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I. INTRODUCTION

Current evidence suggests that breast carcinoma cells invade local tissues and metastasize by i)
altering their cell-cell and cell-matrix interactions, ii) displaying an aberrant motile phenotype,
and iii) either synthesizing, or inducing the synthesis of,_proteolytic enzymes that degrade the
structural barriers established by the extracellular matrix' . The complex changes in the gene
program of neoplastic cells that regulate the expression of this phenotype are largely undefined,
but increased interest has focused on identifying those genes that are specifically overexpressed
in human breast cancer(e~ g 3-10) Such information not only provides new insights into the cellular
factors that control tissue-invasive behavior, but may also lead to improvements in patient
diagnosis and to the more rational design of therapeutic interventions3 -0 . Consistent with this
rationale, direct comparisons of the gene expression profile displayed in normal versus
neoplastic breast cancer cell lines, or normal and carcinomatous breast tissues, have provided a
number of novel insights into the mechanisms and processes underlying tumor progression"'
Interestingly, despite the power of the analytical techniques employed for these purposes, the
number of differentially expressed genes identified thus far are - at first glance - perplexingly
small, despite the striking changes known to occur in cellular behavior 7 However,
analyses of breast cancer cell lines grown in vitro or static tumor masses recovered from in vivo
sites of disease may be problematic. First, comparisons between normal and neoplastic breast
cancer cell lines grown atop plastic substrata in vitro will not recapitulate the complex
interactions known to occur across the carcinoma-mesenchymal cell axis in vivo"'2. Indeed,
many of the most interesting gene products that have been associated with the expression of
tissue-invasive phenotypes in breast cancer tissue are synthesized by surrounding stromal cells
rather than the tumor itself2 '3'10 . Secondly, while the gene expression patterns identified in
tissues recovered from in vivo sites clearly circumvent the limitations inherent in the in vitro
studies, only a small percentage of the cells recovered from a tumor mass at a single, fixed time
point would be expected to be actively engaged in invasive behavior. Given the many
similarities between developmental/tissue repair processes and malignant growth (re; the ability
of cancer cells inappropriately recapitulate developmental programs associated with epithelial-
mesenchymal cell transitions or repair programs associated with wound healing1',13), we have
considered the possibility that the in situ induction of a synchronous matrix remodeling program
in normal tissues would allow for the more efficient isolation of those gene products critical to
cancer cell invasion. Indeed, recent studies have demonstrated that gene expression patterns
associated with the tissue remodeling program induced during the involution of the normal
lactating mammary gland bear considerable overlap with those detected in the early stages of
carcinogenesis (e.g., stromeylsin-1, stromeylsin-3, urokinase-type plasminogen activator, tissue
inhibitor of metalloproteinases 1416). Hence, we propose to use the involuting mammary gland
explant model as a means to rapidly enrich for, and identify, the subset of genes that control the
disassembly of the extracellular matrix in cancerous states. Furthermore, by selectively
identifying the subset of gene products that regulate invasion of breast cancer cells, new
diagnostics as well as novel targets for therapeutic intervention can be rapidly identified.

II. BODY

In the original proposal, we intended to generate cDNA libraries from control versus involuting
mammary gland explants. However, the high rate of cell apoptosis in control glands precluded
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analysis and emphasis was shifted to analyses of gene expression patterns in tissues recovered
from lactating versus involuting glands in vivo by oligonucleotide array (see approved "Revised
Statement of Work"). Each of the proposed aims have now been completed as described below.

Task 1. Screen involuting versus resting (i.e., lactating) mammary glands by
oligonucleotide array for differentially expressed gene products associated with matrix
remodeling.

a. Documentation of involution program in mammary explants. To demonstrate that an
involution program was successfully engaged in mammary gland tissue, glands were excised
from lactating (day 10) or involuting glands (day 3 post-weaning). Tissue sections were then
processed for H and E staining, apoptosis (as assessed by TUNEL staining) or for the dissolution
of the subepithelial basement membrane by immunofluorescence (as assessed by staining for
type IV collagen or laminin). As shown in Figure 1, the milk-engorged ductal system of
lactating mice rapidly collapsed 3 days post-weaning. Coincident with this event, an increase in
apoptosis was noted which paralleled a major loss and/or fragmenting of basement membrane-
associated type IV collagen or laminin (Fig. 1). As the matrix-degrading involution program had
been successfully engaged, tissues from the mice were collected and subjected to oligonucleotide
array analysis as described below.

b. Collection mRNA and performance of oligonucleotide microarray analysis. In three
experiments, RNA was isolated from glands with a Qiagen RNassay mini-kit and cRNA
prepared for hybridization as described17'18. Oligonucleotide arrays (Gene Chip, Affymetrix)
representing a total of 30,000 EST cluster sequences and/or full-length genes were used for
hybridization according to the manufacturer's instructions. Arrays were then scanned using an
Affymetrix confocal scanner and analyzed using Gene Chip 3.0 Software (Affymetrix).
Expression data from the Affymetrix arrays were analyzed using a statistically based analysis
methodology that estimates expression levels and provides confidence intervals for these
estimates. It also allows for the normalization of array-based expression data to control for
variations due to non-biological factors such as array-to-array variability, and variations in
sample quality. For each gene, the presence or absence of a transcript was determined by testing
the Null hypothesis. Briefly, the arrays included a set of probes derived from non-eukaryotic
("foreign") organisms (e.g., bacterial and bacteriophage sequences) which were defined as the
"null set". This null set thus defines the intensity of nonspecific background/cross-hybridization.

This null intensity distribution is modeled by a parametric statistical distribution. Since intensity
is a positive random variable, this null distribution is modeled by either a Gamma or a Weibull
class distribution. Once the parametric null distribution is determined, we computed the p-value
for the hypothesis that the observed hybridization intensity values are also a random sample from
the null distribution. Target genes with low p-values (i.e., not likely to have come from the same
distribution as the null genes) are classified as present. The p-value provides a continuous
measure of the confidence in the presence of a gene in the target sample. We also include a
mathematical method to standardize the gene-expression levels between different samples, based

18
on exogenous gene spikes, added at known concentrations, that constitute a calibration set
Genes scored as "positive" (i.e., induced) in involuting tissues were i) more highly expressed in
each of 3 independently performed experiments and ii) expressed at levels >2.5 than those
detected in lactating glands in at least 2 of the 3 experiments.
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Following analysis of the approximately 100 genes whose expression was upregulated as
defined, a series of proteolytic enzymes were identified (Appendix I). In the matrix
metalloproteinase family, stromelysin-1 was the only upregulated member whose expression
reached significance (Appendix I). However, the membrane-anchored metalloproteinase, MT1-
MMP, was also identified though its expression level did not increase by the requisite 2.5-fold in
2/3 samples. However, given the positive trend, samples from involuting tissues were examined
by RT-PCR at both 3 and 5 days post-weaning. Significantly, MT1-MMP mRNA was
dramatically upregulated at the latter time point (Fig. 2). In addition, message levels for three
matrix-destructive cathepsins were also found to be upregulated during involution, i.e., the
aspartyl proteinase cathepsin D, and the cysteinyl proteinases, cathepsins L and S.

Table I
Fold-Increase in Gene Expression

EXP #1 EXP #2 EXP #3
cathepsin D 4.7 3.9 2.3
cathepsin L 4.1 2.9 1.8
cathepsin S 7.4 6.2 2.3

Task 2. Evaluate the potential role of differentially expressed gene products in regulating
cell invasion in vitro and/or in vivo.

With regard to the MMPs, both stromelysin-1 and MT1-MMP are expressed in breast
cancer 1 9' 20 . Thus, we sought to determine whether either of these enzymes might serve as
basement membrane-degrading enzymes. To this end, we developed a model system wherein an
immortalized epithelial cell line deposits an intact basement membrane in vitro (containing type
IV collagen, laminin and heparan sulfate proteoglycan; data not shown) atop a dense layer of
type I collagen (Fig. 3). Following lysis of the overlying epithelium, COS-1 cells that have been
engineered to overexpress human stromelysin-1 were then allowed to adhere to the denuded
basement membrane. Following a 5 d incubation period, the basement membrane retained its
normal structure as assessed by transmission electron microscopy (Fig. 4). However, in marked
contrast, cells transfected with MTl-MMP not only rapidly degraded the underlying substratum,
but also conferred the recipient cells with invasive activity (Fig. 5). While MT1-MMP could
conceivably mediate basement membrane degradation directly, the proteinase can also process
the MMP zymogen, gelatinase A (or MMP-2), to its active form21. Further, gelatinase A has
been posited to serve as a basement membrane degrading enzyme itselfe2 . However, COS-1 cells
do not express gelatinase A and the experiments described above were performed in the absence
of exogenous gelatinase A (i.e., serum contains gelatinase A, but this can be removed by gelatin-
affinity chromatography) 21. Nonetheless, to rule out a role for gelatinase A directly, COS-1 cells
were stably transfected with gelatinase A and cultured atop the denuded basement membrane as
described. While no change in basement membrane structure was noted (data not shown), the
cells only secreted gelatinase A in its latent form (see below). To test the ability of active

* gelatinase A to exert proteolytic activity in this system, a chimeric enzyme was designed wherein
a basic recognition motif (RXKR, where R = Arg, X = any amino acid, K = Lys) for the
proprotein convertase, furin, was inserted directly upstream of the catalytic domain of gelatinase
A between N109 and Y110 (we described this general approach previously for other MMPs in ref.
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23). In this manner, progelatinase is cleaved within the trans-Golgi network to a fully active
form prior to secretion. Indeed, as shown in Figure 6, supernatants of transfected cells released
active gelatinase A as assessed by gelatin zymography. Nonetheless, cells overexpressing active
gelatinase A did not display basement membrane-degrading activity (Fig. 6). Likewise, the
closely related gelatinase,. MMP-9, was also unable to degrade the underlying basement
membrane when expressed in its fully active form (the basic recognition motif was inserted
between R 116 and Flo7; Fig. 6). Thus, only MT1-MMP, an MMP upregulated during the
involution cycle, arms expressing cells with the ability to degrade the basement membrane
construct used in these studies. Nonetheless, as the basement membrane was generated in vitro,
concerns could be raised that basement membranes assembled in vivo display unique properties
relative to their susceptibility to degradation. Consequently, we have extended these studies to
analyze the ability of MT 1 -MMP to degrade basement membrane recovered from animal tissues.
As shown in Figure 6, an intact basement membrane is located beneath the mesothelial cell layer
of the peritoneum, Hence, resident cells were lysed by freeze-thawing and the denuded
peritoneal basement membrane overlaid with MT1-MMP expressing COS-1 cells. As predicted,
the MT1-MMP transfected cells displayed a proteolytic activity similar, if not identical, to that
observed with the "in vitro" basement membrane constructs (Fig. 7). Further, the
invasive/degradative activity was completely blocked in the presence of the synthetic MIMP
inhibitor, BB-94 (Fig. 7).

While cathepsin D has been previously associated with human breast cancer and shown
to express matrix destructive activity in vitro24'25, roles for cathepsins L and S in regulating
extracellular matrix turnover are less clear. Though these enzymes are usually confined to the
lysosomal system (they are unstable at neutral pH), we have recently characterized cathepsin L
and S as matrix-destructive enzymes in human macrophages 26. However, whereas macrophages
are able to secrete the active enzymes extracellularly into an acidic pericellular environment
maintained by H+-pumps targeted to the plasma membrane, we have been unable to identify
other cell types capable of displaying this phenotype26. As such, we have been unable to
demonstrate the ability of cathepsin L or S to confer degradative activity in transfected COS
cells. Given this limitation, we instead attempted to determine whether the involution program
in cathepsin L/S-deleted mice was affected. However, these animals did not breed well in our
facility which precluded attempts to study the effects of the L/S-deficient state on the involution
program. Further, in the absence of direct evidence to support their extracellular secretion from
the mammary epithelium (or tumor cells), we would not be able to rule out the possibility that
the proteinases were only required for intracellular, lysosomal degradation and not extracellular
proteolysis.

Task 3. Evaluate the role of differentially expressed gene products identified in the
involution screen to regulate breast cancer invasion.

To determine the ability of MT 1-MMP to regulate tumor cell invasion, we first examined
the ability of invasion-incompetent MCF-7 cells to penetrate the basement membrane before or
after transfection with MT1-MMP. As shown in Figure 8, MCF-7 breast cancer cells seeded
atop the basement membrane construct did not display invasive activity as assessed by phase
contrast microscopy or in H-E sections. However, following transfection with MT1-MMP (but
not stromelysin-1), the cells displayed striking invasive activity (Fig. 8). As human breast cancer
tissue expresses MT1-MMP in vivo 27, the invasive activity of MT1-MMP-positive tumor cells
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were examined (i.e., the MB-231 cell line). Significantly, when those cells were cultured atop
the peritoneal basement membrane, the underlying matrix was degraded (as assessed by scanning
electron microscopy; Fig. 9). In the presence of recombinant TIMP-2, a potent MT1-MMP
inhibitor, degradation and invasion, were completely blocked over a 7 d assay period (Fig. 9). In
preliminary experiments performed with a neutralizing monoclonal antibody directed against
MT1-MMP, invasive activity was likewise inhibited completely. Taken together, these data
suggest that MT1-MMP may be the critical proteinase involved in basement membrane
degradation and invasion by breast carcinoma cells.

III. KEY RESEARCH ACCOMPLISHMENTS

* Gene program associated with mammary gland involution program characterized.

o Membrane type-1 matrix metalloproteinase identified as key basement membrane
degrading enzyme.

e Membrane type-1 matrix metalloproteinase identified as pro-invasive factor for
human breast cancer cells and potential target for therapeutic intervention.

IV. REPORTABLE OUTCOMES

"• Presentation at Gordon Conference on Matrix Metalloproteinases, 2001.

"* New funding obtained to assess role of membrane-type matrix metalloproteinases in
breast cancer development from Komen Breast Cancer Foundation.

"* Manuscript in preparation, "Regulation of Basement Membrane Invasion by MT1-
MMP", Kevin Hotary and Stephen J. Weiss.

VI. CONCLUSIONS

With the identification of suitable mammary gland tissues for isolating gene products
differentially expressed during matrix-remodeling events, the model system has been used to
identify genes that likely control the disassembly of the matrix during tumor invasion and
metastasis. Furthermore, by selectively identifying critical gene products that regulate invasion,
new diagnostics as well as novel targets for therapeutic intervention may be identified.
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Figure Legends

Figure 1. Induction of Mammary Gland Involution Program. Lactating (10 days) or involuting
(3 days post-weaning) glands were isolated from wild-type mice and tissues processed for H and
E staining and apoptosis (TUNEL) as well as immunostaining for laminin and type IV collagen
as described 27. Lactating glands were milk-engorged and showed no significant apoptosis. In
addition, basement membranes were laminin- and type IV collagen- positive. Following 3 days
of involution, glandular structures collapsed and apoptotic cells were observed as yellow-green
staining. Laminin staining decreased significantly while type IV collagen immunoreactivity
decreased coincident with a thickening/blurring of basement membrane structure.

Figure 2. RT-PCR Analysis of MTJ-MMP Expression in Mouse Mammary Glands. RNA was
isolated from virgin, 10 d lactating, 1 d involuting or 5 d involuting glands. Reverse
transcription was performed as described28 . The arrow at left marks the position of the MT1-
MMP standard.

Figure 3. Basement Membranes Synthesized by MDCK Epithelial Cells are Deposited Atop a 3-
Dimensional Type I Collagen Gel During a 3 Week Culture Period. In panel A, TEM analysis
shows an epithelial cell depositing a -90 nm thick basement membrane which is more readily
observed after the overlying cell layer has been lysed (panel B). Panels C and D are scanning
electron micrographs showing the type I collagen gel upon which the intact basement membrane
is deposited, respectively.

11



Figure 4. Basement Membrane-Invasive Potential of Stromelysin-1. Stromelysin-1 transfected
cells cultured atop an intact basement membrane (arrows) were unable to confer degradative or
invasive activity as visualized by transmission electron microscopy.

Figure 5. MT1-MMP-Dependent Basement Membrane Degradation/Invasion. Control cells did
not penetrate the basement membrane as assessed by TEM or SEM analysis following a 5 d
incubation period. (upper left and right panels). In contrast, MT1-MMP-transfected cells
perforated the BM in representative TEM and SEM samples, respectively. Arrows indicate the
position of the basement membrane.

Figure 6. Active MMP-2 or MMP-9 Do Not Confer Basement Membrane-Invasive Activity.
COS-1 cells were transfected with MMP-2 or MMP-9 chimeric constructs and supernatants
analyzed for MMP activation by gelatin zymography (yellow arrow in left panel depicts position
of proenzyme and the red arrow marks the position of the fully active, processed enzyme) or for
basement membrane degradation (right side) by scanning electron microscopy.

Figure 7. MT]-MMP-Dependent Degradation of an In Vivo-Generated Basement Membrane.
In the upper panel, the -90 nm thick peritoneal basement membrane is visualized by TEM. In
the three lower panels, SEM analysis demonstrates that MT1-MMP-transfected cells, but not
control vector transfectants, degraded the underlying basement membrane by a process that was
blocked by the synthetic MMP inhibitor, BB-94 (5 ýtM).

Figure 8. MT]-MMP Regulates Basement Membrane Invasion of Transfected MCF-7 Cells.
Wild-type or MT1-MMP-transfected MCF-7 cells were cultured atop a basement membrane
construct which overlaid a 3-D type I collagen gel in a Transwell insert as described. Following
a 5 d incubation period, invasion by MT1-MMP transfectants was observed by phase contrast
microscopy (left panel) or in H and E sections (right panel). The control MCF-7 cells which do
not express MT1-MMP, did not display invasive activity.

Figure 9. Basement Membrane Invasion by Human MB-231 Breast Cancer Cells. Peritoneal
basement membranes (top panel) were used as a substratum for MB-231 cells during a 5 d
incubation period. Cells were then lysed and the underlying basement membrane viewed by
scanning electron microscopy. MB-231 cells left large holes in the basement membrane leaving
the underlying interstitial matrix exposed (middle panel). Culturing the MB-231 cells atop the
basement membrane in the presence of the MMP inhibitor, TIMP-2 (5 tg/ml), left the basement
membrane largely intact (bottom panel).
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