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Abstract An immunohistochemical study was performed
using tissue arrays and specific antibodies against MMPs -
1,-2,-7,-9, -11, -13, -14, and TIMPs -1, -2 and -3. More
than 5,000 determinations on cancer specimens from 124
patients with invasive breast cancer were performed at the
center of the tumor and the invasive front. Inmunostaining
for MMPs/TIMPs by fibroblasts was evaluated. To identify
specific groups of tumors with distinct expression profiles,
the data obtained from both fibroblast populations were
analyzed by unsupervised hierarchical cluster analysis.
Intratumor stromal fibroblasts more frequently showed
expression of MMP-2, -7, and -14, and TIMP-3, but less
frequently of MMP-9 than fibroblasts at the invasive front.
Multivariate analysis showed that a high profile of MMPs
and TIMPs staining in both fibroblast populations was the
most potent predictor factor of distant metastases, whereas
a low staining profile in fibroblasts was associated with a
low risk of metastases.
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Introduction

Classically, the evaluation of prognostic factors has been
performed only on the malignant epithelial cells. However,
the influence of stromal gene and protein expression pat-
terns on the biological and clinical heterogeneity of the
disease is poorly understood. Under normal physiological
conditions, stroma acts as an important barrier to the
transformation of epithelial cells [1] Nevertheless, the
stromal compartment undergoes changes in response to
emerging epithelial lesions and has a key role in cancer
initiation and progression, including the recruitment of new
stromal cells that provide factor involved in cell growth
and matrix remodeling [1-3]Recent data indicate that
whereas the gene expression signatures derived from whole
tumors generate clusters associated with estrogen receptors
(ER) and HER?2 status [4, 5] differential gene expression
from the tumor stroma generates clusters linked to clinical
outcome in breast cancer [6] In addition, there is recent
evidence pointing to the contribution of inter-patient stro-
mal variability to the biological and clinical heterogeneity
of breast cancer [7-15]. Accordingly, we have recently
reported that the expression of several metalloproteases
(MMPs) and their inhibitors (TIMPs) by intratumor stromal
fibroblasts was significantly and independently associated
with a high rate of distant metastases [16].

MMPs play an essential role in the degradation of the
stromal connective tissue and basement membrane com-
ponents, which are key elements in tumor invasion and
metastasis. In addition, MMPs are able to impact in vivo on
tumor cell behaviour as a consequence of their capacity to
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cleave growth factors, cell surface receptors, cell adhesion
molecules, and chemokines/cytoquines [17-19]. Further-
more, by cleaving proapoptotic factors, MMPs produce a
more aggressive phenotype via generation of apoptotic
resistant cells [20]. MMPs also regulate cancer-related
angiogenesis, positively through their ability to mobilize or
activate proangiogenic factors [21], and negatively via
generation of angiogenesis inhibitors, such as angiostatin
and endostatin, cleaved from large protein precursors [22]
On the other hand, it is now accepted that TIMPs are
multifactorial proteins also involved in the induction of
proliferation and the inhibition of apoptosis [23, 24].

The fact that the expression of MMPs and TIMPs by
intratumor stromal fibroblasts could be of clinical rele-
vance led us to consider the biological and clinical
potential significance of the expression of this enzymatic
system by fibroblasts located at the invasive front of breast
carcinomas, since the invasive front is the area where some
of the most important interactions between cancer cells and
the tumor supporting stroma take place [25]. Therefore, the
pattern of MMPs/TIMPs expression by fibroblasts at the
invasive front could reflect prognosis better than at other
tumor areas or, even provide useful complementary infor-
mation of clinical interest. Consequently, the aims of the
present work were to compare the expression of MMPs and
TIMPs by intratumor stromal fibroblasts and by those
located at the invasive front of breast carcinomas, their
relationship with clinicopathological characteristics and
their prognostic significance. Our results demonstrate dif-
ferent patterns of expression of MMPs and TIMPs between
fibroblasts belonging to those two tumor areas, and their
combined evaluation may provide a highly predictive tool
of distant metastases.

Materials and methods

Patient selection, characteristics and tissue specimen
handling

This study is comprised of 124 women with a histologi-
cally confirmed diagnosis of early breast cancer and treated
between 1990 and 2003. We selected women with the
following inclusion criteria: invasive ductal carcinoma, at
least six histopathologically assessed axillary lymph nodes
and a minimum of 5 years of follow-up for those women
without tumor recurrence. The exclusion criteria were the
following: metastatic disease at presentation, prior history
of any kind of malignant tumor, bilateral breast cancer at
presentation, having received any type of neoadjuvant
therapy, development of loco-regional recurrence during
the follow-up period, development of a second primary
cancer, and absence of sufficient tissue in the paraffin
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blocks used for manufacturing the TMAs. From a total of
1,264 patients fulfilling these criteria, we randomly selec-
ted a sample size of 124 patients in accordance to four
different groups with similar size and stratified with regard
to nodal status and to the development of metastatic dis-
ease, which were the key measure variables of the study.
Thus, we included an important number of events in both
node-positive and -negative patient subgroups (half of the
cases that developed distant metastases during the follow-
up period are included in each subgroup) in order to
guarantee the statistical power of the survival analysis.
Patient characteristics included in the two main groups,
with or without distant metastases, are listed in Table 1.

Women were treated according to the guidelines used in
our institution. The study adhered to national regulations
and was approved by our institution Ethics and Investiga-
tion Committee. The end-point was distant metastatic
relapse. The median follow-up period in patients without
metastases was 85 months, and 46 months in patients with
metastases. In addition, in the present study we analyzed
the expression of the factors in normal mammary tissues
obtained from 14 women that underwent cytoreductive
surgery of the breast (age range: 35-60 years).

Tissue microarrays and immunohistochemistry

Breast carcinoma tissue samples were obtained at the time
of surgery. Routinely fixed (overnight in 10% buffered
formalin), paraffin-embedded tumor samples stored in our
pathology laboratories were used. Histopathologically
representative tumor areas were defined on haematoxylin
and eosin-stained sections and marked on the slide. Tumor
tissue array (TMA) blocks were obtained by punching a
tissue cylinder (core) with a diameter of 1.5 mm through a
histologically representative area of each ‘donor’ tumor
block, which was then inserted into an empty ‘recipient’
tissue array paraffin block using a manual tissue arrayer
(Beecker Instruments, Sun Praerie, WI, USA) as described
elsewhere [26]. Collection of tissue cores was carried out
under highly controlled conditions. Areas of non-necrotic
cancerous tissue were selected for arraying by two expe-
rienced pathologists (L. O. Gonzalez and A. M. Merino). A
total of four cores were used for each case. Two of these
cores in each case corresponded to the tumor central area,
and the other two cores corresponded to the invasive front.
This method, evaluating two cores (double redundancy) of
each tumor area has been shown to correlate well with
conventional immunohistochemical staining [27]. The
invasive front was defined as the tumoral advancing edge.
This corresponds to a 2 mm margin surrounding the tumor
and containing cancerous cells. From the 124 tumor sam-
ples available, four TMA blocks were prepared, each one
containing 31 primary tumor samples, as well as internal
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Table 1 Basal characteristic of

. . . Characteristics
124 patients with invasive

Without recurrence N (%) With recurrence N (%)

ductal carcinoma of the breast Total cases

Age (years)
<57
>57
Menopausal status
Premenopausal
Postmenopausal
Tumoral size
T1
T2
Nodal status
N—
N+
Histological grade
Well dif
Mod dif
Poorly dif
Nottingham pronostic index
<34
34-54
>5.4
Estrogen receptors
Negative
Positive
Progesterone receptors
Negative
Positive
Adjuvant radiotherapy
No
Yes
Adjuvant systemic therapy
Chemotherapy

Adjuvant tamoxifen

Chemotherapy + sequential tamoxifen

No treatment

28 (47.5) 38 (58.5)
31 (52.5) 27 (41.5)
18 (30.5) 18 (27.7)
41 (69.5) 47 (72.3)
31 (52.5) 27 (41.5)
28 (47.5) 38 (58.5)
28 (47.5) 28 (43.1)
31 (52.5) 37 (56.9)
20 (33.9) 14 (21.5)
26 (44.1) 35 (53.8)
13 (22) 16 (24.6)
28 (47.5) 17 (26.2)
24 (40.7) 35 (53.8)
7(11.9) 13 (20)
18 (30.5) 35 (53.8)
34 (57.6) 26 (40)
22 (37.3) 41 (63.1)
30 (50.8) 20 (30.8)
44 (74.6) 33 (50.8)
15 (25.4) 32 (49.2)
18 (30.5) 29 (44.6)
24 (40.7) 15 (23.1)
10 (16.9) 7(10.8)
7(11.9) 14 21.5)

controls including four normal breast tissue samples from
two healthy women who underwent reductive mammary
surgery. These latter samples contained epithelial compo-
nents on which immunohistochemistry was not seen with
any of the antibodies used.

Serial 5-pm sections of the high-density TMA blocks
were consecutively cut with a microtome (Leica Micro-
systems GmbH, Wetzlar, Germany) and transferred to
adhesive-coated slide. One section from each tissue array
block was stained with H&E, and these slides were then
reviewed to confirm that the sample was representative of
the original tumor. Immunohistochemical staining was
done on these sections of TMA fixed in 10% buffered
formalin and embedded in paraffin using a TechMate

TMS50 autostainer (Dako, Glostrup, Denmark). Antibodies
for MMPs and TIMPs were obtained from Neomarker (Lab
Vision Corporation, Fremont, CA, USA). The dilution for
each antibody was established based on negative and
positive controls (1/50 for MMP-2, -7, -14, and TIMP-2;
1/100 for MMP- 9, -13, TIMP-1, and -3; and 1/200 for
MMP-1, -11). The negative control was DakoCytomation
mouse serum diluted to the same mouse IgG concentration
as the primary antibody. All the dilutions were made in
Antibody Diluent, (Dako) and incubated for 30 min at
room temperature. In a prior report, we confirmed the
presence of the evaluated proteins by Western blot analysis
of breast tumor cytosol samples. A single band of the
expected molecular mass was observed for each protein
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[28]. We also used other antibodies for several factors,
such as MMP-2 (policlonal, 1/50, Abcam Cambridge UK.),
-13 (clone 181-15A12, 1/100, Calbiochem MERCK KgaA
Darmstadt Germany), -11(clone SC3-05, 1/100, Calbio-
chem MERCK KgaA Darmstadt Germany). On the other
hand, we also used antibodies against cytokeratins
(AE;—AE;, DAKO 1/1) and vimentin (DAKO 1/100) to
distinguish fibroblasts from tumoral cells.

Tissue sections were deparaffinized in xylene and then
rehydrated in graded concentrations of ethyl alcohol (100,
96, 80, 70%, then water). To enhance antigen retrieval only
for some antibodies, TMA sections were microwave treated
in a H2800 Microwave Processor (EBSciences, East Gran-
by, CT, USA) in citrate buffer (Target Retrieval Solution;
Dako) at 99°C for 16 min. Endogenous peroxidase activity
was blocked by incubating the slides in peroxidase-blocking
solution (Dako) for 5 min. The EnVision Detection Kit
(Dako) was used as the reactivity detection system. Sections
were counterstained with haematoxylin, dehydrated with
ethanol and permanently coverslipped.

For each antibody preparation studied, the location of
immunoreactivity, percentage of reactive area and intensity
were determined. All the cases were semiquantified for
each protein-stained area. An image analysis system with
the Olympus BX51 microscope and soft analysis (analy-
SIS®, Soft imaging system, Miinster, Germany) were used
as follows: tumor sections were stained with antibodies
according to the method explained above and counter-
stained with haematoxylin. There were different optical
thresholds for both stains. Each core was scanned with a
400x power objective in two fields per core. Fields were
selected searching for the protein-reactive areas. The
computer program selected and traced a line around anti-
body-reactive areas (higher optical threshold: red spots),
with the remaining, non-stained areas (haematoxylin-
stained tissue with lower optical threshold) standing out as
a blue background. Any field had an area ratio of stained
(red) versus non-stained (blue). A final area ratio was
obtained after averaging two fields. To evaluate immuno-
staining intensity we used a numeric score ranging from 0
to 3, reflecting the intensity as follows: 0, no reactivity; 1,
weak reactivity; 2, moderate reactivity; and 3, intense
reactivity. Using an Excel spreadsheet, the mean score was
obtained by multiplying the intensity score (/) by the per-
centage of reactivity area (PA) and the results were added
together (total score: I x PA). This overall score was then
averaged with the number of cores that were done for each
patient. If there was no tumor in a particular core, then no
score was given. In addition, for each tumor the mean score
of two core biopsy samples was calculated. This scoring
evaluation was based on a global evaluation of staining
areas corresponding to tumoral cells as well as to stromal
cells. Nevertheless, in the present work we also evaluate
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the immunohistochemical staining by exclusively stromal
fibroblastic-like cells. We distinguished stromal cells from
cancer cells because these latter cells are larger in size. In
addition, fibroblasts are spindle cells whereas mononuclear
inflammatory cells are round cells. On the other hand,
while cancer cells are arranged forming either acinar or
trabecullar pattern, stromal cells are isolated. Moreover, we
used two markers to distinguish fibroblasts from tumoral
cells: cytokeratins and vimentin, as it was described above.

Statistical analysis

Differences in percentages were calculated with the chi-
square test. Immunostaining score values for each protein
were expressed as a median (range). Correlation between
score values was calculated by using the Spearman corre-
lation test. Comparison of immunostaining values between
groups was made with the Mann—Whitney or Kruskall—-
Wallis tests. Statistical results were corrected applying
Bonferroni’s correction. P < 0.05 was considered signifi-
cant. For metastasis-free survival analysis we used the Cox’s
univariate method. Cox’s regression model was used to
examine interactions of different prognostic factors in a
multivariate analysis. Expression profiles were analyzed by
aunsupervised hierarchical clustering method that organizes
proteins in a tree structures, based on their similarity. Data
was reformatted as follows: “—3” designated negative
staining, “3” positive staining, and missing data was left
blank. We used the Cluster 3.0 program (average linkage,
uncentered correlation). Results were displayed with the
Treeview program [29]. The SPSS 11.5 program (SPSS Inc.,
Chicago, IL, USA) was used for all calculations.

Results

More than 5,000 determinations in cancer specimens from
124 patients with primary invasive ductal carcinoma of the
breast and controls were performed on TMAs. Minimal
internal variance of score data between duplicate tissue
cores from the same patients and the same tumor areas was
detected in the tissue arrays, showing a high agreement for
each protein (r > 0.95 and P < 0.0001, for each protein).
Thus, we have previously described a validation study for
MMPs and TIMPs in invasive breast carcinomas [16].
Figure 1 shows representative examples of MMPs and
TIMPs expression by fibroblasts in the center of the tumor
or at the invasive front of breast carcinomas. Immuno-
staining for these proteins has a cytoplasmic location in all
positive cases. With regard to MMP-14 expression, it is of
note that the immunostaining showed cytoplasmic and
membrane location. As Table 2 shows, the expression of
MMPs and TIMPs by fibroblasts varied among tumors.
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Fig. 1 400x, examples of
MMPs and TIMPs expression
by fibroblasts (arrows) in the
center (left) of the tumor and at
the invasive front (right) of
breast carcinoma.

a-b, expression of MMP-7;
c—d, expression of TIMP-3;
e—f, expression of MMP-11;
g-h, expression of MMP-9;
i—j, expression of MMP-2;
k-1, expression of MMP-1

Fibroblasts at center of the tumor showed more frequently
positive expression of MMP-2 (P < 0.01), -7 (P < 0.0001)
and -14 (P < 0.0001), and TIMP-3 (P < 0.0001) than
fibroblasts at the invasive front; while fibroblasts at the
invasive front showed more frequently positive expression
of MMP-9 (P < 0.0001). However, there were no signifi-
cant differences between fibroblasts of these paired sets of
tissue samples for MMP-1, -11 and -13, and TIMP-1 and
-2. We analyzed the expression of these factors in normal

mammary tissues which were obtained from 14 women
that underwent cytoreductive surgery of the breast. Fibro-
blasts from these normal tissue samples were negative for
MMP-2, -7, -9, -11, -13, and -14; TIMP-1, -2, and -3. Only
one of the 14 cases showed a weak staining for MMP-1 in
some fibroblasts.

The concordances in expression of factors between in-
tratumor stromal fibroblasts and those at the invasive front
were of 74.7% for MMP-1, 69.1% for MMP-2, 34.8% for
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Fig. 1 continued

Table 2 Expression of MMPs and TIMPs by fibroblasts at invasive
front and at tumoral center of invasive ductal carcinomas of the breast

Factor Tumoral center Invasive front P

No. positive cases (%) No. positive cases (%)
MMP-1 97 (81.5) 105 (88.2) NS
MMP-2 30 (25) 13 (10.8) 0.007
MMP-7 84 (75) 25 (22.3) 0.0001
MMP-9 18 (15) 44 (36.7) 0.0001
MMP-11 81 (69.2) 89 (76.1) NS
MMP-13 59 (49.2) 54 (45) NS
MMP-14 95 (80.5) 55 (46.6) 0.0001
TIMP-1 56 (46.7) 54 (45) NS
TIMP-2 52 (62) 47 (39.8) NS
TIMP-3 75 (62) 10 (8.3) 0.0001

MMP-7, 60% for MMP-9, 65.8% for MMP-11, 54.1% for
MMP-13, 50.8% for MMP-14, 56.6% for TIMP-1, 60.1%
for TIMP-2, 60.1%, and of 42.9% for TIMP-3.

We also analyzed the concordances in the expression of
factors between fibroblasts at tumoral center and those ones
at the invasive front, and these same proteins expressions
by tumoral cells in the respective localizations. According
to fibroblasts and tumoral cells at tumoral center, our
results show the following concordances: 92.4% for MMP-
1, 75.4% for MMP-2, 85.3% for MMP-7, 40.6% for MMP-
9, 80.4% for MMP-11, 75.8% for MMP-13, 91.2% for
MMP-14, 52.1% for TIMP-1, 55.3% for TIMP-2, and
76.6% for TIMP-3. For fibroblast and tumoral cells at
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invasive front, our results show the following concor-
dances: 91.9% for MMP-1, 72.2% for MMP-2, 40.5% for
MMP-7, 42.2% for MMP-9, 30.1% for MMP-11, 69.2% for
MMP-13, 56.8% for MMP-14, 49.6% for TIMP-1, 46.2%
for TIMP-2, and 53.8% for TIMP-3.

We also compared the expression of MMPs and TIMPs
by these two fibroblastic populations in the center of the
tumor with the global immunohistochemical staining. In
this tumor area, and in addition to fibroblasts, the expres-
sion of these factors was predominantly located in tumor
cells but also in a significant percentage of mononuclear
cells, such as previously was reported by our team [16, 28].
Table 3 shows the relationship between the expression of
MMPs and TIMPs by intratumor stromal fibroblasts and by
those at the invasive front. Our results demonstrated that
the expression of each protein by intratumor stromal
fibroblasts was significantly and positively associated with
their corresponding score value (P < 0.05, for TIMP-1;
and P < 0.0001, for another MMPs/TIMPs). However,
expression of MMPs and TIMPs by fibroblasts at the
invasive front only showed association with their corre-
sponding score vales for MMP-2 and -13 (P < 0.05, for
both), and TIMP-1, -3 (P < 0.05, for both) and -2
(P < 0.0001; Table 3).

In the present work we also examined the possible rela-
tionship between the expression of MMPs or TIMPs by
fibroblasts located at the invasive front or in the intratumor
stroma and the clinicopathological characteristics of patients
and tumors. Among all of these clinicopathological factors
considered in the study, we found no significant relationships
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Table 3 Relationship between MMPs and TIMPs expressions by fibroblasts at tumoral center or at invasive front and global expressions of

MMPs and TIMPs (score values) in tumoral center

Factor Tumoral center (score values) Invasive front (score values)

Fibroblasts (—) Fibroblasts (+) P Fibroblasts (—) Fibroblasts (+) P
MMP-1 20 (0-140) 145 (27.5-285) <0.0001 122.5 (0-277.5) 140 (0-285) 0.119
MMP-2 0 (0-246) 63 (45-198) <0.0001 0 (0-246) 65 (0-207) 0.028
MMP-7 37.5 (0-246.1) 136.8 (20-270) <0.0001 130 (0-262.5) 80 (0-270) 0.178
MMP-9 69 (0-273) 128 (52-264) <0.0001 70 (0-237) 75.5 (0-273) 0.085
MMP-11 75 (0-279) 170 (55.1-277.7) <0.0001 139 (0-279) 160 (0-277.7) 0.302
MMP-13 76 (0-276.9) 193.2 (0-279) <0.0001 58.8 (0-180.3) 65.7 (0-234) 0.048
MMP-14 0 (0-164.7) 88.4 (54.5-261) <0.0001 84.8 (0-261) 82.1 (0-258) 0.895
TIMP-1 136 (0-282) 152 (59-285) <0.056 134 (0-270) 160 (0-285) 0.01
TIMP-2 71 (0-231) 144 (53-243) <0.0001 72 (0-243) 144 (0-243) 0.0001
TIMP-3 60 (0-271.3) 138.9 (30.5-272.4) <0.0001 111.2 (0-272.4) 173.2 (57-271.3) 0.027

Data are represented as median of score values (range)

Fig. 2 Up, representative POk
examples of invasive front (a) [a) y
and tumoral center (b). H & E
sections. Down, representative
examples of association
between desmoplasia (c¢) and
inflammation (d) with staining
in the fibroblasts

between the expression of MMPs or TIMPs by fibroblasts at
the invasive front and patient’s age or menopausal status, PR,
peritumor inflammation (Fig. 2), advancing tumor edge,
perineural invasion, vascular invasion and necrosis (data not
shown). However, our results did demonstrate a significant
relationship between expression of MMPs or TIMPs by
fibroblasts at the invasive front and tumor size, nodal status,
histological grade and ER. As itis shown in Table 4, MMP-7
expression by fibroblasts at the invasive front was positively
and significantly associated with a larger tumor size
(P = 0.004), positive nodal status (P = 0.0038), and tumors

with a higher degree of undifferentiation (P = 0.038);
whereas MMP-1 expression was associated with positive
nodal status (P = 0.019), and MMP-14 was associated with
desmoplastic reaction (P = 0.03).

On the other hand, as Table 4 shows, MMP-7 expression
by fibroblasts in the center of the tumor was also positevely
correlated to node involvement (P = 0.0001). Neverthe-
less, we found several other different associations between
expression of MMPs or TIMPs by fibroblasts in the center
of the tumor and some clinicopathological characteristics.
So, expression of MMP-1 and -14 by these fibroblasts was
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Table 4 Significant associations between expressions of MMP or
TIMPs by fibroblasts at tumoral center or invasive front and clinico-
pathological characteristics from breast carcinomas

Factors and characteristics No. total N (%) of P
of cases positive cases
Tumoral center
MMP-1
Peritumoral inflammation
Yes 45 42 (93.3) 0.024
Not 70 51 (72.8)
MMP-7
Nodal status
N— 52 27 (51.9) 0.0001
N+ 63 60 (95.2)
Desmoplastic reaction
Yes 87 64 (73.6) 0.020
Not 28 14 (50)
MMP-9
Estrogens receptors
Positive 60 5 (8.3) 0.005
Negative 52 15 (28.8)
MMP-13
Desmoplastic reaction
Yes 63 52 (82.5) 0.0001
Not 61 32 (52.5)
MMP-14
Peritumoral inflamation
Yes 47 45 (95.7) 0.006
Not 73 53 (72.6)
TIMP-1
Nodal status
N— 55 36 (65.5) 0.0001
N+ 68 22 (32.4)
Estrogens receptors
Positive 60 23 (38.3) 0.041
Negative 52 26 (50)
TIMP-2
Histological grade
| 34 9 (26.5) 0.038
1T 60 32 (53.3)
I 29 14 (48.3)
TIMP-3
Edge of advencing tumoral
Expansive 53 25 (47.2) 0.002
Infiltrating 68 51 (75)
Invasive front
MMP-1
Nodal status
N— 56 53 (94.6) 0.019
N+ 68 66 (97)
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Table 4 continued

Factors and characteristics No. total N (%) of P
of cases positive cases
MMP-7
Tumoral size
Tl 56 6 (10.7) 0.004
T2 65 21 (32.3)
Nodal status
N-— 55 17 (30.9) 0.038
N+ 66 10 (15.2)
Histological grade
I 33 7(21.2) 0.038
I 60 9 (15)
I 28 11 (39.3)
MMP-14
Desmoplastic reaction
Yes 81 43 (53.1) 0.03
No 37 12 (32.4)

associated with peritumor inflammation (P = 0.024 and
P = 0.006, respectively), MMP-7 and -13 with desmo-
plastic reaction (P = 0.02 and P = 0.0001, respectively),
MMP-9 with ER negative status (P = 0.005), TIMP-1 with
node-positive status (P < 0.0001) and ER-negative status
(P = 0.04), and TIMP-3 with the expansive type of tumor
advancing edge (P = 0.002).

In addition, we studied the possible influence of single
MMPs and TIMPs expression by fibroblasts at the invasive
front or those in the center of the tumor on distant relapse-
free survival. As it is shown in Table 5, multivariate
analysis showed that expression by fibroblasts in the center
of the tumor of MMP-9, -11, -13, and TIMP-2, was sig-
nificantly associated with a high rate of distant metastases.
With regard to the prognostic significance of the expres-
sions of MMPs and TIMPs by fibroblasts at the invasive
front, our results demonstrated that MMP-11 and -14, and
TIMP-1 and -2, were also significantly and independently
associated with a higher probability of shortened relapse-
free survival (Table 4).

To identify specific groups of tumors with distinct
MMP/TIMP immunohistochemical expression profiles as
well as their possible prognostic importance, the obtained
data were evaluated by unsupervised hierarchical cluster
analysis for each cellular type. This algorithm placed
proteins on the horizontal axis and samples on the vertical
axis based on similarity of their expression profiles. This
way, it produced a dendogram with well-defined cluster of
cases for fibroblasts in the center of the tumor as well as for
fibroblasts at the invasive front. Therefore, the dendogram
showed a first-order division of the tumors into two distinct
MMP/TIMP molecular profiles, one for fibroblasts in the
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Table 5 Cox’s univariate (H-R) and multivariate (RR) analysis of the relationship between MMPs and TIMPs expression and relapse-free

survival in fibroblasts

Factor No. of patients Event frequency HR (95% CI) RR (95% CI)
MMP-1

Fibroblasts (—) vs. (4+) at tumoral center 22/97 8/56 1.9 (0.94)

Fibroblasts (—) vs. (+)at invasive front 15/109 5/60 2.1 (0.8-5.2)
MMP-2

Fibroblasts (—) vs. (+) at tumoral center 92/30 47/18 1.3 (0.7-2.2)

Fibroblasts (—) vs. (4+) at invasive front 109/13 60/4 0.4 (0.1-0.2) 0.3 (0.1-0.8)**%**
MMP-7

Fibroblasts (—) vs. (+) at tumoral center 28/87 13/50 1.5 (0.8-2.8)

Fibroblasts (—) vs. (4+) at invasive front 94/27 45/18 1.5 (0.9-2.6)
MMP-9

Fibroblasts (—) vs. (4) at tumoral center 103/20 44/20 3.4 (2-5.9)* 3.4 (2-6)*

Fibroblasts (—) vs. (+) at invasive front 77/44 37126 1.3 (0.8-2.1)
MMP-11

Fibroblasts (—) vs. (4) at tumoral center 37/85 7157 5.3 (2.4-11.8)* 5.2 (2.2-12.5)*

Fibroblasts (—) vs. (4) at invasive front 29/90 8/55 2.8 (1.3-5.9)%*:#* 2.5 (1.2-5.2)%%s#:*
MMP-13

Fibroblasts (—) vs. (+4)at tumoral center 61/63 24/41 1.8 (1.1-3)%*%#** 1.8 (1.1-3.2)%**:%

Fibroblasts (—) vs. (+) at invasive front 66/54 31/32 1.4 (0.8-2.3)
MMP-14

Fibroblasts (—) vs. (+) at tumoral center 23/101 11/54 1.1 (0.5-2.1)

Fibroblasts (—) vs. (4) at invasive front 63/55 23/38 2.7 (1.6-4.5)* 2.6 (1.5-4.5)*
TIMP-1

Fibroblasts (—) vs. (+) at tumoral center 65/58 35/29 0.9 (0.5-1.5)

Fibroblasts (—) vs. (4+) at invasive front 67/54 23/40 3 (1.7-4.9)* 2.6 (1.5-4.6)*
TIMP-2

Fibroblasts (—) vs. (4+)at tumoral center 68/55 17/47 6.5 (3.6-10.4)* 6.1 (3.4-10.8)*

Fibroblasts (—) vs. (+) at invasive front 72/47 29/32 2.2 (1.3-3.6)** 2.1 (1.2-3.5)**
TIMP-3

Fibroblasts (—) vs. (+) at tumoral center 46/78 16/49 2.2 (1.2-3.9)%*%** 2.3 (1.2-4.4)*%**

Fibroblasts (—) vs. (4) at invasive front 111/10 56/7 1.9 (0.9-4.3)
Cluster group at tumoral center

Group 1A vs. group 2A 58/66 44/21 3.7 (2.1-6.3)* 4.5 (2.2-7.3)*
Cluster group at invasive front

Group 1B vs. group 2B 44/77 38/27 3.3 (2-5.5)* 3 (1.8-5.1)*
Combination of cluster groups*

Group 2A and group 2B 48 10 1 1

Group 2A and group 1B 18 11 4 (1.6-9.4) 4 (1.7-9.5)

Group 1A and group 2B 29 17 4.2 (1.9-9.2) 3.4 (1.3-8.7)

Group 1A and group 1B 29 27 9.1 (4.3-16) 9.4 (4.2-19)

HR, hazard ratio; RR, relative risk; CI, confidence interval
* P < 0.001; ** P <0.005; ***P < 0.01; **** P < (.05

center of the tumor (designated as group 1A, n = 58 and
group 2A, n = 66; Fig. 3a) and another one for fibroblasts
at the invasive front (designated as group 1B, n = 47 and
group 2B, n = 77; Fig. 3b). MMP-1, -9, -11, -13 and -14,
and TIMP-2, were identified by showing a significantly
higher expression in groups 1A and 1B, compared with

groups 2A and 2B (in both fibroblast populations). TIMP-3
was also identified by showing a significantly higher
expression in group 1A than in group 2A (in fibroblasts in
the center of the tumor); whereas MMP-7 and TIMP-1
were identified by showing significant high expression in
group 1B compared with group 2B (fibroblasts at the
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Fig. 3 Hierarchical clustering analysis of global MMPs/TIMPs
expression in the different cells types of breast cancer as measured
by immunohistochemistry on TMA. Graphical representation of
hierarchical clustering results in fibroblasts in the center of the tumor
(a), and fibroblasts at the invasive front (b). Rows, tumor samples;

invasive front). Likewise, it was also remarkable our
findings indicating that patients with fibroblasts located
either in the center of the tumor or at the invasive front
(groups 1A and 1B) and belonging to a high molecular
MMP/TIMP profile expression group, had the highest
probability of distant metastases; whereas patients with
both fibroblast populations belonging to a low molecular
MMP/TIMP profile group (groups 2A and 2B) had the
lowest probability of distant metastases (P < 0.0001;
Table 4; Fig. 4). Multivariate analysis according to Cox
model demonstrated that tumor stage [II: relative risk (RR)
confidence interval (CI) = 1.9 (0.9-3.9); III: 3.1 (1.3-6.1);
P < 0.001] and ER status [positive: 0.5 (0.3-0.9), P < 0.001]
was significantly and independently associated with
relapse-free survival. However, this same analysis also
demonstrated that clustering for fibroblast populations was
the most potent independent factor associated with relapse-
free survival [groups 1A and 1B: 94 (4.2-20.9),
P < 0.0001; Table 4].
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columns, MMPs/TIMPs. Protein expressions are depicted according
to a color scale: red, positive staining; green, negative staining; gray,
missing data. Two major clusters of tumors (1 and 2) are shown in
both fibroblast populations

Discussion

This is, to the best of our knowledge, the first study com-
paring the expression of MMPs and TIMPs by intratumor
stromal fibroblasts and by those located at the invasive
front in breast carcinomas. Our results demonstrate dif-
ferences in the expression of these biological factors
implicated in invasion and metastasis between fibroblasts
corresponding to those two different tumor areas in a sig-
nificant percentage of cases. In addition, we have found
that those different fibroblast populations might reflect
different biological tumor behaviours and, thus, support
complementary clinical information in breast cancer
patients.

We found significant levels of discordance in the
expression of MMPs and TIMPs by intratumor stromal
fibroblasts and those located at the invasive front, ranging
from 24.3% for MMP-1 to 65.2% for MMP-2. Likewise,
clustering analysis showed two different groups, with low
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Fig. 4 Kaplan—Meier survival curves as function of the immuno- 14 (g), TIMP-1 (h), and TIMP-2 (i); as function of two major clusters
staining expression by fibroblasts in the center of the tumor of: MMP- of tumors (Groupl and Group 2) shown in fibroblasts in the center of

9 (a), MMP-11 (b), MMP-13 (c), TIMP-2 (d), and TIMP-3 (e); the tumor (j), in fibroblasts at the invasive front (k), and in
expression by fibroblasts at the invasive front of: MMP-11 (f), MMP- combination of the different cluster groups (1)

and high MMP/TIMP molecular profiles in both fibroblast  signify a new contribution to the knowledge of the tumor
populations, in the center of the tumor and in the invasive  heterogeneity of breast carcinomas. It is remarkable that
front, but each of them with different MMP/TIMP patterns.  intratumor stromal fibroblasts showed a positive expression
These findings led us to consider the existence of func-  of MMP-2, -7 and -14, and TIMP-3 more frequently than
tional differences in host fibroblasts in these two tumor fibroblasts at the invasive front, which showed a more
areas in a significant percentage of cases, which could  frequently expression of MMP-9. This different pattern of
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expression of MMPs and TIMPs may correspond to dif-
ferences in cellular density, which is higher in the center of
the tumors, and/or to different biological mechanisms of
interaction between tumor cells and the fibroblast popula-
tion of those two different tumor areas. In fact, it has been
shown that cell-cell contact between cancer cells and
fibroblasts enhanced the production and activation of
MMPs by cancer cells, promoting pericellular proteolysis,
angiogenesis, and tumor cell invasion [30, 31]. Neverthe-
less, it is of note the different expression of MMP-2 and -9
by fibroblasts from those two different areas. MMP-2
(Gelatinase A) and MMP-9 (Gelatinase B) are related to
tumor invasion and metastasis by their special capacity to
degrade the type IV collagen found in basement mem-
branes [32] and to induce angiogenesis [17]. It has also
been described that as breast cancer progresses, MMP-2
production increases during the early phases, while acti-
vation of MMP-9 occurs during the late cancerous stage
[33] Now, our results contribute to show the evidence of a
tendency to an inverse expression of these gelatinases by
intratumor stromal fibroblasts and the ones located at the
invasive front. It is also remarkable the prior finding that
high MMP-2 expression in carcinoma cells is positively
associated with a high stromal MMP-2 expression, whereas
MMP-9 expression in cancer cells and MMP-9 expression
in stromal cells is not associated with each other [34]. In
this line, our results also show significant and positive
relationships between the expression of each MMP/TIMP
by intratumor stromal fibroblasts and their corresponding
global expression (score values) in the center of the tumor;
whereas expression of MMPs/TIMPs by fibroblasts at the
invasive front only showed significant, but lower, rela-
tionships with score values in the center of the tumor for
MMP-2 and -1, -3, and TIMP-1, -2 and -3.Likewise, it was
remarkable our finding indicating higher percentages of
concordance in MMPs/TIMPs expressions between both
fibroblast and tumoral cells at tumoral center compared to
the percentages of concordance between these two cellular
types at invasive front Thus, these latter findings also
contribute to the accumulating evidence of the presence of
different phenotypes of fibroblasts belonging to each one of
those two differentiated tumor areas.

We found significant and positive relationships between
MMPs or TIMPs expression either by intratumor stromal
fibroblasts, or by those at the invasive front, and clinico-
pathological factors indicative of tumor progression. Our
results demonstrate that MMP-7 expression by both types
of fibroblasts was associated with node-positive status.
MMP-7 (matrilysin 1) is a stromelysin that degrades type
IV collagen, fibronectin and laminin. It has been shown
that MMP-7 is aberrantly expressed in human breast
tumors, and that elimination of MMP-7 is associated with
low invasiveness and slow tumor growth [35]. Thus, our

@ Springer

results are in accordance with experimental studies show-
ing that high intratumor levels of MMP-7 were
significantly associated with several parameters indicative
of tumor aggressiveness as well as with our recent clinical
results indicating that MMP-7 expression in breast cancer
is linked to a poorer prognosis [16, 28]. Nevertheless, it is
also surprising our finding of several different associations
between clinicopathological parameters and MMPs or
TIMPs depending on their expression by each of those two
populations of fibroblasts. Hence, while expression of
MMP-7 by fibroblasts at the invasive front correlated to a
larger tumor size or a higher degree of undifferentiation,
and expression of MMP-1 correlated to a positive nodal
status or the presence of desmoplastic reaction, we found
that the expression of MMP-1, -7, -9, -13 and -14, and
TIMP-1, by the same cell type correlated to diverse
parameters indicative of tumor aggressiveness, such as
positive nodes, ER-negative status, desmoplastic reaction
or peritumor inflammation. Similarly, we also found the
different expression of MMPs and TIMPs by fibroblasts to
have a significant value as an independent factor for pre-
dicting the occurrence of distant metastases depending on
the tumor location of those cells. So, whereas MMP-9,
MMP-13 and TIMP-3 expression by fibroblasts in the
center of the tumor was associated with distant metastases,
MMP-14 and TIMP-1 expression by fibroblasts at the
invasive front was associated with that key event of tumor
progression. At the present time we do not have a rea-
sonable explanation for the prognostic signification
depending on the tumor location of the fibroblasts. Even so,
our data suggested that host stromal fibroblasts that appear
at sites of active tumor invasion may have a different
activation status of biological relevance for tumor growth
and progression. Likewise, it was remarkable our finding
indicating a high prognostic value of the combination of
several molecular profiles of MMP/TIMP expression,
based on clustering analysis, of each fibroblast population.
Thus, patients with high MMP/TIMP patterns in the cor-
responding fibroblast populations in the center of the tumor
as well as at the invasive front had the highest probability
of distant metastases, whereas patients with low MMP/
TIMP patterns in both fibroblast populations had the lowest
risk of distant metastases.

All of these findings led us to formulate two consider-
ations. On one hand, there is a biological variability in the
expression of MMPs and TIMPs by fibroblasts among
tumors, depending on their location, in the intratumoral
stroma or at the invasive front. On the other hand, we
describe new and unexpected findings of different clinical
associations between several clinicopathological factors of
prognosis and the expression of MMPs and TIMPs by
fibroblasts, depending on their location in the tumor sce-
nario. Therefore, our results indicate the importance of
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evaluating the expression of these factors involved in
tumor growth by fibroblasts located in different tumor
areas, which provide complementary information on tumor
behaviour. Likewise, our data open the possibility of
developing further studies on the biological importance of
the expression of MMPs and TIMPs by stromal cells in the
different areas of breast carcinomas, in order to assess the
clinical relevance of tumor heterogeneity as well as to
obtain a better knowledge of the role of the stromal cells in
breast cancer progression. Presently, the expression profiles
of carcinoma-associated stromal cells are only partially
known. Our results contribute to show that there are dis-
tinct types of fibroblastic reaction patterns that affect breast
cancer growth in different ways. Further studies in this line
might facilitate the development of therapeutic agents to
target and manipulate particular stromal subtypes in the
treatment of cancer. Since fibroblast population does not
seem to exhibit the extreme genomic changes that are so
rampant in malignant epithelial cells, they may be a trac-
table target for new oncologic therapies.
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