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Abstract Breast cancer is a multifactorial disease clas-
sified by several sub-types which differ from each other
by risk factors, specific molecular promoters and severity
of outcomes. Tumour aggressiveness and metastatic dis-
ease are the key determinants of breast cancer outcomes.
Tumour cell ability to degrade the extracellular matrix and
to be motile is the hallmark of invasion and essential step in
a development of breast cancer metastatic disease. There-
fore, a coordinated action between cell motility and abil-
ity to degrade the extracellular matrix is currently under
extensive investigation focused on molecular targets for
both diagnostic and therapeutic purposes. Contextually,
our current study was dedicated to patient stratification uti-
lising MMP-9 serum activity levels and RhoA expression
patterns measured in circulating leucocytes. Biomarker
patterns were “masked” in non-stratified patient groups. In
contrast, the multiparametric stratification approach led to
highly improved clinical utility of biomarker patterns. Pre-
sented stratification system is recommended for population
screening as a cost-effective non-invasive approach to facil-
itate predictive diagnostics of breast cancer predisposition,
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pre-lesions and early stages, when the pathology can be
effectively prevented or cured. Proposed approach might
be particularly useful for early and predictive breast cancer
diagnostics applied to certain phenotypes such as premen-
opausal rather than postmenopausal women, women with
dense breast tissue, where highly increased RhoA/MMPs
activities are utilised for effective proteolysis of the matrix
and cancer cell migration into dense matrices, as well as for
breast cancer of unclear origin such as particularly aggres-
sive triple-negative sub-type.

Keywords Benignant breast alteration - Breast cancer -
Metastatic disease - Molecular targets - Rho GTPase -
Metalloproteinase 9 - Biomarker pattern - Blood test -
Patient stratification - Predictive medicine

Introduction

Breast cancer (BC) is the leading cancer type in female
populations with permanently increasing prevalence and
the leading cause of cancer-related mortality in females
worldwide (WHO 2012). BC epidemic in the early 21st
century is alarming for healthcare on a global scale (Gol-
ubnitschaja et al. 2016b). BC is a multifactorial disease
classified by several sub-types which differ from each other
by risk factors, specific molecular promoters and severity
of outcomes. Tumour aggressiveness and metastatic dis-
ease are the key determinants of breast cancer outcomes.
In case of particularly aggressive BC types, haematoge-
nous dissemination of circulating tumour cells (CTC) can
occur even before the primary tumour is or may be detected
(Bhandary et al. 2015). Moreover, a surgical resection of
tumour can increase the CTC invasion 1000-fold (Camara
et al. 2006; Goldfarb and Ben-Eliyahu 2006). BC metastatic
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disease (BCMD) is a systemic disease with a local implica-
tion, when the advantageous microenvironment is created
for a growth expansion of secondary tumours (metastases)
originated from the CTC nested in distanced organs such
as bones, lung, liver and brain. Although exact conditions
which best meet the requirements of the advantageous
microenvironment for distant metastases are yet not known,
there is an accumulating evidence for hypoxic conditions
(Cox et al. 2015), some classes of signalling molecules
and other molecular pathways worsening the outcomes in
BCMD.

Tumour cell ability, first, to degrade the extracellular
matrix (ECM) and, second, to be motile is the hallmark of
invasion and a consequent development of BCMD.

Regarding the 1st attribute, herewith we provide the
rationale for measuring serum MMP-9 activities

An extensive degradation of ECM is essential for an effec-
tive tumour progression and aggressive metastatic disease.
To the molecular pathways per evidence involved in the
BCMD progression belong several proteolytic enzyme
systems, one of which is the family of matrix metallopro-
teinases (MMPs). Excessive degradation of the extracel-
lular matrix (ECM) and basement membrane facilitating
the penetration of cancer cells through the tissue and into
blood stream is believed to be the principal mechanism
of the MMP-dependent tumour invasion and metastases
spread (Egeblad and Werb 2002). In particular, the activity
of gelatinase B (MMP-9) elevated in BC is associated with
poor prognosis specifically in BC (Ranuncolo et al. 2003;
Talvensaari-Mattila et al. 2003; Lepp4 et al. 2004), meta-
static disease in the most aggressive BC phenotypes (such
as triple-negative breast cancer) (Mehner et al. 2014) and
formation of one of the most fatal type of distanced metas-
tases, namely the liver metastases in BCMD (Tabaries et al.
2015).

There are several steps in the regulation cascade of
MMP-9 patterns resulting in the “end-product”, namely
the extracellular gelatinase activity which can be ex vivo
measured in blood serum samples by Zymography and has
been demonstrated as highly relevant for BC prognosis and
development of metastatic disease (Provatopoulou et al.
2009; Sung et al. 2012). Consequently, our current paper
hypothesises the clinical utility of the patient stratification
by serum activities of MMP-9.

Regarding the 2nd attribute, herewith we provide the
rationale for measuring RhoA expression patterns

in circulating leucocytes

Although some pathology-specific molecular signatures
and circulating biomarkers have been identified in breast
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cancer, there is a lack of validated molecular patterns
to optimise predictive diagnostics and targeted preven-
tion and/or treatment of metastatic disease (Marino et al.
2013). For these purposes, a coordinated action between
cell motility and ability to degrade the ECM is currently
under extensive investigation focused on molecular targets
for both diagnostic and therapeutic purposes. Contextually,
Rho family GTPases are the most potent molecular tar-
gets promoting cell migration, invasion of the extracellular
matrix, and metastasis. Specifically, the RhoA/MMPs path-
way is considered as concerted for the cancer cell-specific
motility and ability to degrade the ECM and a potential
therapeutic target even for the most problematic triple-neg-
ative, basal-like breast cancers (Caceres et al. 2005; Fagan-
Solis et al. 2013; Sun et al. 2016). Indeed, the activation of
the small G protein RhoA is essential for cancer migration
and invasion: during cell movement through ECM, RhoA
controls the actomyosin contraction crucial for efficient
ECM invasion and metastasing (Narumiya et al. 2009;
Friedl and Wolf 2010; Sanz-Moreno and Marshall 2010;
Carr et al. 2013).

Further, our previous study revealed shifted expression
patterns of RhoA in circulating leucocytes of breast cancer
patients compared to non-diseased controls (Golubnitschaja
et al. 2013). Therefore, specific expression patterns of
RhoA in circulating leucocytes are considered clinically
useful for evaluating the pathology-specific molecular sig-
nature. Consequently, our current paper hypothesises the
clinical utility of the expression patterns of RhoA in circu-
lating leucocytes of breast cancer patients.

Taking into consideration the above summarised facts,
our current study was dedicated to non-invasive multipara-
metric approach to stratify patients with breast benignan-
cies and malignancies utilising MMP9 serum activity levels
and RhoA expression patterns measured in circulating leu-
cocytes. Potential impacts are considered as being remark-
able for overall breast cancer risk assessment, early/predic-
tive diagnostics and targeted treatments.

Materials and methods
Recruitment of patients

Altogether, 161 patients proportionally distributed between
two pools with malignant (invasive lobular and ductal car-
cinomas, 82 patients) and group with benignant breast
alterations (fibroadenomas, fibrocystic diseases, lipomas,
adenosis and breast traumas, 79 patients) were recruited at
the “Breast Cancer Research Center”, Rheinische Friedrich-
Wilhelms-University of Bonn. According to the diagnosis,
the recruited patients were grouped as follows: benign breast
alterations in premenopausal women (group 1, n = 59);
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benign breast alterations in postmenopausal women (group
2, n = 20); invasive breast cancer in premenopausal women
(group 3, n = 19); invasive breast cancer in postmenopau-
sal women (group 4, n = 63). Blood samples of all patients
with breast tumours were taken prior to core needle biopsy
at the Department of Obstetrics and Gynaecology. All
study participants were informed about the purposes of the
study and signed their consent of the patient. All investiga-
tions conformed to the principles outlined in the Declara-
tion of Helsinki and were performed with permission by the
responsible Ethic’s Committee of the Medical Faculty, Uni-
versity of Bonn. Each blood sample underwent an immedi-
ate isolation of blood serum and circulating leucocytes.

Isolation of blood serum, circulating leucocytes,
biobanking and biopreservation

Blood samples (20 ml) anti-coagulated with heparin were
collected from patients. Blood serum was isolated from 0.5
ml individual blood samples by a direct centrifugation as
decribed elsewhere, consequently frozen and stored till the
zymography was performed (see below the “Zymography”
description). Circulating leucocytes were separated from
19.5 ml individual blood samples using Fi-coll-Histopaque
gradients (Histopaque 1077, Sigma, USA) as described previ-
ously (Golubnitschaja-Labudova et al. 2000). Briefly, blood
samples were diluted with equal volumes of physiological
buffer solution (PBS, Biochrom AG, Germany). Then, 2 ml
of histopaque was placed into 10 ml sterile centrifuge tubes
and 5 ml of diluted blood samples was carefully layered onto
each histopaque gradient. Gradients were centrifuged at 475g
and 20 °C for 15 min. The leucocyte bands were removed
from the interface between plasma and histopaque layers of
each tube and collected into one 50 ml tube. The total volume
was brought to 50 ml with cold Dulbecco’s Modified Eagle
Medium (DMEM, Gibco™, USA). The cell suspension was
washed three times with PBS, aliquoted and the total num-
ber of cells was determined in each aliquot. Leucocytes were
frozen as dry pellets. All the samples with frozen leucocytes
were stored at —80 °C before being processed for the "West-
ern-Blot" analysis (see below the corresponding description).

Zymography

For determination of the gelatinase activity B (MMP-9) in
blood serum “Ready-gelatin-gels” (Bio-Rad, USA) were
used according to the instructions of the manufacturer. Two
microliters from individual serum samples were electro-
phoresed under non-reducing conditions using Criterion™
Precast Gel System (Bio-Rad, USA). After electrophoresis,
each gel was incubated at room temperature in 2% Triton
X-100 for 2 x 30 min to remove the traces of sodium dode-
cyl sulphate, and then incubated overnight at 37 °C in buffer

(150 mM NaCl, 50 mM Tris—HCI, pH 7.6, containing 5 mM
CaCl, and 0.02% NaN;). Afterwards a staining with 0.5%
Coomassie blue G-250 (Sigma, USA) was performed for
each gel. The proteolytic activity of gelatinase B was identi-
fied as a clear band on a blue background according to the
correspondent molecular weight of MMP-9. Gels were dried
between cellophane sheets with a GelAir™ Drying System
(Bio-Rad, USA) and then scanned with a yellow filter using
Adobe Photoshop (Adobe System, USA) in grey-scale mode.
Densitometric analysis of zymographic lysis zones at 86 kDa
for gelatinases B was performed using “Quantity One”
imaging system (Bio-Rad, USA). Evaluation of relative
gelatinase activity was performed in arbitrary units followed
by sub-grouping according to the “low”, “intermediate” and
“high” level of activities measured in individual samples as
described previously (Golubnitschaja et al. 2016c).

Western-blot analysis

All analyses were performed two times for each sample
as described elsewhere. Primary anti-body incubation was
performed at room temperature using a 1:200 dilution of
the specific anti-bodies to human RhoA 24 kDa (mouse
monoclonal IgG raised against an epitope corresponding
to amino acids 120-150 of RhoA of human origin, RhoA
(26C4): sc-418 Santa Cruz, USA), and to human actin
43 kDa (goat polyclonal IgG, epitope mapping at the C-ter-
minus of actin of human origin, recommended for detection
of a broad range of actin isoforms of human origin, sc-1616
Santa Cruz, USA) The protein-specific signals were meas-
ured densitometrically using the “Quantity One®” imaging
system (Bio-Rad, USA).

Statistical analysis

For analytical and statistical evaluations, the data were
transferred to Microsoft Excel. The Student ¢ test, one-way
ANOVA as well as Turkey’s test were applied. P values
equal or below 0.05 were considered statistically significant.

Results
Proteolytic activity patterns of MMP-9

Comprehensive patterns of the proteolytic activities of
MMP-9 (gelatinase B activity) were systematically analysed
followed by sub-grouping according to the “low”, “interme-
diate” and “high” level of activities measured in individual
samples (see Fig. 1). This systematic approach for sub-
grouping of MMP-9 activities is described in detail in our
currently published article (Golubnitschaja et al. 2016¢); its

high clinical utility is well justified by the authors.
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Fig. 1 Proteolytic activity of gelatinase B. Localisation (according
to the electrophoretic protein markers—sample M) and evaluation of
the gelatinase activity B (MMP-9, 86 kDa) followed by sub-grouping
of samples (patients) with the “low”, “middle” and “high” level of
activities, where “low” levels correspond to the sample 6, “intermedi-
ate”—samples 2 and 4, and “high”—samples /, 3, 5

(a) 1 2 3 4 5 6
24 kD2 mmp
17 kDa s |

(b) 1 2 3 a 5 6
43 kDa =

Fig. 2 Western-blot imaging of corresponding expression rates: a
the target protein RhoA and b house-keeping protein actin as dem-
onstrated for the samples/patients numbered /—6. Highly heterogene-
ous expression patterns have been recorded for both patient groups of
“malignancies” and “benignancies”

Expression patterns of RhoA

Amongst the analytical methods, evaluation of the Western-
Blot imaging provides highly precise information about
individual values of protein expression measured in corre-
sponding protein bands. RhoA expression imaging revealed
either one or two specific bands corresponding to 17 and
24 kDa as demonstrated in Fig. 2. Since both “single-band”
and “double-band” images have been reported for RhoA
Western-blot analysis (Fritz et al. 1999; Chang et al. 2000),
both images have been taken into consideration and statisti-
cally analysed in the study.

Consequently, both “single-band” (24 kDa only) and
“double-band” (both 17 and 24 kDa) expression patterns of
RhoA have been evaluated individually. As demonstrated in
Fig. 2, highly heterogeneous expression patterns have been
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recorded for both patient groups of “malignancies” and
“benignancies”. Statistical analysis performed for RhoA
patterns in non-stratified patient groups has, further, con-
firmed highly heterogeneous RhoA expression profiles and
consequent necessity of appropriate patient stratification as
summarised below.

Statistical analysis of RhoA expression patterns
in non-stratified patient groups

In non-stratified patient groups, elevated RhoA expression
rates have been recorded for breast cancer patients compared
to the benignant group as demonstrated in Fig. 3. In particu-
lar, the highest median is demonstrated for the sub-group
of premenopausal breast cancer patients. However, Student
t test, one-way ANOVA as well as Turkey’s test demon-
strate non-significant differences between individual groups.
Standard deviations in all sub-groups indicate extremely
high level of heterogeneity in both benignant and malignant
groups of patients that significantly decreases the level of
potential clinical utility for RhoA as a single biomarker and
argues in favour of further patient stratification.

Multiparametric stratification of the patterns

The results for the multiparametric stratification of the pat-
terns are summarised in Fig. 4. Following stratification
parameters have been used:

— Hormonal status: premenopausal versus postmenopau-
sal patients;
MMP-9 blood serum activity discriminating between

CEINTS

sub-groups with “low”, “intermediate” and “high” levels.

This multiparametric stratification approach has allowed
for detecting the RhoA patterns which are highly specific
for individual sub-group as demonstrated in Fig. 4. These
sub-group-specific patterns obviously have been “masked”
in non-stratified patient groups as demonstrated in Fig. 3.
In contrast, the multiparametric patient stratification led to
a highly improved prognostic value of RhoA patterns and,
consequently, their potential clinical utility.

When stratified by the MMP-9 activity levels, a statis-
tically significant difference for both “single-band” and
“double-band” images is demonstrated between benign and
malignant premenopausal women: high MMP-9 activity and
significantly increased RhoA expression levels is character-
istic for breast malignancy in early age that fully confirms
the main hypothesis of this paper regarding the concerted
RhoA/MMP-9 pathway activation as the multiparamet-
ric risk factor justified in the “Introduction” (Céaceres et al.
2005; Fagan-Solis et al. 2013; Sun et al. 2016). Indeed, this
result corresponds well with the clinical observations and
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Fig. 3 Statistical evaluation of the RhoA expression rates in “malig-
nancies” versus ‘“benignancies”: the median values with standard
deviation (SD) are presented for corresponding patient groups divided
into sub-groups. Corresponding values of the expression rates are
provided in arbitrary units. a Single-band expression patterns for
RhoA protein corresponding to 24 kDa. b “Double-band” expression
patterns for RhoA protein corresponding to 24 and 17 kDa

further data obtained in this study, which demonstrate the
highest rates of RhoA in the “premenopausal” malignancies
stratified by high MMP-9 activities: breast cancer mani-
fested in young (premenopausal) women frequently cor-
responds with the most aggressive tumour sub-types with
worse outcomes compared to other sub-groups.

Obvious limitation of the stratification system
presented in the current study

Current multiparametric stratification approach does
not consider the patient category of the premenopausal

malignancies with low level of both MMP-9 activities
and RhoA expressions. Obviously this type of breast can-
cer malignancies is conditioned by molecular mechanisms
which differ from these of the concerted RhoA/MMP-9
pathway activation.

Discussion

Frequent metastatic dissemination is the main cause of
breast cancer-related morbidity. Keeping in mind extremely
high level of the disease heterogeneity, potential predictors
of particularly aggressive sub-types of BC and metastatic
disease are of great clinical utility to discriminate between
high and low-risk individuals, therefore, avoiding overtreat-
ments in low-risk sub-groups but selecting the high-risk
individuals for early and preventive treatment modalities.
Therefore, potent targets are of great importance to accu-
rately stratify the patients and to tailor the treatments indi-
vidually at molecular level. Accumulating research data
demonstrates RhoA to be one of the biomarkers for identi-
fying and treating actively metastasing tumours (Gou et al.
2011; Sayagués et al. 2016). Hence, there is a positive cor-
relation between the level of RhoA expression and corre-
sponding morphological stage of metastatic proliferation in
the liver (Gou et al. 2011), which is one of the most fre-
quent metastatic sites of the aggressive BC (Abraham and
Golubnitschaja 2016; Golubnitschaja and Sridhar 2016).
Further, a suppression of RhoA inhibits cancer cell growth
and their migration capacity (Gou et al. 2011). On the other
hand, an ideal biomarker does not exist: an optimal bio-
marker panel allows for much more precise patient stratifi-
cation in breast cancer as it is well justified in the literature
now (Girotra et al. 2016). Contextually, our project was
focused on improved patient stratification and increased
predictive power by a multiparametric diagnostics. A sig-
nificant innovation and advantage of the proposed approach
is its non-invasive and predictive character, since the bio-
marker panel utilises molecular profiling of peripheral
leucocytes which is disease-specific but might be measur-
able in blood before clinical onset of the pathology (visible
breast tissue alterations) as published by us earlier (Debald
et al. 2013).

The attributes of the tumour invasion are cancer cell
adhesion to the ECM, proteolytic degradation of the sur-
rounding tissue and migration of the tumour cells. The
potential and extent of the tumour invasion condition the
aggressiveness of the cancer disease. During tumour inva-
sion, the activated MMPs perform the ECM degradation
(Ranuncolo et al. 2003; Talvensaari-Mattila et al. 2003;
Leppd et al. 2004), while the tumour cell migration is oper-
ated by the protein-complex of the small GTPase RhoA
(Narumiya et al. 2009; Friedl and Wolf 2010; Sanz-Moreno
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«Fig. 4 Stratification results for premenopausal versus postmenopau-
sal women. Median values in corresponding sub-groups are shown
for the RhoA expression patterns. “Benign” is used for “benignan-
cies” and “malign” for “malignancies”. For better transparency, cor-
responding results are presented by both bar plot and 3-D plot. a
Premenopausal women, “single-band” RhoA expression patterns. b
Postmenopausal women, “single-band” RhoA expression patterns. ¢
Premenopausal women, “double-band” RhoA expression patterns. d
Postmenopausal women, “double-band” RhoA expression patterns

and Marshall 2010; Carr et al. 2013). Consequently, RhoA/
MMPs pathway activation is considered as the key mech-
anism in development of both BC and BCMD (Caceres
et al. 2005; Fagan-Solis et al. 2013; Sun et al. 2016) being
associated with poor prognosis in the breast cancer patients
effected by the concerted RhoA/MMPs activation.

Considering the core of MMPs, our particular attention
was attracted by MMP-9 (gelatinase B), the increased activ-
ities of which, on the one side, are associated with particu-
larly poor prognosis in BC and BCMD (Ranuncolo et al.
2003). On the other side, MMP-9 regulation is dependent
on the level of NO- (nitric oxide) which plays an impor-
tant (both pro-metastatic and anti-metastatic) role in nearly
all steps of cancer development and metastastatic disease
progression, depending on specific factors and tumour pro-
gression (Cheng et al. 2014). Further, anti-metastatic NO-
regulation and potential nitric oxide therapy is possible at
very early stages of the tumour progression and potentially
in BC-predisposed individuals before the clinical manifes-
tation of the disease, such as improvement of microcircu-
lation and minimisation of harmful effects of a hypoxic
condition. In this context, our above described stratification
system might be particularly useful for early and predictive
BC diagnostics applied to certain phenotypes in the popula-
tion such as

— premenopausal rather than postmenopausal women
for predicting and preventing BC and its particularly
aggressive sub-types,

— (rather young) women with dense breast tissue, where—
depending on the tissue density—highly increased
RhoA/MMPs activities are utilised for effective prote-
olysis of the matrix and cancer cell migration into dense
matrices (Raviraj et al. 2012).

— BC of unclear origin such as hormone-receptor inde-
pendent particularly aggressive triple-negative sub-type
(Covington et al. 2013; Cox et al. 2015).

— BRCAI1/2 carriers predisposed to breast cancer malig-
nancies, who might, particularly, benefit from the pro-
posed stratification system as an independent biomarker
panel.

— hypoxia-stimulated BC and metastatic diseases (Mufioz-
Néjar et al. 2006; Cox et al. 2015).

— potential formation of pre-metastatic niches (Golub-
nitschaja et al. 2016a).

— disturbed but restorable microcirculation, e.g., in indi-
viduals with “Flammer syndrome” (Konieczka et al.
2014).

The estimated level of the potential clinical utility of
here presented results is very high. The proposed stratifica-
tion system is conform with the field requirements as con-
sidered in our previous publications (Braun et al. 2009;
Debald et al. 2013; Golubnitschaja et al. 2013). Further,
the proposed stratification system might be cost-effective,
if used additionally to UPA/PAI-1 biomarker-combination.
Urokinase plasminogen activator (UPA) is an extracellular
matrix-degrading protease involved in cancer invasion and
metastasis, interacting with plasminogen activator inhibi-
tor-1 (PAI-1)—together are well established biomarker-set
stratifying lymph node-negative breast cancer patients for
adjuvant chemotherapy (Jacobs et al. 2013; Duffy et al.
2014). However, neither individually nor in the combina-
tion UPA/PAI-1 cannot be considered as a reliable predictor
avoiding sentinel lymph node biopsy, e.g., in case of a nega-
tive result by testing UPA and PAI-1 (Harms et al. 2014).

Conclusions and expert recommendations

— Our results demonstrate the relevance of the two bio-
markers measured in blood serum and peripheral leuco-
cytes that is conform to the previously published con-
siderations of BC as a systemic disease. This conclusion
empowers much broader application of non-invasive
approaches utilising blood biomarkers for risk assess-
ment, prediction and prognosis in overall breast cancer
management avoiding technical, analytical, ethical and
economical problems linked to the breast tissue analy-
sis.

— RhoA used as alone biomarker might act as an indicator,
however, does not provide information strong enough to
ascertain BC risk and follow-up prognosis. Hence, we
have demonstrated that relatively high expression rates
of RhoA measured in postmenopausal women with
breast benignancies which, however, are not accompa-
nied by increased MMP-9 activities in blood serum can-
not be considered as a risk factor for BC development.

— MMP-9 is a multifunctional player with both physi-
ologic and pathologic roles in local and systemic events.
Therefore, similar to the RhoA, when used alone, this
biomarker may provide solely indirect indications
towards BC-related processes, however, cannot be con-
sidered as an independent predictive or prognostic bio-
marker.

@ Springer



280

O. Golubnitschaja et al.

— In contrast, when RhoA expression rates in circulat-
ing leucocytes become stratified by corresponding
MMP-9 activities in blood serum, the comprehensive
mechanisms towards BC are evaluated more com-
pletely, consequently providing more precise pathol-
ogy-related indication increasing, therefore the pre-
dictive power of biomarker specifically for BC. To
this end, for premenopausal women with benignancies
demonstrating both biomarkers increased a regular
check-up is recommended, due to an evident risk of
BC development.

— Extremely high rates monitored for both MMP-9 blood
serum activity and RhoA expression rates in circulating
leucocytes in premenopausal women correlate well with
highly aggressive BC malignancies reported specifically
for this cohort of BC-patients and provide more pre-
cise insights into molecular mechanisms underlying the
aggressive malignancies.

— The above justified biomarker-combination is, fur-
ther, recommended for an advanced population screen-
ing as an effective and cheap non-invasive approach to
facilitate BC risk assessment, targeted prediction and
corresponding preventive measures at the level of BC
predisposition, pre-lesions and early stages, when the
pathology can be effectively prevented or cured.

— Obvious limitation of the stratification system presented
in the current study: the multiparametric stratification
approach does not consider the patient category of the
premenopausal malignancies with low level of both
MMP-9 activities and RhoA expressions. Obviously
this type of breast cancer malignancies is conditioned
by molecular mechanisms which differ from these of
the concerted RhoA/MMP-9 pathway activation.

— Because of the multifactorial origin and heterogeneity
of invasive breast cancer, a more detailed examination
of the type/origin/grade of cancer may, further, lead to
better patient stratification and improved pathology-spe-
cific biomarker patterns. Proposed stratification system
requires a systematic validation based on a statistically
significant number of cases per patient sub-groups nom-
inated above.
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