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Signal transducers and activators of transcription
(STAT)-3 is an oncogenic protein that is constitutively
activated in many human cancers, including 30 to 60%
of primary breast cancer. The biological significance of
STAT3 activation in breast cancer is not fully under-
stood. We have previously shown that STAT3 up-regu-
lates tissue inhibitors of metalloproteinase (TIMP)-1, a
cytokine known to block metalloproteinases and de-
crease invasiveness in certain cancer cell types. We hy-
pothesize that STAT3 activation may modulate tumor
invasiveness of breast cancer by regulating TIMP1 ex-
pression. Using MCF-7 cells transfected with tetracy-
cline-off STAT3C (constitutively active STAT3), we gen-
erated an in vitro system in which STAT3C levels can be
tightly controlled in breast cancer cells. Increasing tet-
racycline levels gradually decreased STAT3C and TIMP1
in a dose-dependent manner, and down-regulation of
these proteins led to a reciprocal decrease in invasive-
ness of these cells in Matrigel. Addition of a neutralizing
anti-TIMP1 antibody increased invasiveness in the same
experimental system. Using immunohistochemistry
and 142 primary breast tumors, we found a significant
association between the expression of the phosphory-
lated/active form of STAT3 (pSTAT3) and that of TIMP1.
Importantly, STAT3 activation correlated significantly
with a lower frequency of vascular and lymphatic
invasion (P � 0.015 and P � 0.0002, respectively). Our
data support the concept that STAT3 activation signifi-
cantly modulates the biological and clinical behavior

of breast cancer. (Am J Pathol 2006, 169:633–642; DOI:
10.2353/ajpath.2006.051109)

Signal transducers and activators of transcription
(STATs) are a family of latent transcription factors that
become activated in response to cytokines and growth
factors.1,2 Ligand-dependent activation of STATs, which
is a transient process lasting from minutes to hours, plays
important roles in embryogenesis, cell proliferation, and
differentiation.3,4 Constitutive activation of STAT3 has
been shown to contribute to deregulation of cell growth
and malignant cellular transformation in many types of
human cancers, and there is mounting evidence to sup-
port that STAT3 is an oncogene.1,4–7 In various cell types
many STAT3 downstream target genes have been iden-
tified, including cell-cycle facilitators cyclin D1 and c-
myc, as well as anti-apoptotic proteins such as survivin,
Bcl-xL, Mcl-1, and Bcl-2.8,9 STAT3 has been reported to
be constitutively activated in 30 to 60% of primary breast
cancer, as shown by the presence of STAT3 tyrosine
phosphorylation and DNA binding.10–12 In one study,
STAT3 activation was associated with a better clinical
outcome.13 With this background, it is likely that consti-
tutive activation of STAT3 is important in the pathogene-
sis of breast cancer. Nevertheless, the exact biological
role of STAT3 in breast cancer is not fully understood.

Tissue inhibitors of metalloproteinases (TIMPs) consti-
tute at least four distinct members, TIMP1, -2, -3, and -4,
that have been shown to inhibit tumor invasion and me-
tastasis by inhibiting matrix metalloproteinases (MMPs)
and promoting cell growth.14 TIMP1, a 28-kd sialoglyco-
protein,15 is regulated by a number of cytokines and
growth factors such as interleukin-6,16 tumor necrosis
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factor-�, and transforming growth factor-�.17 TIMP1 is a
potent inhibitor of MMP2 and MMP9 and has been shown
to prolong survival in animals xenografted with tumors.18

In line with these findings, it has been shown by immu-
nohistochemical analysis that TIMP1 overexpression in
breast cancer cells may be an indicator of favorable
prognosis in breast cancer patients.19 On the other hand,
TIMP1 has been shown to possess anti-apoptotic prop-
erties in some cancer cell types, including breast can-
cer.5,20,21 A number of previous studies have also shown
that high serum levels of TIMP1 are associated with poor
prognosis in patients with gastric carcinoma22 and
colorectal carcinoma.23 Thus, the biological roles and
clinical significance of TIMP1 appear to be cancer
cell-type-specific.

Recent studies have suggested that STAT3 protein
may play a role in regulating TIMP1 expression, as the
promoter of the TIMP1 gene contains STAT3 binding
sites.16 We previously showed that inhibition of STAT3
signaling using a dominant-negative construct effectively
down-regulates TIMP1 expression in ALK-positive ana-
plastic large cell lymphoma cell lines, and expression of
TIMP1 in this type of lymphoma in fact correlates with the
STAT3 activation status.24 With this background, we hy-
pothesize that STAT3 activation may modulate tumor in-
vasiveness of breast cancer by regulating TIMP1 expres-
sion. In this study, we investigated the link between
TIMP1 expression and STAT3 activation in breast cancer
cells and assessed the biological and clinical signifi-
cance of STAT3 activation and TIMP1 expression in
breast cancer. We first created an in vitro model that
involved breast cancer cell lines transfected with STAT3C
(constitutively active STAT3), expression of which can be
regulated by the addition of tetracycline (ie, tet-off sys-
tem). Using this model, we established the link between
STAT3 activation status and TIMP1 expression in breast
cancer cells. We then investigated the effects of STAT3
activation and TIMP1 expression on invasiveness using
Matrigel invasion assays. To validate these in vitro data,
we examined STAT3 activation and TIMP1 expression in
142 primary breast cancer tissues and correlated these
markers with the presence or absence of lymphatic and
vascular invasion.

Materials and Methods

Construction of tet-off STAT3C

To create tet-off STAT3C, we first synthesized TRE-
STAT3C, which was generated by digesting the 2.8-kb
fragment of STAT3C from the STAT3C plasmid using
BamHI. STAT3C, a FLAG-tagged construct, is a gener-
ous gift from Dr. J. Bromberg (Laboratory of Molecular
Cell Biology, The Rockefeller University, New York, NY),
and its properties have been well characterized and de-
scribed.4 STAT3C has been shown to be oncogenic.
Briefly, STAT3C was generated by substituting the ty-
rosine705 residue with cysteine, such that the STAT3C
molecules spontaneously form dimers that migrate to the
nucleus and modulate gene transcription. The STAT3C

fragment was then ligated with the pTREzhyg vector
(Clontech, Mountain View, CA), which was then trans-
formed into Escherichia coli and selected on ampicillin
resistant plates. The plasmids were isolated with a kit
from Qiagen Science (Mississauga, ON, Canada). The
generated TRE-STAT3C plasmid was analyzed by DNA
sequencing to confirm the orientation and integrity of the
STAT3C insert. The TRE-STAT3C plasmid was amplified
using a kit from Qiagen.

Cell Lines and Culture

Breast cancer cell lines MCF-7 and MDA-MB-436 (Amer-
ican Type Culture Collection, Manassas, VA) were grown
at 37°C in 5% CO2. MCF-7 was maintained in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO),
and MDA-MB-436 was maintained in RPMI 1640 (Sigma-
Aldrich). Both types of culture media were enriched with
10% fetal bovine serum (Life Technologies, Inc., Grand
Island, NY) and antibiotics (10,000 U/ml penicillin G,
10,000 �g/ml streptomycin; Life Technologies, Inc.).
MCF-7 and MDA-MB-436 permanently transfected with
the tetracycline-controlled transactivator (tTA) plasmid
were selected and maintained by the addition of geneti-
cin (800 and 100 �g/ml, respectively; Life Technologies,
Inc.) to the culture media. Cell clones permanently trans-
fected with tTA were subsequently transfected with TRE-
STAT3C to generate the tet-off STAT3C system.

Transfection

All transfections were performed in six-well plates using
Lipofectamine (Invitrogen Life Technologies, Carlsbad,
CA). For all of the in vitro experiments, breast cancer cell
line clones permanently transfected with tTA were trans-
fected with 1 �g of TRE-STAT3C using Lipofectamine, as
per the manufacturer’s suggested protocol. To regulate
the expression of STAT3C in these cells, various concen-
trations of tetracycline (Invitrogen) were added to the
tissue culture.

Western Blot Analysis and Antibodies

Western blot analysis was performed using standard
techniques. Briefly, the cells were lysed in lysis buffer [20
mmol/L Tris-HCl, pH 7.5, 5.0 mmol/L ethylenediaminetet-
raacetic acid, 40.0 �g/ml leupeptin, 1 �mol/L pepstatin, 1
mmol/L 4-(2-aminoethyl)-benzenesulfonyl fluoride], and
centrifuged at 14,000 � g for 10 minute at 4°C. The
supernatant was removed and 50 to 100 �g of protein
were run on an sodium dodecyl sulfate-polyacrylamide
gel. After the proteins were transferred to nitrocellulose
membranes, the membranes were blocked with 2% milk
in Tris-buffered saline buffer (20 mmol/L Tris-HCl, pH 7.6,
150 mmol/L NaCl) and then incubated with primary anti-
bodies for 2 hours at room temperature followed by a
1-hour incubation with horseradish peroxidase-conju-
gated secondary antibody (Jackson Immunoresearch
Laboratories, Inc., West Grove, PA). The membranes
were washed in phosphate-buffered saline (PBS) with
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0.05% Tween 20 for 30 minutes between steps. Proteins
were detected using the enhanced chemiluminescence
detection kit (Amersham Life Sciences, Arlington
Heights, IL). Antibodies used were anti-FLAG (1:3000,
Sigma-Aldrich), anti-STAT3 (1:500; Santa Cruz Biotech-
nology, Santa Cruz, CA), anti-pSTAT3 (1:500, Santa
Cruz), anti-TIMP1 (1:500, Santa Cruz), anti-cyclin D1 (1:
1000, Santa Cruz), anti-Bcl-2 (1:1000, Santa Cruz), anti-
Bcl-xL (1:500, Santa Cruz), and anti-actin (1:3000,
Sigma-Aldrich).

Immunofluorescence Staining and Confocal
Microscopy

Immunofluorescence was performed using standard
techniques. Briefly, cells grown on coverslip in a six-well
plate were fixed with 4% paraformaldehyde in PBS. Cells
were rinsed with 1� PBS, permeabilized with PBS and
0.5% Triton X-100 for 5 minutes, and rinsed twice with 1�
PBS. Cells were incubated with 25 �l of anti-STAT3 anti-
body for 30 minutes, followed by rinsing once with 1�
PBS-Triton (0.1%) and twice with 1� PBS. After incuba-
tion with 25 �l of Alexa 499 goat anti-mouse secondary
antibody for 30 minutes and repeated rinsing, mounting
media containing 4,6-diamidino-2-phenylindole (Sigma-
Aldrich) was added to the slides. Cells were visualized
with a Zeiss LSM 510 confocal microscope (Oberkochen,
Germany).

Matrigel Invasion Assay

Before use, Matrigel chambers (BD Biosciences, Bed-
ford, MA) were kept at room temperature for 1 hour. Five
hundred �l of PBS was added to the inserts and incu-
bated at 37°C in 5% CO2 for 2 hours for equilibration.
During incubation, transfected cells with various concen-
trations of tetracycline were trypsinized, washed with
sterile PBS, resuspended to 25,000 cells in 500 �l of
Dulbecco’s modified Eagle’s medium without phenol red.
After 2 hours of incubation, PBS was aspirated from the
inserts and replaced with the 500-�l cell suspension. To
serve as chemoattractants, 750 �l of Dulbecco’s modi-
fied Eagle’s medium containing 5% fetal bovine serum
was added to the bottom of the wells. The plate was
incubated for 24 hours at 37°C in 5% CO2. After incuba-
tion, the cells on the upper surface of the insert were
removed by gentle scraping with sterile cotton swab.
Invasive cells that migrated to the lower side of the insert
were fixed with methanol and stained with Trypan blue
solution (Sigma). Five random 40� fields were counted
per sample and each sample was performed in tripli-
cates. The Matrigel invasion assay was also performed
using transfected cells treated with TIMP1 neutralizing
antibody (Acris Antibodies, Hiddenhausen, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA)
for TIMP1

MCF-7 and MDA-MB-436 cells transfected with tTA-TRE-
STAT3C were treated with various concentrations of tet-

racycline and incubated at 37°C in 5% CO2. After 24-,
48-, and 72-hour incubation periods, aliquots of medium
were extracted and spun at 14,000 rpm, and supernatant
was collected and stored at �80°C. One hundred micro-
liters of sample was placed in microtiter wells (Oncogene
Research Products, Cambridge, MA) and covered and
incubated for 30 minutes at 4°C. Each well was washed
four times with 1� wash buffer (Oncogene Research
Products), and 100 �l of TIMP1 conjugate was added to
each well, followed by incubation for 30 minutes at 4°C. A
color reagent was then added to each well and incubated
in the dark at room temperature for 30 minutes. The color
reaction was stopped by 2.5 N sulfuric acid (Oncogene
Research Products), and a colorimetric plate reader
measured each absorbance at 450/595 nm.

Immunohistochemistry

Immunohistochemical staining was performed using
standard techniques. Briefly, formalin-fixed, paraffin-em-
bedded tissue sections of 4 �m thickness were deparaf-
finized and hydrated. Heat-induced epitope retrieval was
performed using Tris buffer (pH 9.9; DAKO, Mississauga,
ON, Canada) and a rapid microwave histoprocessor
(RHS; Milestone, Bergamo, Italy). After incubation at
100°C for 10 minutes, slides were washed in running tap
water for 5 minutes, followed by a wash with PBS (pH 7.2)
for 5 minutes. Tissue sections were then incubated with
anti-pSTAT3 antibody (1:60) or anti-TIMP1 antibody (1:
200; Santa Cruz) overnight in a humidified chamber at
4°C. After three washes with PBS, tissue sections were
incubated with anti-rabbit IgG and peroxidase (EnVision,
DAKO) for 30 minutes at room temperature. The tissue
sections were incubated with 3,3�-diaminobenzidine/
H2O2 (DAKO) for color development, using hematoxylin
as a counterstain. To optimize the immunohistochemical
staining, normal breast tissues were used as positive
controls, and benign tonsils were used as negative con-
trols. Immunohistochemical staining was examined by
two pathologists (R.L. and B.C.) who were blinded to the
results of the other markers. For pSTAT3, the presence of
any areas with �10% tumor cells showing definitive nu-
clear staining were scored positive. Endothelial cells,
which are often positive for pSTAT3, served as internal
positive controls whereas reactive lymphoid cells in be-
nign tonsils served as negative controls. As for TIMP1,
the presence of any areas with definitive cytoplasmic
staining in �10% tumor cells was considered positive.
Reactive germinal centers served as positive controls,
and the mantle zone B cells served as negative controls.
Discrepancies of the immunostaining results between the
two observers were reconciled by using a multiheaded
microscope.

Patient and Tumor Specimens

Archival, formalin-fixed, paraffin-embedded tissues from
the 142 cases of primary breast cancer reviewed at the
Cross Cancer Institute evaluated between 1996 and 2001
were randomly chosen for this study. This study has been
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previously reviewed and approved by the institutional
ethics committee. The initial diagnoses of all cases were
made at the community hospitals, which were subse-
quently reviewed by a pathologist at the Cross Cancer
Institute according to a standardized institutional guide-
line. The histological grades of these 142 cases were as
follows: grade 1 (20 cases), grade 2 (42 cases), and
grade 3 (80 cases). The clinical stages of these patients
are summarized as follows: stage IIA (75 cases), stage
IIB (45 cases), stage IIIA (two cases), stage IIIB (18
cases), and stage IV (two cases). The median age of
patients was 61 years (range, 35 to 90 years).

Statistical Analysis

The association between STAT3, TIMP1, and lymphatic/
vascular invasion was evaluated by �2 test. The survival
data were analyzed using the log rank test.

Results

Characterization of MCF-7 Transfected with
tTA-TRE-STAT3C

We first evaluated the in vitro model in which the expres-
sion of STAT3C can be regulated by addition of different
tetracycline levels to the tissue culture. As described in
Materials and Methods, MCF-7 cell clones permanently
transfected with tTA were initially established. These cells
were then transfected with TRE-STAT3C and treated with
increasing dosages of tetracycline for 24 hours. Expres-
sion of the transgene (ie, STAT3C) was primarily as-
sessed by evaluating the expression of the FLAG epitope
using Western blots. As shown in Figure 1A, there was a
gradual decrease in the expression of FLAG with addition
of tetracycline in a dose-dependent manner. The FLAG
epitope, which is associated with the exogenous but not
the endogenous STAT3, became completely undetect-
able at 60 ng/ml. At 60 ng/ml of tetracycline, the total
STAT3 band was decreased to a level similar to that of
MCF-7 cells transfected with tTA alone. The same blot
was probed using an anti-pSTAT3 antibody, and no sig-
nal was detectable, indicating that the endogenous
STAT3 in MCF-7 cells was inactive.

The properties of STAT3C have been extensively char-
acterized and published.4 To further confirm that STAT3C
is biologically active, we performed Western blots to cor-
relate the expression of a known STAT3 downstream
target with various expression levels of STAT3C. As
shown in Figure 1A, cyclin D1 was down-regulated with
decreasing FLAG signals. Bcl-2 and Bcl-xL expression
was also down-regulated. To further support that STAT3C
represents a constitutively activated STAT3 species, we
used immunofluorescence staining and confocal micros-
copy. As shown in Figure 1C, STAT3 was localized to the
nucleus in MCF-7 cells transfected with tTA-TRE-
STAT3C. In contrast, STAT3 was confined to the cyto-
plasm in MCF-7 cells transfected with tTA only.

STAT3 Transgene Correlated with TIMP1
Expression

To establish the link between TIMP1 expression and STAT3
signaling in MCF-7 cells, we correlated STAT3C expression
(as indicated by total STAT3 and FLAG expression) and
TIMP1 expression in transfected MCF-7 cells using Western
blots. As shown in Figure 1A, STAT3 and FLAG down-
regulation correlated with a substantial decrease in TIMP1
expression as the tetracycline dosage was increased to 20
ng/ml. We also performed TIMP1 ELISA assay in MCF-7 to
quantify the TIMP1 levels in the tissue culture medium.
Figure 2 illustrates that TIMP1 levels in MCF-7 cells trans-
fected with tTA-TRE-STAT3 increased in the tissue culture
throughout 3 days, but the levels for each day were signif-
icantly lower in those cells treated with 60 ng/ml of tetracy-
cline. The differences in the TIMP1 levels between the two
conditions were not attributable to a difference in the total
cell number in the cell culture because the cell counts in
both conditions were not significantly different from day 1 to
day 3. Furthermore, cell cycle analysis using DRAG5 and
flow cytometry showed no significant change in the cell
cycle status between these two conditions (data not
shown). In addition, MCF-7 cells transfected with tTA alone
showed a low levels of TIMP1 (15 ng/ml) at day 1, and the
level was comparable to that found in MCF-7-transfected
cells after 1 day treatment with 60 ng/ml of tetracycline.
Similar results were found for days 2 and 3.

To show that the link between the expression of STAT3C
and TIMP1 is not specific to MCF-7, we performed similar
experiments using another breast cancer cell line, MDA-
MB436. After selecting a cell clone permanently transfected
with tTA, these cells were then transfected with TRE-
STAT3C and treated with various dosages of tetracycline.
Figure 1B shows a gradual down-regulation of FLAG that
was dependent on the tetracycline level. At 100 ng/ml,
FLAG became completely undetectable. MDA-MB-436
cells transfected with tTA alone had no detectable FLAG
expression. TIMP1 was down-regulated with increasing
dosages of tetracycline and became completely undetect-
able at 100 ng/ml. Using ELISA, we found that MDA-MD-
436 cells transfected with tTA alone also showed a level of
TIMP1 (32 ng/ml) comparable to that found in MDA-MD-
436-transfected cells treated with 60 ng/ml of tetracycline
(38 ng/ml).

Modulation of Invasiveness by TIMP1 and
STAT3

To investigate the biological significance of STAT3 and
TIMP1 in breast cancer, we addressed the question of
whether different expression levels of STAT3C and TIMP1
expression would have any effect on the invasiveness of
breast cancer cells. An in vitro assay for invasiveness using
Matrigel invasion assay was performed. As shown in Figure
3A, invasiveness correlated with the dosages of tetracycline
used and, thus, inversely correlated with the levels of
STAT3C and TIMP1. The assay was also performed on
MCF-7 cells before transfection with tTA and STAT3C and
an average of 144 cells at 40� were observed, which is
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similar to the level observed in MCF-7-transfected cells
when treated with 60 ng/ml of tetracycline in which no FLAG
or TIMP1 levels were detected. To determine whether the
differences in the cell invasion observed are directly linked
to STAT3-regulated TIMP1 expression, a neutralizing anti-
TIMP1 antibody was added to MCF-7 cells transfected with
tTA-TRE-STAT3C but no tetracycline treatment. Invasive-
ness was increased with increasing concentrations of the
TIMP1 neutralizing antibody (range, 0 to 2.0 �g/ml) (Figure
3B). Triplicate experiments were performed. The same ex-
periment was repeated using an irrelevant antibody (anti-

FLAG) rather than the anti-TIMP1, and no significant
changes were detected.

Correlation Between STAT3 Activation and
TIMP1 Expression, Lymphatic and Vascular
Invasion in Breast Cancer Primary Tumors

To validate these in vitro data, we evaluated the expres-
sion of pSTAT3 and TIMP1 using immunohistochemistry

Figure 1. A: Western blot analysis of STAT3, FLAG, TIMP1, cyclin D1, Bcl-2, and Bcl-xL expression in MCF-7 cells transfected with tTA-TRE-STAT3C and treated with
increasing concentrations of tetracycline for 24 hours. There was a gradual decrease in STAT3 and FLAG with increasing concentrations of tetracycline, with FLAG being
completely undetectable at 60 ng/ml. Down-regulation of cyclin D1, Bcl-2, Bcl-xL, and TIMP1 expression was identified in the same experiment. MCF-7 cells transfected
with tTA alone served as negative controls. B: Western blot analysis of FLAG and TIMP1 expression in MDA-MB-436 cells transfected with tTA-TRE-STAT3C and treated
with increasing concentrations of tetracycline for 24 hours. A gradual decrease in FLAG and TIMP1 was observed. MDA-MB-436 cells transfected with tTA alone served
as negative controls. C: Immunofluorescence staining and confocal microscopy studies revealed that STAT3 was localized to the nucleus in MCF-7 cells transfected with
tTA-TRE-STAT3C, as illustrated by the white arrows (right) whereas STAT3 was confined to the cytoplasm in cells transfected with tTA only (left).
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applied to 142 paraffin-embedded, primary breast carci-
nomas and correlated the expression of these proteins
with lymphatic and vascular invasion. The clinical char-
acteristics of these 142 cases of breast cancer were
summarized in Materials and Methods. Figure 4 illus-
trates the immunohistochemical staining results of breast
carcinomas that exhibited positive or negative staining of
pSTAT3 and TIMP1. Figure 4, A and C, shows a case with
positive pSTAT3 and TIMP1 staining, whereas Figure 4, B
and D, shows a case that was negative for both pSTAT3
and TIMP1. The overall results are summarized in Table
1. Of the 142 primary breast carcinomas examined, 85
(60%) cases were pSTAT3-positive and 112 (79%) were
TIMP1-positive. The correlation between pSTAT3 and
TIMP1 expression is significant (P � 0.0041, �2 test). We
also found a significant correlation between pSTAT3 and
lymphatic and vascular invasion in breast cancer (P �
0.0002 and P � 0.015, respectively; �2 test). TIMP1 ex-
pression also showed a trend for a lack of vascular and
lymphatic invasion, although the correlation is not statis-
tically significant (P � 0.29and P � 0.35, respectively; �2

test).

Correlation Between STAT3 Activation and
TIMP1 Expression and Other Clinical
Parameters in Breast Cancer Patients

The expression of pSTAT3 and TIMP1, as evaluated by
immunohistochemical analysis, were correlated with
overall survival of patients at 5 years after the initial diag-
nosis. Kaplan-Meier survival curves were generated for
55 patients with primary breast cancer stained for
pSTAT3 expression and for 68 patients with primary
breast cancer stained for TIMP1 expression. Patients with
pSTAT3-positive tumors showed a trend for better sur-
vival at 5 years (P � 0.13, log rank), although the results
are not statistically significant. Similarly, patients with

TIMP1-positive tumors also showed a trend for better
survival at 5 years (P � 0.39, log rank). Both STAT3 and
TIMP1 expression did not significantly correlate with the
clinical stage, histological grade, or expression of hor-
mone receptors.

Discussion

STAT3 is a latent cytoplasmic transcription factor that has
been shown to be oncogenic when constitutively activat-
ed.25,26 Activation of STAT3 is tightly linked to the devel-
opment and differentiation of normal breast tissues, with
STAT3 activation found during puberty, early pregnancy,
and involution, but not detectable in the later parts of
pregnancy and lactation.27–29 The exact biological func-
tions of STAT3 in breast tissues are not fully understood,
but it appears to exert a proapoptotic effect during invo-
lution. Immunohistochemical studies of breast cancer tis-
sues have demonstrated evidence of STAT3 activation in
the malignant component but not in the surrounding be-
nign breast tissues.30 Previous studies have shown that
STAT3 activation is detectable in 30 to 60% of primary

Figure 2. TIMP1 levels in supernatants evaluated by ELISA. TIMP1 levels
were measured using an ELISA assay in MCF-7 cells transfected with tTA-
TRE-STAT3C and treated with 60 ng/ml of tetracycline. Supernatants from the
tissue culture were collected on days 1, 2, and 3. TIMP1 levels were signif-
icantly higher in cells treated with 60 ng/ml than in cells with no tetracycline
in all 3 days. Increasing levels of TIMP1 (ng/ml) were observed with the
duration of experiment, but the rate of increment was significantly higher in
cells without tetracycline. Day 1 supernatant collected from MCF-7 trans-
fected with tTA alone was included as a reference. Experiments were per-
formed in triplicates.

Figure 3. TIMP1 expression correlated with invasiveness of MCF-7 cells. A:
An increase in Matrigel invasion was observed in MCF-7 cells transfected with
tet-off STAT3C and treated with increasing levels of tetracycline for a total of
48 hours. Cells treated with tetracycline displayed a higher degree of invasion
in a dose-dependent manner. MCF-7 cells transfected with tTA only were
used as controls. Experiments were performed in triplicate. B: MCF-7 cells
transfected with tetracycline-off STAT3C were treated with 0, 0.5, or 2.0
�g/ml of neutralizing anti-TIMP1 antibody. Invasiveness of Matrigel was
increased in cells with higher levels of neutralizing anti-TIMP1. No tetracy-
cline was added to the cell culture. Experiments were performed in triplicate.
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breast cancers.12 Using immunohistochemistry, we
found evidence of STAT3 activation in 60% (85 of 142) of
tumors examined in this current study. The mechanism

by which STAT3 is activated in breast cancer is not fully
understood. Nevertheless, STAT3 is known to be acti-
vated in breast cancer cells in response to a diverse

Figure 4. pSTAT3 expression correlated with TIMP1 expression in breast tumors. Immunohistochemical staining using pSTAT3 (A and B) and TIMP1 (C and D)
applied to breast cancer tissues. Strong nuclear pSTAT3 expression as shown in A correlated with strong cytoplasmic TIMP1 expression as shown in C. Another
case was negative for pSTAT3 and TIMP1 (B and D).

Table 1. Correlation Between STAT3 Activation and TIMP1 Expression, Lymphatic Invasion, and Vascular Invasion

STAT3 activation

P valuesPositive Negative

TIMP1 (total cases assessed � 142)
Positive 75 37 0.0041
Negative 10 20

Lymphatic (total cases assessed � 85)
Positive 12 26 0.0002
Negative 34 13

Vascular (total cases assessed � 120)
Positive 22 29 0.015
Negative 46 23
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number of cytokines and growth factors known to be
important for the pathogenesis of breast cancer, such as
oncostatin M, epidermal growth factor, and platelet-de-
rived growth factor.31–33 It is likely that STAT3 is activated
via a combination of different mechanisms because the
level of STAT3 activation (ie, percentage of pSTAT3-
positive cells) varies from case to case.

Although little is known about the normal function of
STAT3 in breast tissues, even less is known about the
significance of STAT3 in the pathogenesis of breast can-
cer. In our experiments, we primarily used MCF-7, a
breast cancer cell line previously reported to have no
constitutive STAT3 activation. We confirmed this finding
by immunofluorescence staining/confocal microscopy as
well as Western blot using anti-pSTAT3. In the absence of
constitutive activation of endogenous STAT3, we were
able to manipulate the STAT3 activity by transfecting
tet-off STAT3C into the cells. The properties of STAT3C
have been extensively characterized and published.4 In
keeping with the fact that STAT3C represents a species
with constitutive activity in our experimental model, we
showed by confocal microscopy that transfected
STAT3C was localized to the nucleus whereas endoge-
nous STAT3 was localized to the cytoplasm. To further
confirm that STAT3C is biologically active, we have
shown that a number of STAT3 downstream targets (in-
cluding cyclin D1) were up-regulated as a result of
tTA-TRE-STAT3C.

Using our experimental model, we demonstrated that
TIMP1 expression correlated well with the expression of
STAT3C. This is in keeping with the concept that TIMP1 is
a downstream target of STAT3. Other supporting evi-
dences is as follows: 1) the promoter region of the TIMP1
gene has multiple STAT3 binding sites16; 2) we have
shown previously that a STAT3 dominant-negative con-
struct can down-regulate TIMP1 expression in lymphoma
cell lines constitutively expressing high levels of TIMP124;
3) breast cancer cell lines transfected with STAT3C, a
well-characterized constitutively active STAT3 construct,
exhibit up-regulation of TIMP1; 4) using our engineered
tet-off STAT3C system, we demonstrated that the levels
of STAT3 activated significantly correlated with the TIMP1
levels in breast cancer cells; 5) there is a significant
correlation between pSTAT3 and TIMP1 in a cohort of
primary breast tumors. Interestingly, a recent study indi-
cated that TIMP-1 expression induces STAT3 activation
in plasmacytic tumors.34 Taken together, there may be
positive feedback between TIMP1 and STAT3 in certain
cancer cell types.

Importantly, using the Matrigel invasion assay, we
demonstrated that the invasiveness of breast cancer
cells was inversely proportional to the expression levels
of STAT3C and TIMP1. Using an anti-TIMP1 neutralizing
antibody, we have provided direct evidence that TIMP1,
rather than some other nonspecific factor, directly con-
tributes to the decreased invasiveness in our experimen-
tal model. In parallel to these in vitro findings, using a
large series of primary breast cancer, we found that
STAT3 activation highly correlates with TIMP1 expression
and inversely correlates with lymphatic and vascular
invasion.

Although the inverse relationship between STAT3 ac-
tivation and vascular or lymphatic invasion appears to
contradict the established pro-oncogenic properties of
STAT3, it is of note that TIMP1, a STAT3 downstream
target, possesses cell growth-stimulatory functions.19,35

TIMP1 has been shown to inhibit apoptosis in several
tumor cell types. For instance, Guedez and colleagues36

showed that TIMP1 directly contributes to increased sur-
vival in Burkitt lymphoma cells. Further studies indicated
that TIMP-1 can initially promote tumor growth in the early
stages of lymphoma by inhibiting apoptosis, whereas at a
later stage, the secreted TIMP-1 blocks tumor angiogen-
esis and ultimately suppresses tumor growth,37 suggest-
ing that TIMP1 may have a dual role in oncogenesis.
More recently, Liu and colleagues20 have provided evi-
dence that TIMP1 contributes to the survival of breast
cancer cells by inhibiting apoptosis. Thus, although
TIMP1 down-regulates the invasiveness of breast cancer
cells, it provides survival signal and promotes growth of
the tumors. In view of this dual function of TIMP1, it is
tempting to hypothesize that high levels of TIMP1 may
result in large but localized (ie, nonmetastatic) tumors. In
other words, differences in the STAT3 activity and TIMP1
expression may determine how early metastasis occurs
during the course of the disease. In keeping with this
hypothesis, it is well recognized that some breast cancer
patients present with metastatic diseases but relatively
small primary tumors, whereas some other patients
present with localized disease despite the presence of
large primary tumors.

In addition to TIMP1, STAT3 is also known to mediate
resistance to apoptosis in breast cancer by up-regulating
other proteins known to promote cell survival, such as
survivin.38 Other potential STAT3 downstream targets,
including cyclin D1 and Bcl-2, are also known to play
roles in the pathogenesis of breast cancer. In this study,
using transfected MCF-7 cells, we examined cyclin D1,
Bcl-2, and Bcl-xL and found that down-regulation of
STAT3 by increasing concentrations of tetracycline also
resulted in down-regulation of these targets. Recent stud-
ies have speculated that STAT3 signaling may contribute
to cell adhesion. Rivat and colleagues39 stated that the
STAT3 signaling pathway regulates homotypic cell-cell
adhesion in colorectal cancer cells. Another recent pub-
lication has suggested a role for STAT3 as a positive
regulator of cell-cell adhesion.40 Overall, STAT3 appears
to carry important roles in modulating many biological
aspects of breast cancers, including cell survival, prolif-
eration, and metastatic potential.

Increased expression of TIMP1 has been associated
with inhibition of tumor growth and decreased invasive-
ness and metastatic potential in several experimental
models by down-regulating MMP activity.14,35,41 Interest-
ingly, we previously identified high levels of STAT3 acti-
vation and TIMP1 expression in a specific type of lym-
phoma, ALK-positive anaplastic large cell lymphoma.24

In agreement with the concept that TIMP1 inhibits inva-
siveness, one of the most characteristic pathological fea-
tures of ALK-positive anaplastic large cell lymphomas is
their sinusoidal infiltrative pattern within the lymph node.
Thus, the link between STAT3 activation and the relative
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absence of vascular or lymphatic invasion in breast can-
cer parallels with what we previously observed in ALK-
positive anaplastic large cell lymphoma.

The fact that a significant proportion of TIMP1-positive
breast tumors showed no evidence of STAT3 activation
suggests that TIMP1 can be activated via alternative
mechanisms in this cell type. A relatively small number of
cytokines have been shown to up-regulate TIMP1 in var-
ious cell types,42 including interleukin-6 in human fibro-
blasts43 and interleukin-10 in human mononuclear
phagocytes.44 Tumor necrosis factor receptor has also
been shown to stimulate TIMP1 secretion in myeloblastic
leukemia cells.45 It will be of interest to evaluate if these
cytokines play a role in up-regulating TIMP1 in breast
cancer. We also identified a subset of breast tumors that
are STAT3-active but TIMP1-negative. One possible ex-
planation for this finding may be related to the fact that
the TIMP1 promoter has the binding sites for transcription
factors AP-1 and STAT3; it has been suggested that the
presence of both of these factors is required for full
induction of TIMP1 transcription.16 In addition, we found
that TIMP1 expression is dependent on a relatively high
level of STAT3 activity because TIMP1 was dramatically
decreased with a reduction of STAT3C to 74% (Figure
1A).

Previous studies have demonstrated that overexpres-
sion of TIMP1 inhibits tumor formation in transgenic mice
and prolongs survival in these animals.42 Although our
results were not statistically significant, we did find a
trend for longer survival in patients with STAT3 activation
and TIMP1 expression. The lack of statistical significance
in this current study is probably related to the relatively
small sample size for survival data analysis. Thus, further
studies with increasing sample size must be done to
further define the relationship of TIMP1 and patient sur-
vival. One previous study has correlated STAT3 activa-
tion and survival in 346 patients with breast cancer, and
it was found that STAT3 activation is associated with
significantly improved survival at both 5 and 20 years.13

By immunohistochemical analysis, TIMP1 overexpression
in breast cancer cells also has been found to be an
indicator of favorable prognosis in breast cancer pa-
tients.19 Our data from this study suggest that the expla-
nation for the longer survival in patients with STAT3 acti-
vation and TIMP1 expression is related to the relatively
infrequent vascular and lymphatic invasion, both of which
are known to be independent, poor prognostic factors.46

STAT3 activation inversely correlated with vascular
and lymphatic invasion, and although TIMP1 expression
showed a trend for lack of vascular and lymphatic inva-
sion, the results were not statistically significant. The
reason that TIMP1 expression did not correlate with vas-
cular and lymphatic invasion may be due to the fact that
there are several other factors that may contribute to
breast cancer invasion and metastasis. A number of mol-
ecules such as cytokines, chemokines, and growth fac-
tors have been implicated in the metastasis of breast
cancer.47 In particular, chemokine receptor CXCR4 me-
diates actin polymerization and pseudopodia formation
and induces invasive responses in breast cancer cells48

through interaction with its ligand, stromal cell-derived

factor-1.49 The ligands for these CXCR4 receptors have
been found to be highly expressed in organs that repre-
sent important sites of breast cancer metastasis.47

CXCR4 expression has been shown to be enhanced by
HER2 in breast cancer,50 and CXCR4 receptors have
been implicated in the activation of the STAT3 pathway in
hematopoietic cell lines.51 Thus, although TIMP1 contrib-
utes to modulating the metastatic potential of breast can-
cer, a number of other factors are also clearly implicated.
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