7/AdrR.
While cathepsin B activity in both cell lines was similarly sensitive to heat inactivation
-a result that tells us nothing about the mechanism of inactivation but does support
structural and functional similarity- changes in inhibitor activity could not be detected

regardless of the conditions tested. This immediately suggested that inhibitors were
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either not a factor in the MCF-7, MCF-7/AdrR differences, or that assay of free
inhibitor in heated samples was somehow being obstructed (e.g.. nenspecific binding to
denatured protein). Evidence for the latter was provided by fractionation of non-heated
and heated, intracetlular fractions on a Superose 12 HR 10/30 FPLC column which had
previously been shown to separate pork liver cathepsin B from commercial cystatin
without affecting their biological activity.

Trends of cathepsins B, H, and L activities within and between MCF-7 and MCF-7
1AdrR homogenates after FPLC fractionation were similar to those observed before
fractionation. In short, levels of cathepsins B and L activities were greatest in MCF-7/
AdrR, while levels of cathepsin H activity were comparably low in both cell lines.
Cathepsins B and L activities eluted at a position corresponding to an approximate
molecular weight of 31,0 kDa. This is within the 24.C kDa to 35.0 kDa range (i.e.
24.0 kDa, 27.0 kDa, 29.0 kDa, 33.0 kDa, and 35.0 kDa) reported by others for these
enzyme activities in human tumors (Sloane, 1990) and transformed, human fibroblast
cells (Hanewinkel er al., 1987). The elution position of cathepsin H activity in both
cell lines, 27.5 kDa, is also consistent with the 28.0 kDa form of cathepsin H activity
reported by other investigators (Nishimura ez al., 1990). There is some consensus that
the variation in reborted values for the different cathepsins reflects the cell or tumor
type, the extent of intracellular processing, and variations in technique. Regardless of
the positions, the activities of all cathepsins for both cell lines were eliminatcd by
treatment of homogenates at 80°C for five minutes before application to the FPLC

column. Differences in Apgonm absorbance profiles at molecular weight positions
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greater than 23.0 kDa between non-heat and heatftreated fractions support this
inactivation.

After FPLC, two distinct regions of inhibition against cathepsin B activity were
detected at similar elution positions, 15.0 kDa and 25.0 kDa, in non-heated
homogenates of both MCF-7 and MCF-7/AdrR. Under these conditions, levels of
inhibition were similar in both cell lines (i.e. less than 3% difference in total
inhibition), suggesting that differences in levels of "free” protease activity (i.e.,
cathepsins B and L) are not accompanied by differences in "free” inhibitor.

In contrast to its effect on protease activity, heat treatment of homogenates from
both MCF-7 and MCE-7/AdrR resulted in an increase in levels of inhibition compared
to levels measured in non-heated homogenates. This increase reflected inhibition at
three similar regions; however, the increases at each region were greater for MCF-7
cells. The first, corresponding to an approximate molecular weight of 45.0 kDa, was
not observed in non-heated samples of either cell line, and contributes to most of the
additional inhibitory activity in MCF-7/AdrR. Levels of inhibition (i.e., average %
inhibition measured against pork liver cathepsin B) at this region were 2 to 3 fold
greater in MCF-7 fractions than in MCE-7/AdtR samples. The second region of
inhibition, 24.0 kDa-28.5 kDa, and the third region of inhibition, 11.0 kDa-19.0 kDa,
appear 1o correspond to the 25.0 kDa and 15.0 kDa regions of inhibition, respectively,
observed in non-heated fractions of both cell lines. However, in heat-treated fractions,
levels of inhibition at both these regions were almost 2 fold greater in MCF-7 fractions

compared to MCF-7/AdrR.
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Direct evidence for the molecular identity of inhibitory regions observed in non-
neated and heated fractions cf both cell lines is not yet available. However, the
number and molecular weight positions of these regions are consistent with muitiple
forms of cystatin-like, cysieine proiease inhibitors previously reportzd. Endogenous
rysteine protease inhibitors, such as cystatins and stefins, have molecular weights
ranging from 11.0 kDa to 15.0 kDa (reviewed in Sloane, 1990; Moin er al., 1992).
Certain forms of these inhibitors can aggregate -by virtue of disulfide bonds- to form
dimers, trimers and even aggregates of up to a 70.0 kDa (Matsuishi er al., 1988; Lah
er al., 1989b; Moin ez al., 1992). Interestingly, heat treatment of many mammalian
cells has been reported to increase the number of multiple Liolecular weight forms of
the same inhibitory activity (Katanuma ez al., 1983). Recent results from collaborative
research, involving our laboratory and Dr. David Cotter’s of the University of
Windsor, support multiple forms of cystatin-like CPIs in the MCF-7 breast cancer cell
system. On SDS gels, protein from each region of inhibition migrates as a single band
corresponding to the position of our cystatin contrel. On native gels, both the standard
cystatin and the inhibitory fractions migrate as multiple bands at similar positions
(Toannidis er al., 1993). While these results suggest that the different regions of
inhibition contain cystatin-like inhibitors, they do not prove that these inhibitors are
identical. Cystatin-like cysteine protease inhibitors from human liver treated at 80°C,
for example, reflect at least two immunologically distinct 12.4 kDa inhibitors, each in
several molecular forms (Green er al, 1984). Untl the molecular identity of

inhibitory activity in each region is established for each cell line, contributions from
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other cystatin inhibitors (i.e. higher molecular weight kininogens), as well as non-
cystatin inhibitors, cannot e ruled out (Lah er al., 1992a).

Regardless of the molecular identity of cathepsin B inhibition, the increase in
levels of inhibition is consistent with that reported by most other researchers for heat-
treated, unfractionated samples from human and murine tissues/cells (Lah er al.,
1989b; Rozhin er al., 1990; Sloane er al., 1992; Chambers er al., 1992).
Interpretation of our results, however, is not restricted to a comparison of "total"
inhibitor in heated samples to "free” protease in non-heated samples. Comparisons of
this type exclude the contribution of heat-inactivated proteases in the bound form (i.e.,
inhibitor complexed with protease) and assume that they will not interfere with the
measurement of "total” inhibitor. Our results suggest that these restrictions may in fact
interfere with the interpretation of resuits since differences between total inhibitory
activity between LI;CF-? and MCE-7/AdrR become apparent in heated fractions only
after FPLC column fractionation. Moreover, a comparison of ratios of levels of
inhibition in heat-treated to levels of inhibition in non-heated fractionated homogenates
hetween these two cell lines (.e. 2.0-2.5 for MCF-7; 1.3 for MCF-7/AdrR), suggests
that MCF-7 wﬁples retain better than half of their total cysteine protease inhibitor
activity in a protease-bound form -an interpretation in keeping with the low levels of
free cathepsin B activity detected in fractionated and unfractionated homogenates of this
cell line. MCF-?/AdrR, on the other hand, not only expresses lower levels of total
inhibition than MCF-7, but appears to maintain little of this activity in a protease-
bound form. There are several alterations which could explain this result including

altered transcription and translation of normal inhibitor, or transcription and translation
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of an altered inhibitor. Physicochemical studies. including Xinetic analyses to
determine binding affinities, would be helpful in this regard. Nonetheless, these resulis
-together with the peak average cathepsin B activities for MCF-7 and MCF-7/AdrR
cells- suggest an imbalance in the levels of functional cysteine protease inhibitor which
favors increased cathepsin B activity in the adramycin resistant, estrogen receptor
negative, MCF-7/AdrR cell line.

As discussed previously, cystatins are reported to bind in a one-to-one
stoichiometric fashion to their target enzymes with varying affinities. If this is also the
stoichiometry observed in the MCF-7 cell system, the decrease in functional inhibitory
potential in the MCEF-7/AdrR cell line may not be sufficient to account for the 4-5 fold
increase observed in its cathepsin B activity. Other factors may contribute to increased
proteolysis (Lah er al., 1992b). Cathepsin D, for example, activates cathepsin B,
while inactivating its endogenous, low molecular weight cystatin inhibitors (Lenarcic er
al., 1988). In addition, feed-back mechanisms for the reciprocal proteolytic
maturation of both cathepsins B and D have been reported (Sohar and Katona, 1992;
Lah et al., 1992b). Since cathepsin D is regulated by estrogen in MCF-7 cells and is
up regulated in ER negative cell lines (Brinner er al, 1993), it is possible that it
contributes to increased levels of cathepsin B activity in the MCF-7/AdrR breast cancer
cell line. The inhibition of activation by the aspartic protease pepstatin, in our
extracellular studies, supports this possibility, however analyses of intracellular and
extracellular levels of cathepsin D are required to confirm it.

Recent reports also suggest that cysteine protease inhibitors can affect levels of

protease indirectly, Cysteine protease inhibitors are known to inhibit cellular
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proliferation, for example, by inhibition of protein turnover, or of proiein processing
(Scott, 1992). However, when levels of inhibitor are low (i.e., at sub-inhibitory
levels) they appear 10 be mitogenic -presumably by contributing 10 increased levels of
active protease available for tumor progression (Shaw and Dean, 1980). Thus, an
alteration in the relationship between proteases and their inhibitors could provide a
molecu’ar "catch 22" which is optimal for metastasis. This is consistent with current
literature. For example, a number of researchers have observed that highly elevated
levels of cathepsins B and L, and decreased levels of endogenous cysteine protease
inhibitors (CPI) are often associated with poorly differentiated carcinomas and those
with negative estrogen receptor values (Krepela er al., 1989; Lah er al., 1990).
Research has also demonstrated that the increased levels of activatable cathepsins B and
L activities in intracellular and extracellular fractions of MCE-7/AdrR could reflect
alterations at several levels including: increased transcription and translation, altered
processing and subcellular localization, increased secretion and activation, or changes
in its regulation by endogenous CPIs. Current data neither excludes nor identifies any
one of these possibilities, rather it suggests the involvement of various mechanisms
(reviewed in Sloane, 1990). Nonetheless, evidence from this thesis research suggests
that the balance of functional cystatin-like cysteine protease inhibitors to cysteine
proteases is significant to tumor progression in human breast cancer cells. it also
supports an association between the loss of estrogen receptors, increased cysteine
protease activity, and metastasis.

The biological significance of any cell culture study must be considered carefully

since results can reflect artifacts of the experimental system or design. This possibility
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seems minimal in our studies since the results do not reflect: 1) the specificity of the
substrate, since increases in activities were specifically inhibited by the addition of
commercial cysteine protease inhibitors; 2) the efficiency or sensitivity of the assay
procedure, since the reaction was linear over time and the results were similar using
either colorimetric or fluorometric substrates; 3) differences in cell growth or
viability, since an equal number of viable cells were used to prepare homogenates for
each cell line; 4) differences in the original cell population, since all MCF-7 vanants
were derived from the same MCF-7 parent; 5) results not relevant to adriamycin
resistance or ras transfection, since MCF-7 cells were exposed to adriamycin 2lone,
and the effect of ras was isclated by analyzing MCF-7 transfected with gpr alone;
6) reversion of variant genotypes and phenotypes, since cells retained all genetic
markers; 7) undefined interactions between inhibitors and proteases, since their
activities in both non heat-treated and heat-treated samples were separated on FPLC
columns; or 8) undefined reactions to changes in culture environments, since a
defined, serum-free medium was used in this study.

The possibility that our results do not present a complete picture is real. Although
the low molecular weight inhibitors are primarily found in the cytoplasm or the
extracellular fluid {reviewed in Stoane, 1990), different research groups have identified
cysteine protease inhibitor activities, including *e CPl-related activity of p21, with the
lysosomal or plasma membranes (Pontremoli et al., 1983, Hiwasa ez al., 1950; Moin
et al.; 1992). Since cell homogenates were clarified of particulate matter by
microcentrifugation in our studies, it is probable that inhibitory activities associated

with these membranes would have been missed. Although ail cells were treated the
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seme way, inclusion of membrane analyses would have provided a more complete
picture.

Lastly, and most importantly for those working in cell culture, the results obtained
in cultured cells must reflect what is happening at the level of the original tumor.
Since the human breast cancer cell line, MCF-7, was transformed in vivo prior (0
being established in culture, the potential for selection inherent in the evolution of any
cell line in culture is minimized (reviewed in Freshney, 1990). Nevertheless, MCF-7
cell lines represent a two dimensional array of cells with similar genotypes and
phenotypes. Tumors, on the other hand, represent a three dimensional array of
different subpopulations of cells, each subpopulation exhibiting diverse genotypes and
phenotypes for many characteristics, including morphology, growth characteristics,
immunogenicity, tumorigenicity, drug sensitivity, and metastatic potential (Miller,
1983; Kerbel er al., 1988). This heterogeneity in tumor cells can provide additional,
and perhaps unique, mechanisms for neoplastic progression, (e.g. acquisition of new
characteristics during neoplastic development) which contribute to the development of a
highly invasive subclone (Heppner er al., 1983; Stetler-Stevenson, 1990). Therefore
the physiological and biochemical characteristics of an individual tumor cell in vivo are
likely the consequence of complex intracellular and intercellular interactions which, in
turn, reflect both the intracellular and extracellular environments of each cell.
However, this complexity which makes in culture/in vivo ‘correlations difficult, also

makes in culture studies necessary.



91

Reference List

Aakvaag, A., Utaaker, E., Thorsen, T., Lea, O.A. and Lahooti, H. (1950)
Growth Contro! of Human Mammary Cancer Cells (MCF-7 cells) in Culture: Effect of
Estradiol and Growth Factors in Serum-Containing Medium. Cancer Research, 50t
7806-7810.

Adeli, K. and Sinkevitch, C. (1990} Secretion of Apolipoprotein B in Serum-Free
Cultures of Human Hepatoma Cell-Line HepG2. FEBS Letters, 263: 345-348.

Anpastasi, A., Brown, M.A., Kembhavi, A.A., I ricklin, M.J.J., Sayers, C.A.,
Sunter, D.C. and Barrett, A.J. (1983) Cystatin, a Protein Inhibitor of Cysteine
Proteinases. Biochem. J., 211: 129-138.

Bae, S., Arand, G., Azzam, H., Pavasant, P., Torri, J., Frandsen, T.L. and
Thompson, E.W. (1993) Molecular and Cellular Analysis of Basement Membrane
Invasion by Human Breast Cancer Cells in Matrigel-Based in vitro Assays. Breast
Cancer Research and Treatment, 24: 241-255.

Barrett, A.J. {1972) A New Assay for Cathepsin B1 and Other Thiol Proteinases.
Analytical Biochemistry, 47: 280-293. ‘

Barrett, A.J. (1973) Human Cathepsin Bl. Biochem. J., 131: 809-822.

Barrett, A.J. (1580) Fluorometric Assays for Cathepsin B and Cathepsin H with
Methylcoumarylamide Substrates. Biochem. I., 187: 905-912.

Barrett, A.J. (1981) Cystatin: the Egg White Inhibitor of Cysteine Proteinases.
Methods in Enzymology, 80: 771-778.

Barrett, A.J. and Kirschike, H. (1981) Cathepsin B, Cathepsin H, and Cathepsin L.
Methods in Enzymology, 80: 535-561.

Batist, G., Tulpule, A., Sinha, B.K., Katki, A.G., Myers, C.E. and Cowan, K.H.
(1986) Overexpression of a Novel Anionic Glutathione Transferase in Muitidrug-
Resistant Human Breast Cancer Cells. The Joumnal of Biological Chemistry. 261:
15544-15549. =

Beck, W.T. (1987) Commentary: The Cell Biology of Multiple Drug Resistance.
Biochemical Pharmacology, 36: 2879-2887.



92

Beynon, R.J. and Salvesen, G. (1989) In: Proteolvtic Enzymes: A Practical
Approach. R.J. Beynon and J.S. Bond, eds. IRL Press at Oxford University Press.
Oxford, New York, Tokyo. pp.241-249.

Bohley, P. and Seglen, P.O. (1992) Proteases and Proteolysis in the Lysosome.
Experimentia, 48: 151-157.

Bradford, M. (1976) A Rapid and Sensitive Method for the Quantification of
Microgram Quantities of Protein Using the Principle of Protein Dye Binding.
Analytical Biochemistry, 72; 248-254,

Briinner, N., Boulay, V., Fojo, A., Freter, C.E., Lippman, M.E. and Clarke, R.
(1993) Acquisition of Hormone-Independent Growth in MCF-7 Cells is Accompanied
by Increased Expression of Estrogen-Regulated Genes but Without Detectable DNA
Amplifications. Cancer Research, 53: 283-290.

Buckley, L. (1992) Tumor Suppressor Genes, Tissue Pattern Control, and
Tumorigenesis. Perspectives in Biology and Medicine, 36: 24-38.

Cantley, L.C., Auger, K.R., Carpenter, C., Duckworth, B., Graziani, A.,
Kapeller, R. and Soltoff, S. (1991) Oncogenes and Signal Transduction. Cell, 64:
281-302

Chambers, A.F. (1992) Mechanisms of Oncogene-Mediated Alterations in Metastatic
Ability. Biochem. Cell Biol., 70: 817-821.

Chambers, A.F., Collella, R., Denhardt, D.T. and Wilson, S.M. (1992) Increased
Expression of Cathepsins L and B and Decreased Activity of Their Inhibitors in
Metastatic ras-transfected NIH 3T3 Cells. Molecular Carcinogenesis, 5; 238-245.

Chambers, A.F., Denhardt, D.T. and Wilson, S.M. (1990) Ras-Transformed NIH
3T3 Cell Lines Selected for Metastatic Ability in Chick Embryos, have Increased
Proportions of p21-Expressing Cells and are Metastatic in Nude Mice. Invasion
Metastasis, J0: 225-240.

Chen, Y., Mickley, L.A., Schwartz, A.M., Acton, E.M., Hwang, J. and Fojo,
A.T. (1990) Characterization of Adriamycin-Resistant Human Breast Cancer Cells
which Display Overexpression of a Novel Resistance-Related Membrane Protein. The
Journal of Biological Chemistry, 265: 10073-10080.

Clark, W.H. (1991) Tumour Progression and the Nature of Cancer. Br. J. Cancer,
64: 631-644,



83

Clarke, R., Morwood, J., van den Berg, H.W., Nelson, J. and Murphy, R.F.
(1986) Effect of Cytotoxic Drugs on Estrogen Receptor Expression and Response to
Tamoxifen in MCF-7 Cells. Cancer Research, 46: 6116-6119.

Cowan, K.H., Goldsmith, M.E., Levine. R.M., Aitken, $.C., Douglass, E.,
Clendeninn, N., Nienhuis, A.W. and Lippman, M.E. (1982) Dihydrofolate
Reductase Gene Amplification and Possible Rearrangement in Estrogen-Responsive
Methotrexate-Resistant Human Breast Cancer Cells. The Journal of Biological
Chemistry, 257: 15079-15086.

Dariington, G.J., Kelly, J.H. and Baffone, G.F. (1987) Growth and Hepatospecific
Gene Expression of Human Hepatoma Cells in a Defined Medium. In Vitro Cell Dev.
Biol., 23: 349-354.

Dahms, N.M., Lobel, P. and Kornfeld, S. (1989) Mannose-6-Phosphate Receptors
and Lysosomal Enzyme Targeting. Journal of Biological Chemistry, 264: 12115-
12118.

Darnell, J., Lodish, H. and Baltimore, D. (1990) Cancer. In: Molecular Cell
Biology, 2nd Ed. W.H. Freeman & Company, New York. pp. 955-1001.

De Launoit, Y., Gasperin, P., Pauwels, O., Larsimont, D., Gras, S. and Kiss, R.
(1991) Influences of Fetal Bovine Serum and Hormones on Primary vs. Long-Term
Cultures of Human Breast Cancers. In Vitro Cell. Dev. Biol., 27: 234-238.

Denhardt, D.T., Hamilton, R.T., Parfett, C.L.J., Edwards, D.R., St. Fierre, R.,
Waterhouse, P., Nilsea-Hamilton, M. (1986) Close Relationship of the Major
Excreted Protease of Transformed Murine Fibroblasts to Thiol-Dependant Cathepsins.
Cancer Research, 46: 4590-4593.

Dresden, M.H., Heilman, S.A. and Schmidt, J.D. (1972) Collagenolytic Enzymes
in Human Neoplasms. Cancer Research, 32: 993-996.

Dufresne, M.J. and Dosescu, J. (1985) Analysis of Az Gene Locus by Somatic Cell
Hybridization: Expression of Az Regulatory Gene Product for 2.3.7.8.-Tetra-
chlorodibenzo-P-dioxin in Mouse L-Cell x Mouse Hepatoma Cell Hybrids. Somatic
Cell and Molecular Genetics, 17: 53-61.

Dufresne, M., Hankinson, O. and Cowan, K. (1993a) The Expression of AH
Receptor for 2,3,7,8-tetra-chlorodibenzo-P-dioxin in a Somatic Cell Hybrid Formed
Between the Human Breast Cancer Cell Line, MCF-7, and it Adriamycin Resistant
Variant. Program Proceedings: 36th Annual Mesting, Canadian Federation of
Biological Societies. 130, p. 65.



94

Dufresne, M., Jane, D., Theriault, A. and Adeli, K. (1993b) The Expression of
Cathepsin B and Aryl Hydrocarbon Hydroxylase Activities, and of Apolipoprotein B in
Human Hepatoma Cells Maintained Long-Term in 2 Serum-Free Medium. In Vitro:
Cellular and Developmental Biology, accepted with revision, May 1993.

Emi, M., Fujiwara, Y., Nakajima, T., Tsuchiya, E., Tsuda, H., Hirohashij, S.,
Maeda, Y., Tsuruta, K., Miyaki, M. and Nakamura, Y. (1992) Frequent Loss of
Heterozygosity for Loci on Chromosome 8p in Hepatocellular Carcinoma, Colorectal
Cancer, and Lung Cancer. Cancer Research, 52: 5368-5372.

Fairchild, C.R., Percy Ivy, S., Kao-Shan, C., Whang-Peng, J., Rosen, N., Isreal,
M.A., Melera, P.W., Cowan, K.H. and Goldsmith, M.E. (1987) Isolation of
Amplified and Overexpressed DNA Sequences from Adriamycin-Resistant Human
Breast Cancer Cells. Cancer Research, 47; 5141-5148.

Ferguson, L.R. and Baguley, B.C. (1993) Multidrug Resistance and Mutagenesis.
Mutation Research, 285: 79-90.

Fidler, I.J. and Hart, L.R. (1982) Biologic Diversity in Metastatic Neoplasms -
Origins and Implications. Science, 2/7: 998-1001.

Fong, D., Man-Ying Chan, M., Hsieh, W., Menninger, J.C. and Ward, D.C.
(1992) Confirmation of the Human Cathepsin B Gene (CTSB) Assignment to
Chromosome 8. Hum. Genet., 89: 10-12.

Freshney, R.L. (1950) Biology of the Cultured Cell. In: Culture of Animal Cells: A
Manual of Basic Technique. A John Wiley & Sons, Inc. Publishing, New York,
Chichester, Brisbane, Toronto, Singapore. pp. 7-13.

Gabrijelcic, D., Svetic, B., Spaic, D., Skrk, J., Budihna, M., Delenc, I., Popovie,
T., Cotic, V. and Turk, V. (1992) Cathepsins B, H and L in Human Breast
Carcinoma. Eur. J. Clin. Chem. Clin. Biochem., 30: 69-74.

Gal, S. and Gottesman, M.M. (1986) The Major Excreted Protein of Transformed
Fibroblasts is an Acid Activatable Protease. J. Biol. Chem., 261: 1760-1765.

Geiser, A.G., Anderson, M.J. and Stanbridge, E.J. (1989) Suppression of
Tumorigenicity in Human Cell Hybrids Derived from Cell Lines Expressing Different
Activated ras Oncogenes. Cancer Research, 49: 1572-1577.

Gelmann, E.P., Thompson, E.W, and Sommers, C.L. (1992) Invasive and
Metastatic Properties of MCF-7 Cells and rasH-Transfected MCF-7 Cell Lines. Int. J.
Cancer, 50 665-669.



95

Green, G.D.J., Kembharvi, A.A., Davies, M.E. and Barrett, A.J. (1984)

Cystatin-like Cysteine Proteinase Inhibitors from Human Liver. Biochem. J., 278: 939-
946.

Hanewinkel, H., Glossl, J. and Kresse, H. (1987) Biosynthesis of Cathepsin B in
Cultured Normal and I-cell Fibroblasts. J. Biol. Chem., 262; 12351-12355.

Hayflick, L. and Moorhead, P.S. (1961) The Serial Cultivation of Human Diploid
Cell Strains. Experimental Cell research, 25: 585-621.

He, C., Wilhelm, S.C., Pentland, A.P., Marmer, B.L., Grant, G.A., Eisen, A.Z.
and Goldberg, G.I. (1989) Tissue Cooperation in a Proteolytic Cascade Activating
Human Intestinal Collagenase. Proc. Natl. Acad. Sci. U.S.A., 86; 2632-2636.

Heppner, G.H., Miller, B.E. and Miller, F.R. (1983) Tumor Subpopulation
Interactions in Neoplasms. Biochimica et Biophysica Acta, 695: 215-226.

Higashiyama, M., Doi, O., Kodama, K., Yokouchi, H. and Tateishi, R. (1991)
The Prognostic Implications of the Cathepsin B Expression in Pulmonary Adeno-
carcinoma. An Immunohistochemical Study. Jpn. J. Cancer Clin., 37: 1151-1157.

Higashiyama, M., Doi, O., Kodama, K., Yokouchi, H. and Tateishi, R. (1993)
Cathepsin B Expression in Tumour Cells and Laminin Distribution in Pulmonary
Adenocarcinoma. J. Clin. Pathol., 46: 18-22.

Hill, R.P. (1987) Metastasis: In: The Basic Science of Oncology. I.F. Tannock and
R.P. Hill, eds. Pergammon Press, New York. pp. 160-175.

Hill, S.A., Wilson, S., Chambers, A.F. (1988) Clonal Heterogeneity, Experimental
Metastatic Ability, and p21 Expression in H-ras-transformed NIH 3T3 Celis. J. Natl.
Cancer Inst., 80 484-490.

Hiwasa, T., Sawada, T. and Sakiyama, S. (1990) Cysteine Proteinase Inhibitors and
ras Gene Products Share the Same Biological Activities Including Transforming
Activity Toward NIH-3T3 Mouse Fibroblasts and the Differentiation-Inducing Activity
Toward PC12 Rat Pheochromocytoma Cells. Carcinogenesis, 11: 75-80.

Hochhauser, D. and Harris, A.L. (1991) Drug Resistance. British Medical Bulletin,
47: 178-196.

Hocman, G. (1992) Minireview - Chemoprevention of Cancer: Protease Inhibitors.
Int. J. Biochem., 24: 1365-1375.

Toannidis, P.J., Sands, T.W., Cotter, D.A., Broderick, J. and Dufresne, M.J.
(1993) Sensitive Detection of Proteinase Inhibitors Using Substrate Impregnated



96

Polyacrylamide Gel Electrophoresis. Program Proceedings: 36th Annual Meeting:
Canadian Federation of Biological Societies. 383, p.111.

Itoh, N., Yokota, S., Takagishi, U., Hatta, A. and Okanoto, H. (1987) Thiol
Proteinase Inhibitor in the Ascitic Fluid of Sarcoma 180 Tumor-Bearing Mice. Cancer
Research, 47: 5560-5565.

Johnson, M.D., Torri, J.A., Lippmar, M.E. and Dickson, R.B. (1993} The Role
of Cathepsin D in the Invasiveness of Human Breast Cancer Cells. Cancer Research,
53: 873-877.

Jones, P.A. and DeClerck, Y.A. (1980) Destruction of Extracellular Matrices
Containing Glycoproteins, Elastin, and Collagen by Metastatic Human Tumeor Cells.
Cancer Research, 40 3222-3227.

Jones, P.A., Laug, W.E. and Benedict, W.F. (1975) Clonal Variation of
Fibronolytic, Activity in a Human Fibrosarcoma Cell Line and Evidence for the
Induction of Plasminogen Activator Secretion During Tumor Formation. Cell, 6: 245-
252.

Joseph, L., Lapid, S., Sukhatme, V. (1987) The Major ras Induced Protein in NIH
3T3 Cells is Cathepsin L. Nucleic Acids Research, 15: 3186-3189.

Kartner, N., Riordan, J.R. and Ling, V. (1983) Cell Surface P-Glycoprotein
Associated with Multidrug Resistance in Mammalian Cell Lines. Science (Washington,
D.C.), 221: 1285-1288.

Kasid, A., Lippman, M.E., Papageorge, A.G., Lowy, D.R. and Gelmann, E.P,
(1985) Transfection of v-rastl DNA into MCF-7 Human Breast Cancer Cells Bypasses
Dependence on Estrogen for Tumorigenicity. Science, 228: 725-728.

Katanuma, N., Wakamatsu. N., Takio, K., Titani, K. and Kominami, E. (1983)
Structure, Function and Regulation of Endogenous Thiol Proteinase Inhibitor. In
Proteinase Inhibitors: Medical and Biological Aspects. pp. 135-145 (Katanuma et al
Eds), Japan Sci Soc. Press. Tokyo/Springer Verlag, Berlin.

Kerbel, R.S., Waghorne, C., Korczak, B., Lagrade, A. and Breitman, M.L.
(1988) Clonal Dominance of Primary Tumors by Metastatic Cells: Genetic Analysis
and Biological Implications. Cancer Surveys, 7: 597-629.

Krepela, E., Vicar, J. and Cernoch, M. (1989) Cathepsin B in Human Breast
Tumor Tissue and Cancer Cells. Neoplasma, 35: 41-52.



97

Lah, T.L., Buck, M.R., Honn, K.V, Crissman, J.D., Rao, N.C., Liotta, L.A.
and Sloane, B.F. (19892) Degradation of Laminin by Human Tumor Cathepsin B.
Clin. Expl. Metastasis, 7: $61-368.

Lah, T.L., Clifford, J.L., Helmer, K.M., Day, N.A., Moin, K., Honn, K.V.,
Crissman, J.D. and Sloane, B.F. (1989b) Inhibitory Properties of Low Molecular
Mass Cysteine Proteinase Inhibitors from Human Sarcoma. Biochimica et Biophysica
Acta, 993: 63-73.

Lah, T.L., Kokalj-Kunovar, M., Drobnic-Kosorok, M., Babnik, J., Golouh, R.,
Vrhovec, I. and Turk, V. (1992a) Cystatins and Cathepsins in Breast Carcinoma.
Biol. Chem. Hoppe-Seyler, 373: 593-604.

Lah, T.T., Kokali-Kunovar, M., Strukeilj, B., Pungercar, J., Barlic-Maganja,
D., Drobnic-Kosorok, M., Kastelic, L., Babnik, J., Golouh, R. and Turk, V.
(1992b) Stefins and Lysosomal Cathepsins B, L and D in Human Breast Carcinoma.
Int. J. Cancer, 5C: 36-44.

Lenarcic, B., Kos, J., Dolenc, I., Lucovnik, P., Krizaj, I. and Turk, V. (1938)
Cathepsin D Inactivates Cysteine Proteinases Inhibitors, Cystatins. Biochem. Biophys.
Res. Comm., 154: 765-772.

Leonessa, F., Boulay, V., Wright, A., Thompson, E.W., Briinner, N. and Clarke,
R. (1992) The Biology of Breast Tumor Progression: Acquisition of Hormone
Independence and Resistance to Cytotoxic Drugs. Acta Oncologica, 31: 115-123,

Liotta, L.A. (1986) Tumor Invasion and Metastasis: Role of the Extracellular Matrix.
Cancer Research, 46; 1-7.

Liotta, L.A. (1990) Introductory Overview. Cancer and Metastasis Reviews, 9: 285-
287..

Liotta, L.A. (1992) Cancer Cell Invasion and Metastasis. Scientific American,
February, 1992: 54-63.

Liotta, L.A., Steeg, P.S. and Stetler-Stevenson, W.G. (1991) Cancer Metastasis

and Angiogenesis: An Imbalance of Positive and Negative Regulation. Cell, 64: 327-
336

Mach, L., Stuwe, K., Hagen, A., Ballaun, C. and Glossl, . (1992) Proteolytic
Processing and Glycosylation of Cathepsin B: the Role of the Primary Structure of the
Latent Precursor and of the Carbohydrate Moiety for Cell-Type-Specific Molecuiar
Forms of the Enzyme. Biochem. J., 282: 577-582. '



g8

Maciewicz, R.A., Wardale, R.J., Etherington, D.J. and Paraskeva, C. (1989)
Immunodetection of Cathepsins B and L Present in and Secreted from Human Pre-
Malignant and Malignant Colorectal Tumour Cell Lines. Int. J. Cancer, 43. 478-486.

Manjunath, G.S. and Dufresne, M.J. (1989) Suppression of Aryl Hydrocarbon
Hydroxylase Activity in Human Primary Lung Carcinoma x Mouse Hepatoma Somatic
Cell Hybrids. Biochemistry International, 79: 413-420.

Matsuishi, M., Okitani, A., Hayakawa, Y. and Kato, H. (1988) Cysteine
Proteinase Inhibitors from Rabbit Skeletal Muscle. Int. J. Biochem., 20 259-264.

Miller, F. (1983) Tumor Subpopulation Interactions in Metastasis. Invasion and
Metastasis, 3: 234-242.

Miller, F.R., Mohamed, A.N. and McEachern, D. (1989) Production of 2 More
Aggressive Tumor Cell Variant by Spontaneous Fusion of Two Mouse Tumor
Subpopulations. Cancer Research, 49. 4316-4321.

Moin, K., Emmert, L.T. and Sloane, B.F. (1992) A Membrane-Associated
Cysteine Protease Inhibitor from Murine Hepatoma. FEBS, 309: 279-282.

Moin, K., Rozhin, H., McKernan, T.B., Sanders, V.J., Foog, D., Honn, K.V.
and Sloane, B.F. (1989) Enhanced Levels of Cathepsin B mRNA in Murine Tumors.
FEBS, 244: 61-64.

Mort, J.S. and Leduc, M.S. (1984) The Combined Action of Two Enzymes in
Human Serum can Mimic the Activity of Cathepsin B. Clinica Chimica Acta, 140
173-182.

Mort, J.S., Leduc, M. and Recklies, A.D. (1981) A Latent Thiol Proteinase from
Ascitic Fluid of Patients with Neoplasia. Biochimica et Biophysica Acta, 662: 173-180.

Mort, J.S. and Recklies, A.D. (1986) Interrelationship of Active and Latent Secreted
Human Cathepsin B Precursors. Biochem. 1., 233: 57-63.

Miiller-Esterl, W., Fritz, H., Machleidt, W., Ritonja, A., Brzin, I., Kotnik, M.,
Turk, V., Kellerman, J. and Lottspeich, F. (1985) Human Plasma Kininogens are
identical with a-Cysteine Proteinase inhibitors. FEBS Lett., 182: 310-314.

Neurath, H. (1989) In: Proteolytic Enzymes: A Practical Approach. R.J. Beynon and
1.S. Bond, eds. IRL Press at Oxford University Press. Oxford, New York, Tokyo.
pp. 1-12.

Nicklin, M.J.H. and Barrett, AJ. (1934) Inhibition of Cysteine Proteinases and
Dipeptidy! Peptidase I by Egg-White Cystatin. Biochem. J., 223: 245-253.



99

Nicolson, G.L. (1991) Molecular Mechanisms of Cancer Metastasis: Tumor and Host
Properties and the Role of Oncogenes and Suppressor Genes. Current Opinions in
Oncology, 3: 75-92.

Nishimura, Y. and Kato, K. (1987) Intracellular Transport and Processing of
Lysosomal Cathepsin B. Biochem. Biophys. Res. Comm., 148: 245-253.

Nishimura, Y., Kawabata, T. and Kato, K. (1988) Identification of Latent
Procathepsins B and L in Microsomal Lumen: Characterization of Enzymatic
Activation and Proteolytic Processing in Vitro. Archives of Biochemistry and
Biophysics, 261: 64-71.

Nishimura, Y., Kawabata, T., Yano, S. and Kato, K. (1990) Intracellular

Processing and Activation of Lysosomal Cathepsins. Acta Histochem. Cytochem., 23:
53-64.

Pastan, I. and Gottesman, M.M. (1951) Multidrug Resistance. Annu. Rev. Med.,
42: 277-286.

Petrova-Skakova, D., Krepela, E., Rasnick, D. and Vicar, J. (1987) A Latent
Form of Cathepsin B in Pleural Effusions. Biochemical Medicine and Metabolic
Biology, 38: 219-227.

Polg4r, L. (1989) Cysteine Proteases. In: Mechanisms of Protease Action. CRC Press
Inc., Boca Raton, Florida. pp. 123-155.

Pontremoli, S., Mellone, M., Salamino, F., Sparatore, B., Michetti, M. and
Horecker, B.L. (1983) Endogenous Inhibitors of Lysosomal Proteinases. Proc. Natl.
Acad. Sci., U.S.A., 80: 1261-1264.

Recklies, A.D. and Mort, J.S. (1982) A Radioimmunoassay for Total Human
Cathepsin B. Clinica Chimica Acta, 123: 127-138.

Recklies, A.D., Poole, A.R. and Mort, J .S. (1982) A Cysteine Proteinase Secreted
from Human Breast Tumours is Immunologically Related to Cathepsin B. Biochem. J.,
207: 633-636.

Recklies, A.D., Tiltman, K.J., Stoker, A.M. and Poole, A.R. (1980) Secretion of
Proteinases from Malignant and Non-Malignant Human Breast Tissue. Cancer
Research, 40: 550-556.

Riordan, J.R., Deuchars, K., Kartner, N., Alon, N., Trent, J. and Ling, V.
(1985) Amplification of P-Glycoprotein in Multidrug-Resistant Mammalian Cell
Lines. Nature, 316: 817-819.



100

Rochefort, H. (1992) Biological and Clinical Significance of Cathepsin D in Breast
Cancer. Acta Oncologica, 3/: 125-130.

Rochefort, H., Capony, G., Garcia, M., Cavailles, V., Freiss, G., Chambon, M.,
Morisset, M. and Vignon, G. (1987) Estrogen-induced Lysosomal Proteases secreted
by Breast Cancer Cells: A Role in Carcinogenesis? J. Cell. Biochem., 35: 17-22.

Rozhin, J., Gomez, A.P., Ziegler, G.H., Nelson, K.K., Chang, Y.S., Fong, D.,
Onoda, J.M., Honn, K.V. and Sloane, B.F. (1990) Cathepsin B to Cysteine
Proteinase Inhibitor Balance in Metastatic Cell Subpopulations Isolated from Murine
Tumors. Cancer Research, 50: 6278-6284.

Rozhin, J., Robinson, D., Stevens, M., Lah, T.T., Honn, K.V., Ryan, R.E. and
Sloane, B.F. (1987) Properties of a Plasma Membrane-Associated Cathepsin B-like
Cysteine Proteinase in Metastatic B16 Melanoma Variants. Cancer Research, 47: 6620-

6628.

Sali, A. and Turk, V. (1987) Prediction of the Secondary Structure of Stefins and
Cystatins, the Low Molecular Mass Protein Inhibitors of Cysteine Proteinases. Biol.
Chem. Hoppe Seyler, 385: 493-499.

Sanfilippo, O., Ronchi, E., DeMarco, C., DiFronzo, G. and Silvestini, R. (1991)
Expression of P-glycoprotein in Breast Cancer Tissue and in vitro Resistance to
Doxorubicin and Vincristine. Eur. J. Cancer, 27: 155-158.

Sarath, G., De La Motte, R.S. and Wagper, F.W. (1989) In: Proteolytic Enzymes:
A Practical Approach. R.J. Beynon and J.S. Bond, eds. IRL Press at Oxford
University Press. Oxford, New York, Tokyo. pp. 25-55.

Scaddan, P.B. and Dufresne, M.J. (1992) Expression of Cathepsin B in uie Human
Breast Cancer Cell Line MCF-7 and its Adriamycin Resistant Variant, MCF-7/Adr.
Program Proceedings: 35th Annual Meeting: Canadian Federation of Biological
Societies. 121, p.62.

Scaddan, P. and Dufresne, M. (1993a) Analysis of Intra- and Extracellular Levels of
Cathepsin B in the Human Breast Cancer Cell Line, MCF-7, its Adriamycin Resistant
Variant, MCF-7/Adr, and their Somatic Cell Hybrid. Program Proceedings: 36th
Annual Meeting, Canadian Federation of Biological Societies. 390, p.112.

Scaddan, P.B. and Dufresne, M.J. (1993b) Levels of Cathepsin B in MDA-463
Human Breast Cancer Cells Maintained in Media Supplemented with Different
Concentrations of Serum. Manuscript in Preparation.



101

Schecter, R.L., Woo, A., Duong, M. and Batist, G. (1991) In Vivo and in Vitro
Mechanism of Drug Resistance in a Rat Mammary Carcinoma Model. Cancer
Research, 571: 1434-1442.

Scher, W. (1987) Biology of Disease - The Role of Extracellular Proteases in Cell
Proliferation and Differentiation. Laboratory Investigation, 57: 607-633.

Schirrmaker, V. (1985) Cancer Metastasis: Experimental Approaches Theoretical
Concepts and Impacts for Treatment Strategies. Advances in Cancer Research, 43: 1-
73.

Schmitt, M., Jinicke, F., Moniqa, N., Chucholowski, N., Pache, L. and Graeff,
H. (1992) Tumor-Associated Urokinase-Type Plasminogen Activator: Biological and
Clinical Significance. Biol. Chem. Hoppe-Seyler, 373: 61 1-622.

Scott, G.K. (1992) Mini Review: Proteinases and Proteinase Inhibitors as Modulators
of Animal Cell Growth. Comp. Biochem, Physiol., 103: 785-793.

Scott, G.K. and Tse, C.A. (1992) Growth-Related Proteinase in Cultured Human
Tumour Cells. Biol. Chem. Hoppe-Seyler, 373: 605-60.

Shaw, E. and Dean, R.T. (1980) The Inhibition of Macrophage Protein Turnover by
a Selective Inhibitor of Thiol Proteinases. Biochem. J., 232: 643-645.

Sistonen, L., Holtta, E., Makela, T.P., Keske-Oja, J. and Alitalo, K. (1989) The
Cellular Response to Induction of the p21 ¢-Ha-ras Oncoprotein Includes Stimulation
of jun Gene Expression. EMBOJ., 8: 815-822.

Sloane, B.F. (1990) Cathepsin B and Cystatins: Evidence for a Role in Cancer
Progression. Seminars in Cancer Biclogy, I: 137-152.

Sloane, B.F., Honn, K.V., Sadler, J.G., Turner, W.A,, Kimpson, J.J. and
Taylor, J.D. (1982) Cathepsin B Activity in B16 Melanoma Cells: A Possible Marker
for Metastatic Potential. Cancer Research, 42: 980-986.

Sloane, B.F., Moin, K., Krepela, E. and Rozhin, J. (19902) Cathepsin B and its
Endogenous Inhibitors: Role in Tumor Malignancy. Cancer and Metastasis Review, 9:
333-352.

Sloane, B.F., Rozhin, J., Hatfield, J.S., Crissman, J.D. and Honn, K.V. (1987)
Plasma Membrane-Associated Cysteine Proteinases in Human and Animal Tumors.
Expl. Cell Biol., 55: 209-224.



102

Sloane, B.F., Rozhin, J., Johnson, K., Taylor, H., Crissman, J.D. and Honn,
K.V. (1986) Cathepsin B: Association with Plasma Membrane in Metastatic Tumors.
Proc. Natl. Acad. Sci., USA, 83: 2483-2487.

Sloane, B.F., Rozhin, J., Moin, K., Ziegler, G., Fong, D. and Mushel, R.J.
(1992) Cysteine Endopeptidases and their Inhibitors in Malignant Progression of Rat
Embryo Fibroblasts. Biol. Chem. Hoppe-Seyler, 373: 589-594.

Sloane, B.F., Rozhin, J., Robinson, D. and Honn, K.V. (1950b) Role for
Cathepsin B and Cystatins in Tumor Growth and Progression. Biol. Chem. Hoppe-
Seyler, 371: 193-198.

Sohar, I. and Katona, G. (1992) Regulation of Proteinase Activation in Mammalian
Tissues. Biol. Chem. Hoppe-Seyler, 373: 567-572.

Soule, H.D., Vazquez, J., Long, A., Albert, S. and Brennauz, M. {1973) A Human
Cell Line from a Pleural Effusion Derived from a Breast Carcinoma. J. Nat Cancer
Inst., 51: 1409-1416.

Stacey, D.W., Watson, T., Kung, H.F. and Curran, T. (1987) Microinjection of
Transforming ras Protein Induces c-fos Expression. Mol. Cell. Biol., 7: 523-527.

* Starkey, J.R. (1990) Cell-Matrix Interactions During Tumor Invasion. Cancer and
Metastasis Reviews, 9: 113-123.

Stetler-Stevenson, W.G. (1990) Type IV Collagenases in Tumor Invasion and
Metastasis. Cancer and Metastasis Review, 9: 289-303.

Thompson, E.W., Paik, S., Brinner, N., Sommers, C.L., Zugmaier, G., Clarke,
R., Shima, T.B., Torri, J., Donahue, S., Lippman, M.E., Martin, G.R. and
Dickson, R.B. (1992) Association of Increased Basement Membrane Invasiveness
with Absence of Estrogen Receptor and Expression of Vimentin in Human Breast
Cancer Cell Lines. Journal of Cellular Physiology, 150: 534-544.

Tryggvason, K., Hoyhtyi, M. and Salo, T. (1987) Proteolytic Degradation of
Extracellular Matrix in Tumor Invasion. Biochimica et Biophysica Acta, 907: 191-217.

Tuck, A.B., Wilson, S.M., Khokha, R. and Chambers, A.F. (1991) Different
Patterns of Gene Expression in ras Resistant and ras Sensitive Cells. Natl. Cancer
Inst., 83: 485-491.

Veksler, 1.G., Veremeenko, K.N., Ryabukha, V.N., Pogorelaya, N.G.,
Khanjuchenko, S.1. and Chubinskaya, S.G. (1987) Changes in the Total Proteolytic
Activity and Inhibitory Potential in Tumor Tissues and Lungs of Mice During the
Growth and Metastatic Spreading of Malignant Tumors. Eksp. Onkol., 9: 68-70.



103

Vickers, P.J., Dufresne, M.J. and Coewan, K.H. (1989) Relation Between
Cytochrome P450IA1 Expression and Estrogen Receptor Content of Human Breast
Cancer Cells. Molecular Endocrinology, 3: 157-164.

Whelan, R.D.H., Waring, C.J., Wolf, C.R., Hayes, J.D., Hosking, L.K. and
Hill, B.T. (1992) Over-Expression of P-Glycoprotein and Glutathione S-Transferase
Pi in MCF-7 Cells Selected for Vincristine Resistance in vitro. Int. J. Cancer, 52: 241-
246.

Worland, P.J., Bronzert, D., Dickson, R.B., Lippman, M.E., Hampton, L.,
Thorgeirsson, S.S. and Wirth, P.J. (1989) Secreted and Cellular Polypeptide
Patterns of MCF-7 Hurnan Breast Cancer Cells following cither Estrogen Stimulation
or v-H-ras Transfection. Cancer Research, 49: 51-57.

Yeh, G.C., Lopaczynska, J., Poore, C.M. and Phang, J.M. (1992) A New
Functional Role for P-Glycoprotein: Efflux Pump for Benzo(a)Pyrene in Human Breast
Cancer MCF-7 Cells. Cancer Research, 52: 6692-6695.

Zar, J.H. (1984) In: Biostatistical Analysis, Second Edition. J.H. Zar, ed. Prentice
Hall Inc., Englewood Cliffs, N.J. 07632. pp. 318-320.




104

Vita Auctoris

Name:

Place of Birth:

Year of Birth:

Education:

Paul Blakely Scaddan

Windsor, Ontario, Canada

1967

University of Windsor
Windsor, Ontario
Master of Science
1990-1993

University of Windsor

Windsor, Ontario

Bachelor of Science, with Honors
1986-1990

Assumption College High School
Windsor, Ontario
1981-1986



	Characterization of cysteine protease and cysteine protease inhibitor activities in MCF-7, and MCF-7/Adr(R) human breast cancer cells.
	Recommended Citation

	tmp.1363699808.pdf.9PA6l

