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Abstract Metastasis represents a major problem in the
treatment of patients with advanced primary breast cancer.
Both Transforming Growth Factor-Beta (TGF-β) signaling
and Plasminogen Activator (PA) components, urokinase-
type Plasminogen Activator (uPA) and Plasminogen Acti-
vator Inhibitor-1 (PAI-1) represent a complex network
crucial for such enhanced invasiveness of tumors and
imply high prognostic/predictive and promising therapeutic
potential. Therefore, protein expression of specific effector
molecules comprising the main parts of the TGF-β sig-
naling pathway were determined in HOPE-fixed human
tumor tissues through IHC (Scoring) using tissue microar-
ray (TMA) technique and correlated with respective uPA

and PAI-1 levels determined earlier in the same TMAs
through optimized IHC and semi-quantitative image
analysis. TGF-β signaling was active in vast majority
(96 %) of the tumor samples and 88 % of all cases
were significantly correlated with established metastasis
markers uPA and PAI-1. In addition, TGF-β was also
closely associated with tumor size, nodal status and two
steroid hormone receptors. Consistent interrelationships
between TGF-β, PA components and additional tumor
characteristics underline the superiority of such more
comprising data with regards to confirming TGF-β sig-
naling as a promising target system to inhibit metastasis
in advanced breast cancer.
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Introduction

Increasing knowledge about the molecular mechanisms un-
derlying metastasis in breast cancer is crucial to identify new
targets in order to develop strategies for anticancer treatment
[1, 2]. Invasiveness of breast cancer is related to enhanced
extracellular matrix degradation mediated by increased secre-
tion of the two central components of the PA system, uPA and
PAI-1, also involved in tumor migration and angiogenesis [3,
4]. In consequence, the combined overexpression of these
regulator proteins in tumor tissues was demonstrated to be
predictive for risk identification in breast cancer patients [5,
6]. Likewise, activation of the TGF-β pathway was observed
inmany tumors including breast cancer; promotes progression
through direct regulation of uPA or PAI-1, as demonstrated in
the MDA-MB-231 cell line or human hepatocellular carcino-
ma HepG2 cells, respectively [7, 8]. Canonical TGF-β sig-
naling is mediated by phosphorylation of proteins of the Smad
(Mothers against decapentaplegic homolog) family with the
activation of Smad3 as a critical step for uPA regulation in
transformed (PDV) keratinocytes or immortalized mouse
mammary epithelial cells [9, 10]. The TGF-β pseudo-
receptor BMP and Activin Membrane-Bound Inhibitor
(Bambi) is capable of inhibiting the pathway [11], whose
expression has been recently reported with relevance to chron-
ic obstructive pulmonary disease COPD [12]. In breast cancer
MCF-7 cells, TGF-β−induced cellular invasiveness was ef-
fectively inhibited by estrogen / estrogen receptor-mediated
Smad degradation [13, 14]. In contrast to the majority of
studies using cell lines to investigate TGF-β−mediated me-
tastasis, there are very limited data on human breast tumor
tissues, therefore, this study focus on the TGF-β pathway and
uPA/PAI-1 axis to elucidate the clinical potential directly in
human cancer tissues.

Material and Methods

Patient Material

For this study, tissue microarrays (TMAs) of HOPE-fixed
tumor specimens from a cohort of 106 patients with breast
cancer [15] were subjected to IHC-based detection of TGF−β
pathway members and uPA and PAI-1. This cohort were
recruited between 2010 and 2011. A summary of the clinico-
pathological factors are given in Table 1 [15].

Immunohistochemistry (IHC)

Polyclonal rabbit anti-human TGF-β antibody (1:200;
Abcam, Cambridge, UK), monoclonal rabbit anti-human
Smad3 and (phosphorylated) pSmad3 antibodies (both
1:200; C67H9 and C25A9, respectively, Cell Signaling Tech-
nologies, Danvers, USA) and monoclonal mouse anti-human
Bambi antibody (1:100; 4e8, eBioscience, San Diego, USA)
were applied [16]. Expression of the different TGF-β pathway
members was determined qualitatively using a scoring sys-
tem. Negative expression was defined as the background
staining or complete absence of staining signals.

Determination of uPA and PAI-1

The expression of the invasion markers uPA and PAI-1 were
measured semi-quantitatively by adapted image analysis in a
separate study, where this method has been described in detail
[15]. Briefly, Positive staining areas (red color reaction of the
chromogen AEC) of the cytoplasmic (uPA and PAI-1) and the

Table 1 Distribution of
the corresponding rele-
vant clinico-pathological
factors of all 107 breast
cancer patients [15]

ER estrogen receptor, PR
progesterone receptor,
n.d. not diagnosed. (as
published [15])

Features Frequency

All patients 107

Age at surgery 39–98 y (mean 66 y)

pT

1 34

2 64

3 7

4 1

n.d. 1

pN

0 55

1 28

2 16

3 4

n.d. 4

Grading

1 13

2 44

3 50

n.d. 0

HormonR

ER+PR 53

ER or PR 28

Negative 25

n.d. 1

Her-2/neu

Positive 15

Negative 91

n.d. 1
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membrane bound (uPA) proteins were extracted by specifying
color segments (Adobe Photoshop CS5, Adobe Systems Inc.)
from high resolution pictures (magnitude 400×, Leica Digital
camera DFC 320) by Leica DM LB2 standard light micro-
scope. After conversion of the colored pictures into black/
white negatives, staining intensity of intracellular areas was
measured as field integral (Band Leader Application 2.01).
The malignant cells were manually chosen at the tumor front
based on the original image.

Statistical Evaluation

Correlations between the different effector molecules were
evaluated by multiple regression analysis using the best-fit
model. Since data of the overall and disease-free survival were
not available for this cohort, prognostic factors including age,
tumor size (T), lymph node stage (N) grading (G) and steroid
hormone receptor status (estrogen and progesterone receptors
ER, PR) were incorporated to elucidate mutual interactions
and possible clinical relevance (p-values of<0.05 were con-
sidered significant). The summary of patients’ clinical data is
given in Table 1, previously published in [15].

Results

In a total of 88 specimens, antagonistic Bambi and inactive
Smad3molecules showed either no or negligible IHC staining
without exceptions (Fig. 1a, b). On the contrary, pSmad3 and
TGF-β exhibited varying expression patterns with either ho-
mogenous or heterogeneous distribution (Fig. 1d, e). As sum-
marized in Table 1, TGF-β was expressed in 88 % (77/88) of
all the tissue samples, 60 % (53/88) were also positive for

pSmad3. Additionally, 8% (7/88) of all the specimens showed
pSmad3 protein expression without positive staining for
TGF-β. Thus, the vast majority of 96 % (84/88) exhibited
an active TGF-β pathway pointing to enhance tumor aggres-
siveness, with as little as 5 % (4/88) of all the tissues
without TGF-β expression. In 88 % (74/84) of these tumors,
concomitant high levels of uPA and/or PAI-1 revealed an
interdependent, highly significant relationship (Table 2). Ad-
ditional significant interactions were realized between uPA
and G and also between PAI-1 and TGF-β with N and T.
Interestingly, TGF-β was also interacting with hormone re-
ceptor status, whereby tumor size contributed to PR status
(Table 3).

Discussion

To the best of our knowledge, this is the first investigation to
examine the complex network of twomajor systems crucial for
invasiveness in human tumor tissues from patients with prima-
ry breast cancer. UPA and PAI-1 had been detected by opti-
mized IHC under application of the HOPE-technique, a well-
proven tool superior to formalin fixation [17, 18], which
prompted additional analyses of specific effector molecules
comprising the main parts of the TGF-β signaling pathway.
Although the expressions of various proteins belonging to
these two pathways were evaluated differently, both methods
were based on IHC. Thus, the resulting data were suitable for
direct comparisons. The correlation of TGF−β expression with
high levels of the two invasion markers, irrespective of phos-
phorylation of Smad3, corroborates with the existing in vitro
data, where TGF-β-regulated enhancement of uPA/PAI-1 oc-
curred through both Smad–dependent and Smad-independent

A B
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E

F

Fig. 1 a–f A representative sample for immunohistochemical determi-
nation of TGF-β signaling and invasion markers. Immunohistochemical
expression of TGF−β signaling proteins BAMBI (a), Smad3 (b), active
(phosphorylated) pSmad3 (c) and TGF-β (d) as well as corresponding
invasion biomarkers uPA (e) and PAI-1 (f) in a representative specimen of

primary invasive breast cancer. Both uPA (e) and PAI-1 (f) were highly
expressed (above respective cut-off values [15]). The tissues have been
HOPE-fixed and paraffin- embedded. Magnifications are 200fold (a–d)
and 400fold (e, f)
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Table 2 Frequency of key effector proteins (n=88) related to TGF-β pathway or PA system

TGF-ß Bambi Smad3 pSmad3 uPA PAI Number Percent 
28 32 
5 6 

13 15 
7 8 

TFG-  + pSmad3 + 53 60 
3 3 
0 0 
3 3 
1 1 

TFG-  - pSmad3 + 7 8 
Smad-dependent pathway  (uPA 
regulation) 60 68 

18 20 
2 2 
2 2 
2 2 

TFG-  + pSmad3 - 24 27 
Total TGF-
Overexpression 77 88 
Active TGF-  pathway (tumorpromotion) 84 96 

1 1 
2 2 
0 0 
1 1 

TFG-  - pSmad3 - 4 4 
Inactive TGF- pathway 4 5 

Total number 88 100 
Total numbers and percentages are also given for the different combinations and summarized into Smad–dependent and Smad–independent active as
well as inactive TGF-β signaling. Green colors = dark green: overexpression of TGF-β-related proteins levels; light green: uPA/PAI-1 above the
respective thresholds, indicating high-risk tumors (uPA and/or PAI-1 > cut-off values as provided [15]); red color = absence of IHC staining signal of
TGF-β-related proteins; light brown: uPA/PAI-1 levels below respective thresholds, indicating low-risk tumors (both uPA and PAI-1 < cut-off values 143
and 145, respectively [15])

Table 3 Statistically significant relations between TGF β, invasion markers and established clinical factors

Factors TGF-β pSmad3 Image uPA Image PAI-1 ER PR

Model

Best fit r2 0.3492 0.1474 0.3742 0.2988 0.5154 0.4756

Adjusted r2 0.2613 0.0322 0.2896 0.2040 0.4499 0.4047

p-value 0.0002 0.2577 <0.0001 0.0021 <0.0001 <0.0001

Sign. contribution

TGF-β 0.0022 0.0085 0.0174

pSmad3

Age 0.0533 0.0670

T 0.0002 0.0694 0.0075

N 0.0225 0.0453

G 0.0081

PAI-1 0.0073

uPA 0.0022 0.0073

ER 0.0085 <0.0001

PR 0.0174 <0.0001

Analysis of correlations between TGF-β and invasion markers uPA or PAI-1 as well as the impact of the corresponding established prognostic tumor
characterized by multiple regression model of best fit. P-values<0.05 were considered significant. Bold values are statistically significant
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pathways in transformed keratinocytes or human MDA-MB-
231 cells, respectively [7, 19]. Likewise, pSmad-independent
TGF-β activity has been found to promote cell migration in
two human breast cancer cell lines [20]. Two major pathways,
including mitogen-activated protein kinases (MAPK) ERK
and p38 as well as several Phosphotidylinositol-3 kinases
(PI3K) are involved in Smad-independent TGF-β signal trans-
duction [21]. More recently, uPA has also been shown to
interact with MAPK kinase ERK, whereas PAI-1 was posi-
tively correlated with several members of the Pi3K/AKT path-
way, pointing to close intercorrelations with TGF-β signaling
[22, 23]. In addition, plasmin, a close member of the PA
complex, is able to bind and activate TGF-β in conjunction
with the specific uPA receptor (uPAR) [24]. Moreover, low-
density lipoprotein receptor-related protein 1 (LRP1) was stim-
ulating cellular migration of tumor cells via interaction with
PAI-1, identical to TGF-β receptor (V) and tightly involved in
the growth regulation induced by TGF-β [25]. Absence of
inactive Smad3 protein and antagonistic Bambi points to en-
hance aggressiveness of most tested breast tumors, which
also corroborates Bambi gene suppression in human bladder
cancer [26] by suggesting a possible role for Bambi of being
tumor-suppressive. However, it remains elusive whether
Bambi plays a significant role in normal human breast tissue
or not. The mutual impact between TGF-β and steroid hor-
mone receptors corresponds to more recent data reporting
crosstalk between estrogen/estrogen receptor and TGF-β /
Smad signaling in cell lines [13, 14]. Moreover, the consistent
correlations between TGF-β and uPA/PAI-1 and several
established prognostic tumor characteristics underline the clin-
ical importance of TGF-β pathway as a promising therapeutic
target [27, 28]. Interestingly, uPA and PAI-1, besides there are
proven predictive/prognostic value for risk assessment, play
additional roles for deregulation of other breast cancer-related
signaling pathways [22]. In the former study, both uPA/PAI-1
expression and a panel of signaling molecules were examined
based on protein extraction and microarray analysis in breast
cancer specimens. In sharp contrast to the present study, there
were no consistent correlations between each other as well as
with other established clinico-pathological factors except for
PAI-1 with nodal status, supporting our hypothesis that the
direct determination in HOPE-fixed tumor tissues with focus
on the tumor front [29] and combined with image analysis is
highly reliable and suitable for enhanced diagnostics in breast
cancer. Furthermore, in order to further validate these results,
they will be related to corresponding follow-up data for this
cohort, as soon as the latter will be available.

In summary, the correlation of TGF-β signaling with uPA/
PAI-1 (metastasis) and several other prognostic markers
(TNM, ER, PR) strongly suggest a TGF-β-dependency of
breast cancer. Thus, these results may contribute to the im-
provement of anticancer therapy (such as Anti-TGF-β) with
targeted approaches.
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