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Aims: The expression of proteinases and their inhibitors determines the extracellular matrix (ECM)
turnover in normal and pathological processes. In cancer, proteolysis is abnormally regulated, favour-
ing ECM degradation, which aids tumour invasion and metastasis. Previous studies have determined
the expression of proteinases and inhibitors in breast cancer using a variety of techniques, including
immunohistochemistry; however, most have looked at the expression of individual proteinases and/or
inhibitors. Therefore, the aim of the current study was to determine the simultaneous cellular expression
of matrix metalloproteinases (MMPs), plasminogen activators (PAs), and tissue inhibitors of metallopro-
teinases (TIMPs) in patients with breast cancer and correlate this with clinical pathological staging and
survival.

Methods: Immunohistochemistry was used to determine the expression of proteinases (MMP-1,
MMP-2, MMP-3, MMP-9, urokinase-type PA, and tissue-type PA) and inhibitors (TIMP-1 and TIMP-2) in
44 patients with breast cancer.

Results: The expression of all the factors studied was stronger or equivalent in tumour cells than in
fibroblasts or inflammatory cells within the tumour section. Both positive and negative trends have
emerged in the correlation between the cellular expression of proteinases and inhibitors and breast
tumour pathology (tumour grade, lymphovascular invasion, and Nottingham prognostic index).
Conclusions: The inferactions between proteinases and their inhibitors in breast cancer progression
are complex. Although there are differences in the expression of these factors that relate to differences
in breast cancer pathology, there are no outstanding individual factors that consistently correlate with
prognosis. Therefore, different factors are probably important at different stages of the process, and the
balance in the relative concentrations of proteinases and inhibitors probably determines ECM degra-

invasion and metastasis. The metastatic process involves a

complex cascade of events including angiogenesis, local
invasion, and intravasation. Several stages within the meta-
static cascade involve the organised breakdown of extracellu-
lar matrix (ECM) components by proteinases. The proteinases
primarily involved in matrix degradation are the matrix met-
alloproteinases (MMPs) and the serine proteinases, plasmino-
gen activators (PAs).

The MMP system consists of at least 20 human proteins,
each sharing amino acid sequences and homologies (reviewed
previously).” MMPs are further divided into five subclasses
based on their substrate specificity, namely: collagenases,
gelatinases, stromelysins, membrane-type MMPs (MT
MMPs), and other MMPs. These MMPs have the combined
ability to break down all ECM components and as a result are
normally tightly regulated at several levels including activa-
tion and transcription; in addition, the presence of specific tis-
sue inhibitors of metalloproteinases (TIMPs) provides an
extra level of regulation.” *

The PAs activate plasminogen to the active enzyme,
plasmin, which degrades matrix components directly (for
example, proteoglycans) or indirectly by activating other pro-
teinases, such as MMPs.” The PA system consists of the
urokinase-type and tissue-type PAs (uPA and tPA, respec-
tively), a receptor for uPA, which focuses proteolysis, and the
plasminogen activator inhibitors PAI-1 and PAI-2. The role and
regulation of the PA system has been reviewed previously." ™

Components of both the MMP and the PA proteinase
systems have been implicated in breast cancer prognosis and
survival. For example uPA and PAI-1 have been associated
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dation in breast tumour invasion and metastasis in vivo.

with poor prognosis, shorter disease free time, and decreased
overall survival.”"”

Individual components of both the MMP*?® and PA
systems™”' have been analysed previously by immunohisto-
chemistry in human breast cancer. However, most of these
studies have determined the expression of individual protein-
ases and/or inhibitors.

“Components of both the matrix metalloproteinase and
the plasminogen activator systems have been implicated
in breast cancer prognosis and survival”

Therefore, the aim of our study was to determine the simul-
taneous cellular expression of different proteinases (MMP-1,
MMP-2, MMP-3, MMP-9, uPA, and tPA) and inhibitors
(TIMP-1 and TIMP-2) in 44 patients with breast cancer using
serial sections. We sought to identify the cellular distribution
of staining intensity within each tumour section (tumour
cells, fibroblasts, or inflammatory cells) and to correlate this
expression with both clinical pathological staging and
outcome.

Abbreviations: ABC, avidin-biotin complex; DAB, 3,3’
diaminobenzidine; ECM, extracellular matrix; MMP, matrix
metalloproteinase; MT-MMP, membrane-type matrix metalloproteinase;
NPI, Nottingham prognostic index; PA, plasminogen activator; PAI,
plasminogen activator inhibitor; PBS, phosphate buffered saline; TIMP,
tissue inhibitor of metalloproteinases; tPA, tissue-type plasminogen
activator; uPA, urokinase-type plasminogen activator
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Table 1

Differences in the staining scores of proteinases and inhibitors in each cell
type of 44 breast tumours as assessed by immunohistochemistry

Tumour cells Fibroblasts Inflammatory cells
MMP-1 1.8 (1-4)* 1.3 (1-3) 1.1 (1-3)
MMP-2 2.3 (1-4)* 1.5 (1-2) 1.3 (1-2)
MMP-3 1.6 (1-4)* 1.2 (1-3) 1.1 (1-3)
MMP-9 1.6 (1-3) 1.6 (1-4) 1.3 (1-4)
uPA 2 (1-4) 1.7 (1-4) 1.2 (1-2)
tPA 1.7 (1-4)* 1.5 (1-3) 1.2 (1-3)
TIMP-1 2.9 (1-4)* 1.9 (1-4) 1.5 (1-4)
TIMP-2 3.2 (1-4)* 2.1 (1-4) 2.1 (1-4)

MMP, matrix metalloproteinase; TIMP, tissue inhibitor
activator; uPA, urokinase-type plasminogen activator.

Values are mean (range). *p<0.05; Wilcoxon signed rank test for related samples.

of metalloproteinases; tPA, tissuetype plasminogen

MATERIALS AND METHODS

Materials

Monoclonal antibodies against the pro forms of MMP-I,
MMP-2, MMP-3, MMP-9, uPA, and tPA were purchased from
the Binding Site, Birmingham, UK and against total TIMP-1
and TIMP-2 from Oncogene Research, CN Biosciences,
Nottingham, UK. The Elite vector stain peroxidase kit and the
3,3' diaminobenzidine (DAB) substrate kit were purchased
from Vector Laboratories, Peterborough, UK.

Patient demographics

Immunohistochemistry was performed on paraffin wax embed-
ded tumour specimens from 44 patients with breast cancer
(June 1994 to August 1996); paired tumour and normal tissue
samples had previously been analysed for proteinases and
inhibitors by other laboratory techniques.” These patients had
undergone surgery at the Royal Hallamshire Hospital between
January 1994 and August 1996. All patients were female with a
mean age at surgery of 63 years (range, 33-83) and median fol-
low up of 55 months (range, 12-79).

Immunohistochemistry

Paraffin wax embedded breast tumour sections were obtained
from the department of histopathology, University of Shef-
field. Serial 4 pm sections were cut from each embedded
breast tumour and stained with monoclonal antibodies
against the MMP-1, MMP-2, MMP-3, MMP-9, uPA, tPA,
TIMP-1, and TIMP-2 antigens using the avidin-biotin staining
technique (ABC Elite).”

After the sections were dewaxed and rehydrated, endogenous
peroxidase activity was blocked by incubating the slides in 0.3%
H,0, in absolute methanol. The antigen was unmasked by incu-
bating the sections in 0.1% trypsin for 10 minutes at 37°C. For
the reduction of non-specific background staining, sections
were then incubated with diluted normal blocking serum for 20
minutes at room temperature. The primary antibodies were
diluted in phosphate buffered saline (PBS; 1/10, TIMP-2; 1/15
TIMP-1; 1/500, MMP-2, and the others 1/1000) and without
washing, the tissue sections were incubated with the primary
antibody for one hour in a humidity chamber at room tempera-
ture. For negative controls antibodies were omitted and replaced
by PBS alone. Tissue sections were then incubated with
biotinylated secondary antibodies (rabbit antisheep for protein-
ases and horse antimouse for TIMPs). Sections were then incu-
bated with the ABC solution for 45 minutes and the reaction
was revealed by incubation with 0.5 mg/ml DAB solution.
Sections were counterstained with Gill’s haematoxylin, and the
sections dehydrated and mounted. Between steps, the slides
were washed three times with PBS.

Slides were then observed by conventional light microscopy.
Staining intensities were determined by a consultant his-
topathologist (TJS) and each section was staged according to
the proportion of cells in a section staining strongly for the

antigen and were given a staining score, namely: 1, 0-25%; 2,
25-50%; 3, 50-75%; and 4, 75-100% for tumour cells,
fibroblasts, and inflammatory cells.

Statistics

The Wilcoxon signed rank test was used for comparisons
between the expression of the proteinases and inhibitors in
the different cell types within the tumour section. Spearman’s
correlation coefficient was used to determine whether a corre-
lation existed between the expression of the proteinases and
inhibitors and clinical pathological staging and outcome. Dif-
ferences were considered significant at a p value of < 0.05.

RESULTS
Patients, histology, and outcome
Most invasive breast tumours were ductal carcinomas (38 of
44), three of 44 were lobular, one was ductal and lobular, one
was papillary, and one was tubular. The histological grades” of
these tumours were seven grade 1, 22 grade 2, 14 grade 3, and
the remaining tumour was ductal carcinoma in situ (DCIS).
Fifteen tumours had undergone lymphatic or vascular
invasion at the time of resection and of these, six were grade 3
tumours, eight grade 2 tumours, and one was a grade 1
tumour. The clinical prognosis as determined by the Notting-
ham prognostic index (NPI)” was described as good for 17
patients, moderate for 20, and poor for seven.

Nine of 44 patients had died since the date of surgery, seven
from metastases (four with grade 3 tumours and three had
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Figure 1 Box plot showing the negative trend between matrix

metalloproteinase 1 (MMP-1) expression (as determined by the
staining score) and the grade of breast tumour. The line within the
box plot corresponds to the median value, the box length to the
interquartile range, and the lines emanating from the box (whiskers)
extend to the smallest and largest observations.
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Figure 2 Box plots demonstrating (A) the positive trend between
the expression of tissue inhibitor of metalloproteinases 1 (TIMP-1)
and the determined Nottingham prognostic index of the breast
tumours; and (B) the significant negative trend between the
expression of fissuetype plasminogen activator (tPA; p < 0.05
Spearman’s correlation) and the Notftingham prognostic index of the
breast tumours. The line within the box plot corresponds to the
median value, the box length to the interquartile range, and the lines
emanating from the box (whiskers) extend to the smallest and largest
observations.

grade 2) and the deaths of the other two patients were unre-
lated to cancer (both grade 2). One patient was alive but had
recurrence (grade 1 tumour) and the remaining 34 patients
were alive and well at the last follow up. There was a
significant correlation between expected outcome as deter-
mined by the NPI and the real outcome (p < 0.05, Spearman’s
correlation).

Immunohistochemical staining

Cell type

There were wide variations in the staining scores between the
different proteinases and inhibitors, and between their
expression in the different cell types within breast tumour
samples. The staining score for MMP-1, MMP-2, MMP-3, tPA,
TIMP-1, and TIMP-2 was significantly greater in tumour cells
than was seen for neighbouring inflammatory cells or
fibroblasts (p < 0.05; Wilcoxon; table 1). In general, the stain-
ing score was greater for the inhibitors, TIMP-1 and TIMP-2,
than for any of the proteinases (table 1).

Breast tumour grade
Although there were differences seen in the staining scores of
the proteinases and inhibitors in each breast tumour grade,
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Figure 3 Box plots demonstrating (A) the significant positive trend
between the expression of matrix metalloproteinase 1 (MMP-1;

p < 0.05, Spearman’s correlation) and whether the tumours
exhibited lymph or vascular invasion at the time of resection; and (B)
the negative trend between the expression of MMP-9 and whether
the tumours exhibited lymph or vascular invasion at the time of
resection. The line within the box plot corresponds to the median
value, the box length to the interquartile range, and the lines
emanating from the box (whiskers) extend to the smallest and largest
observations.

there was no significant correlation between them. The staining
scores in tumour cells for all proteinases and inhibitors studied
were greater in grade 1 than grade 3 breast tumours, as is illus-
trated in fig 1. There were no significant differences in the
staining scores of proteinases or inhibitors for either inflamma-
tory cells or fibroblasts across the breast tumour grades.

Nottingham prognostic index

In keeping with the results for tumour grade, differences in
staining scores between patients in different prognostic
groups (as determined by NPI) were also seen. There were
more pronounced differences between the expression of the
proteinases and inhibitors in relation to the NPI in the tumour
cells than in the inflammatory cells or fibroblasts. A positive
but not significant correlation was seen between tumour cell
staining intensity for MMP-1, MMP-2, and TIMP-1 (fig 2A)
and poor prognosis, as determined by NPI. However, a signifi-
cant negative correlation was observed for the MMP-9 and tPA
(fig 2B) tumour cell staining scores, with those patients with
a good clinical prognosis based on NPI demonstrating an
increased staining intensity when compared with those who
had a moderate or poor prognosis (p < 0.05, Spearman’s cor-
relation). There was no difference in staining scores for
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MMP-3, uPA, or TIMP-2 in relation to NPI. Figure 2 shows an
example of a positive and a negative correlation with NPI.

Lymphovascular invasion

The only significant correlation between the staining score
and whether the breast tumour had undergone lymphatic
and/or vascular invasion at the time of resection was for the
expression of MMP-1 in tumour cells (p < 0.05, Spearman’s
correlation; fig 3A). A positive trend was also seen for MMP-2,
TIMP-1, and TIMP-2, with greater tumour cell expression seen
in invasive breast tumours, whereas a negative trend was
observed for both MMP-9 (fig 3B) and tPA.

Status

Most patients (34 of 44) remain alive and well at a median 57
months of follow up, so that statistical comparisons between
proteinase/inhibitor expression and status cannot be deter-
mined because of the small sample numbers in the other
groups; that is, one alive with metastases, seven cancer related
deaths, and two unrelated deaths. However, none of the
proteinases or inhibitors showed obvious differences in stain-
ing intensity between these different patient groups.

DISCUSSION

We have previously determined the protein concentrations of
proteinases (MMPs and PAs) and inhibitors (TIMPs) in paired
breast tumour and normal tissue using the techniques of sub-
strate gel zymography and western blotting.” To our
knowledge, our present study is the first immunohisto-
chemical study using tissue from patients with breast cancer
to determine the cellular expression of several proteinases
(MMP-1, MMP-2, MMP-3, MMP-9, uPA, and tPA) and inhibi-
tors (TIMP-1 and TIMP-2) identified as being important in
tumour invasion and metastasis. The staining intensity of
these factors was correlated with breast tumour pathology,
prognosis, and survival.

ECM degradation by proteinases is normally tightly
regulated at several levels, including the activation of latent
proteinases. MMPs are secreted from cells in a latent form and
require activation extracellularly for proteolytic activity. The
second level of control is the presence of specific proteinase
inhibitors— TIMPs for MMPs and PAIs for the PAs—and
finally both proteinases and inhibitors are regulated at the
level of gene transcription. For proteolysis to occur, active pro-
teinase concentrations must exceed those of their inhibitors.
Therefore, it is probably the overall balance between the con-
centrations of each form of proteinase and inhibitor that will
determine whether matrix degradation occurs at each stage of
tumour invasion and metastasis in vivo.

Most previously published breast cancer studies have used
cither enzyme linked immunosorbent assays'” > or in situ
hybridisation® * to determine the expression of the MMP and
PA system components. Of the few studies that have used
immunohistochemistry, most have analysed a smaller number
of samples® or have determined the expression and localisa-
tion of individual proteinases/inhibitors.” ***!

In our current study, both the expression and localisation of
several proteinases and inhibitors were determined in 44
breast tumours. Wide variations in staining scores were seen
between cell types within breast tumours, with tumour cells
generally demonstrating greater staining scores than either
fibroblasts or inflammatory cells. In addition, the staining
scores for the inhibitors TIMP-1 and TIMP-2 were greater than
those obtained for the proteinases.

Both positive and negative trends have been observed when
correlating the immunohistochemical expression of protein-
ases and inhibitors with clinical parameters. Enhanced
expression of several individual factors correlated significantly
with individual clinical parameters—for example, MMP-1
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expression and lymphovascular invasion. However for most,
the number of samples in each subgroup for each parameter
was relatively small.

Our present study has confirmed data from previous
immunohistochemical studies demonstrating variations in
staining scores for proteinases and inhibitors both between
cell types and between breast tumour samples. In agreement
with our present study, tumour cells had an increased staining
score for the expression of MMP-1, MMP-2, MMP-3, and
MMP-9" * when compared with the other cell types. Similarly,
uPA expression was found in both tumour and stromal
cells,” whereas TIMP-1 expression was predominantly
localised to endothelial cells, with some expression in tumour
cells and fibroblasts."'’

“It is probably the overall balance between the concen-
trations of each form of proteinase and inhibitor that will
defermine whether matrix degradation occurs at each
stage of tumour invasion and metastasis in vivo”

The differences in immunohistochemical staining of protei-
nases and inhibitors between studies can be explained in part
by the use of different antibodies. Antibodies may be specific
for different forms of the protein—for example, for MMPs the
antibody may be specific for latent, active, or total MMPs, or all
three; in addition, some antibodies may recognise only
uncomplexed MMPs whereas others may only recognise
MMPs complexed with TIMPs. Often this is not made clear,
which makes comparisons between studies difficult.

There have been conflicting reports on whether the identi-
fication of individual proteinases or inhibitors correlates with
or predicts surgical outcome in patients with breast cancer. In
previous immunohistochemical studies, Dublin and col-
leagues demonstrated that strong uPA expression correlated
with high tumour grade® and Jahkola found a correlation
between high uPA expression and increased risk of local
recurrence.” No other studies have shown a correlation
between proteinases or inhibitors and either tumour patho-
logy or outcome. However, in a few studies using other
techniques to identify either proteinases or inhibitors, there
has been a correlation between the expression of certain fac-
tors and pathology. For example, using in situ hybridisation
there was a positive correlation between TIMP-1 and TIMP-2
expression and tumour grade” and MMP-1 mRNA expression
significantly correlated with the stage and invasion of breast
tumours.” However, most studies have been unable to
demonstrate such a correlation.

When investigating any relation between the expression of
proteinases and inhibitors and outcome/survival, only uPA has
consistently been reported to be predictive of disease free and
overall survival." ¥ ** * The only other component of the MMP
and PA systems that has been implicated as a strong prognos-
tic factor for both disease free and overall survival is PAI-
1.7 2>*% Our current study found no correlation between the
cellular expression of the studied proteinases and inhibitors
and either disease free or overall survival; however, the sample
size was small.

Although our current study has determined the immuno-
histochemical expression of several proteinases and inhibi-
tors, there are other members of these families that require
consideration for the overall profile of proteolysis in vivo.
These include other MMPs, such as MT-MMPs and inhibitors,
such as TIMP-3 and TIMP-4, which had not been fully
described at the time of our study. MT-MMPs are positively
expressed in the stromal cells of invasive breast cancers.”
Although the plasminogen activator inhibitors PAI-1 and
PAI-2 have been fully described, antibodies against these
inhibitors were not commercially available when our study
began.

In summary, our present study determined the differential
expression of proteinases and inhibitors and demonstrated
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Take home messages

* The expression of all the proteinases and inhibitors studied
was stronger or equivalent in tumour cells than in fibroblasts
or inflammatory cells within the tumour section

e Both positive and negative trends were found between the
expression of proteinases and inhibitors and breast tumour
pathology (tumour grade, lymphovascular invasion, and
Nottingham prognostic index), indicating that the interac-
tions between these factors in breast cancer progression
are complex

® However, there were no outstanding individual factors that
consistently correlated with prognosis so that in vivo the
balance between the relative concentrations of proteinases
and inhibitors probably determines extracellular matrix
degradation in breast tumour invasion and metastasis

trends in relation to breast tumour pathology and prognosis.
With increased sample numbers the clinical relevance of iden-
tifying proteinase and inhibitor expression may be revealed.
Breast tumour invasion and metastasis involve complex inter-
actions between proteinases and inhibitors. The differential
proteinase expression identified in our study suggests that
distinct proteinase profiles may be involved at different stages
of the metastatic cascade, depending on the surrounding
components of the ECM. However, overall, it is probably the
balance in the concentrations of activated proteinases and
their inhibitors at each stage of the metastatic cascade that
will determine whether ECM degradation and consequently
tumour invasion and metastasis occur in vivo. Therefore, it is
important to identify more than a single factor in any study
investigating the role of proteinases and inhibitors in breast
cancer progression in vivo.
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