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Abstract. Lymph node metastasis of breast cancer is a 
clinical marker of poor prognosis. Yet, there exist no therapies 
targeting mechanisms of intravasation into lymphatics. Herein 
we report on an effect of the antidyslipidemic drug fenofibrate 
with vasoprotective activity, which attenuates breast cancer 
intravasation in vitro, and describe the potential mechanisms. 
To measure intravasation in a 3-dimensional co-culture model 
MDA-MB231 and MCF-7 breast cancer spheroids were placed 
on immortalised lymphendothelial cell (LEC) monolayers. 
This provokes the formation of circular chemorepellent 
induced defects (CCIDs) in the LEC barrier resembling entry 
ports for the intravasating tumour. Furthermore, the expres-
sion of adhesion molecules ICAM-1, CD31 and FAK was 
investigated in LECs by western blotting as well as cell-
cell adhesion and NF-κB activity by respective assays. In 
MDA-MB231 cells the activity of CYP1A1 was measured 
by EROD assay. Fenofibrate inhibited CCID formation in the 
MDA-MB231/LEC- and MCF-7/LEC models and the activity 
of NF-κB, which in turn downregulated ICAM-1 in LECs and 
the adhesion of cancer cells to LECs. Furthermore, CD31 and 
the activity of FAK were inhibited. In MDA-MB231 cells, feno-
fibrate attenuated CYP1A1 activity. Combinations with other 
FDA-approved drugs, which reportedly inhibit different ion 

channels, attenuated CCID formation additively or synergisti-
cally. In summary, fenofibrate inhibited NF-κB and ICAM-1, 
and inactivated FAK, thereby attenuating tumour intravasa-
tion in vitro. A combination with other FDA-approved drugs 
further improved this effect. Our new concept may lead to a 
novel therapy for cancer patients.

Introduction

The colonisation of distant organs by disseminating breast 
cancer cells is the main cause for cancer death in women. 
Targeting neo-vascularisation with tailored drugs may prevent 
the spreading of those cancer entities that expand through the 
blood stream. In the early phases of breast cancer metastasis 
however, cancer cells disperse through lymphatics. Before 
metastases colonise organs the sentinel and post-sentinel 
lymph nodes fill up with breast cancer cells and hence, the 
axillary lymph node status is a major prognostic marker for 
clinical outcome (1). As blocking of intravasation would 
improve prognosis, understanding of mechanistic details of 
breast cancer intravasation into lymphatic vessels is crucial 
to develop treatment strategies preventing lymph node 
metastasis. Although prognostic markers exist, no predictive 
markers have been identified to date, which could be targeted 
to combat intravasation. Nevertheless, a few mechanisms 
supporting the transmigration of cancer cells through the 
lymphatic barrier were described (2-4). Intravasation is an 
interplay among cancer cells and the endothelial barrier. 
Importantly, not only cancer cells play an active role in this 
process but also lymph endothelial cells (LECs) remarkably 
contribute to lymph node metastasis i.e. by providing niches 
for cancer cell settlement (5). To further study the role of 
LECs at an early metastatic step, a quantitative assay based on 
a three-dimensional (3D) cell model was developed consisting 
of breast cancer spheroids placed on top of lymphendothelial 
monolayers, which resembles the contact zone between the 
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tumour and lymphatics (6). This 3D in vitro model is validated 
in scid mice and in tissue sections of human patients (7) and 
was here utilised to measure tumour cell-induced retraction 
of LECs, which enables cancer cells to transmigrate the 
lymphatic barrier. Focussing on the regulation and mainte-
nance of the endothelial barrier function several mechanisms 
of LECs, which are relevant to withstand tumour intravasa-
tion, were found to become weakened by signals of adjacent 
cancer cells (3,4). Notably, LECs - upon activation of specific 
receptors - ‘invite’ cancer cells to intravasate by reducing the 
resilience of the endothelial wall (2,8,9) through a process 
called endothelial-to-mesenchymal transition. In turn, LECs 
acquire a migratory phenotype and open gates for cancer cell 
transit as a rate limiting step of lymph node metastasis (7). 
Hence, strengthening vascular integrity and tone may improve 
resistance to intravasating cancer cells.

As a pro-migratory mechanism ion channels modulate 
adhesion and mobility of tumour cells and their dysregulation 
is currently discussed to play a role in cancer metastasis (10). 
For example, the overexpression of voltage gated K+ chan-
nels was observed in breast-, colon- and prostate cancer 
and medullablastoma (11,12) and their inhibition attenu-
ates neuroblastoma and endothelial cell migration (13,14). 
Consistently, the Na+/K+-ATPase inhibitor ouabain (also 
known as g-strophanthin) attenuates medullablastoma cell 
migration and the localisation of Tyr397-phosphorylated 
FAK to lammelipodia (15). Furthermore, the voltage gated 
K+v1.2 channel induces directional migration of mesen-
chymal bone marrow or CHO cells through phosphorylation 
of Tyr397-FAK (16) as well as wound healing in an animal 
model (17). The antidyslipidemic drug fenofibrate closes 
K+ATP channels (18,19) and voltage gated K+ channels (20), 
enhances endothelial barrier function and integrity (5,21) 
and is therefore, vasoprotective. 

Furthermore, fenofibrate exhibits anticancer effects (22). 
Independent of K+ channel inhibition, fenofibrate binds 
to and activates peroxisome proliferator-activated protein 
alpha (PPARα), which directly binds to the IκBα promoter, 
induces IκBα protein expression (23) and in turn inhibits 
NF-κB (24,25). NF-κB plays a role in tumour progression 
and intravasation through lymphendothelial barriers (3,4). 
Hence, both activities of fenofibrate, PPARα activation, which 
was shown to suppress cancer progression (26,27), as well 
as K+ channel inhibition (10,18,20) may attenuate adhesion 
and cell mobility (28,29). In the clinic fenofibrate is used to 
eliminate triglycerides from the blood stream (30), thereby 
reducing hypercholesterolemia and the risk of cardiovascular 
diseases. Therefore, fenofibrate and a few more clinically used 
drugs with reported ion channel inhibitory properties were 
here investigated regarding their potential activities inhibiting 
triple-negative (MDA-MB231) and estrogen receptor-positive 
(MCF-7) breast cancer cell intravasation in vitro. such drugs 
would be directly available to patients.

Materials and methods

Antibodies and reagents. Polyclonal rabbit anti-focal adhesion 
kinase (FAK) and polyclonal rabbit anti-phospho-Tyr397-
FAK were from Cell signaling (Danvers, MA, UsA). 
Polyclonal goat anti-CD54 (ICAM-1) antibody was from 

R&D system (clone BBA-17, Minneapolis, MN, UsA) and 
monoclonal anti-β-actin from sigma (Munich, Germany). 
Monoclonal mouse anti-CD31 (JC70A), polyclonal rabbit 
anti-mouse, anti-goat and anti-rabbit IgGs were from Dako 
(Glostrup, Denmark).

The IκBα  phosphorylat ion inhibitor (E)-3-[(4-
methylphenylsulfonyl]-2-propenenitrile (Bay11-7082) was 
purchased from Biomol (Hamburg, Germany). Bepridil 
hydrochloride (bepridil), niflumic acid, fenofibrate, cisapride 
monohydrate (cisapride), primaquine, proadifen, digoxin, 
chlorotoxin and ouabain octahydrate (ouabain) were from 
sigma. Dyclonine was from Abcam (Cambridge, UK).

Cell culture. Human MDA-MB231 and MCF-7 breast cancer 
cells were purchased from the American Type Culture 
Collection (ATCC, Rockville, MD, UsA) and grown in MEM 
medium supplemented with 10% foetal calf serum (FCs), 
1% penicillin/streptomycin (Ps) and 1% non-essential amino 
acids (Gibco/Invitrogen, Karlsruhe, Germany). Telomerase 
immortalized human lymph endothelial cells (LECs) were 
grown in EGM2 Mv (Clonetics CC-4147, Allendale, NJ, 
USA). The cells were kept at 37˚C in a humidified atmosphere 
containing 5% CO2. For CCID formation assays, LECs were 
stained with CellTracker™ green purchased from Invitrogen 
(Karlsruhe, Germany).

Spheroid formation. MDA-MB231 cells (input of 6,000 cells 
per spheroid) and MCF-7 cells (input of 3,000 cells per 
spheroid) were transferred to 30 ml serum-free MEM medium 
containing 6 ml of a 1.6% methylcellulose solution (0.3% 
final concentration; cat. no.: M-512, 4000 centipoises; Sigma-
Aldrich, Munich, Germany). Cell suspension (150 µl) were 
transferred to each well of a 96-well plate (Greiner Bio-one, 
Cellstar 650185, Kremsmünster, Austria) to allow spheroid 
formation within 48 h.

CCID (circular chemorepellent induced defect) assay. In this 
assay the sizes of the cell-free areas (CCIDs), which are formed 
in the endothelial monolayer directly underneath the tumour 
spheroids, were measured (7). MDA-MB231 spheroids were 
washed in PBs and transferred to CellTracker (green)-stained 
LEC monolayers that were seeded into 24-well plates (Costar 
3524, sigma-Aldrich) in 1 ml EGM2 Mv medium. After 4 h 
of incubation, the CCID areas in the LEC monolayers under-
neath the MDA-MB231 spheroids were photographed using an 
Axiovert (Zeiss, Jena, Germany) fluorescence microscope to 
visualise CellTracker-stained LECs underneath the spheroids. 
CCID areas were calculated with the zen Little 2012 (zeiss). 
For each condition the CCID size of at least 25 spheroids 
(unless otherwise specified) was measured.

SDS gel electrophoresis and western blotting. LECs were 
grown in T-25 tissue culture flasks (Nunc, Roskilde, Denmark) 
to 80% confluence and then pre-treated with indicated clinical 
drugs or inhibitors for 0.5, 1, 2 and 4 h. Then, cells were 
processed for sDs gel electrophoresis and western blotting 
as described before (4). Chemo-luminescence was developed 
by Amersham ECL Prime kit (GE Healthcare, Freiburg, 
Germany) and detected using a Lumi-Imager F1 Workstation 
(Roche, Basel, switzerland). Densitometry of the western blots 
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was analysed with Image-J software (National Institutes of 
Health, Bethesda, MD, UsA).

Ethoxyresorufin-O-deethylase (EROD) assay selective for 
CYP1A1 and CYP1A2 activity. MDA-MB231 cells were grown 
in phenol red-free DMEM/F12 medium (Gibco, Karlsruhe, 
Germany) containing 10% FCs and 1% Ps (Invitrogen, 
Karlsruhe, Germany). Before treatment, the cells were 
transferred to DMEM/F12 medium supplemented with 10% 
charcoal-stripped FCs (PAN Biotech, Aldenbach, Germany) and 
1% Ps. After 24 h of treatment CYP1A1 activity was measured 
with minor modifications as previously described (31). Briefly, 
ethoxyresorufin (final concentration 5.0 µM, Sigma-Aldrich) 
was added and 0.4 ml aliquots of the medium were sampled 
after 180 min and the formation of resorufin was analysed 
by spectrofluorometry (PerkinElmer LS50B, Waltham, MA, 
UsA) with an excitation wavelength of 530 nm and an emis-
sion wavelength of 585 nm. The pan-CYP inhibitor proadifen 
(sigma-Aldrich) was used as a positive control.

NF-κB transactivation assay. The transactivation of a NF-κB-
driven luciferase reporter was quantified in HEK293/NF-κB-luc 
cells (Panomics, RC0014, Fremont, CA, UsA) as previously 
described (32). In brief, cells were maintained at 37˚C and 5% 
CO2, humidified atmosphere in Dulbecco's modified Eagle's 
medium (DMEM; Lonza, Basel, switzerland) supplemented 
with 2 mM glutamine, 100 µg/ml hygromycin B, 100 U/ml 
benzylpenicillin, 100 µg/ml streptomycin, and 10% FCs. One 
day before the experiments the cells were stained in serum-free 
medium supplemented with 2 µM CellTracker Green CMFDA 
(C2925; Invitrogen) for 1 h. Then, cells were reseeded in 
96-well plates at a density of 4x104 cells/well in phenol red-
free and FCs-free DMEM overnight, and pre-treated with 
the indicated compounds for 30 min prior to stimulation with 
2 ng/ml TNFα for 4 h. The final concentration of DMSO in the 
experiments was 0.1% or lower and an equal concentration of 
DMsO was used as control. After cell lysis the luminescence 
of the firefly luciferase and the fluorescence of the CellTracker 
Green CMFDA were quantified on a GeniosPro plate reader 
(Tecan, Grodig, Austria). The luciferase-derived signal from 
the NF-κB reporter was normalized by the CellTracker Green 
CMFDA derived fluorescence to account for differences in the 
cell number. The known NF-κB inhibitor parthenolide (sigma-
Aldrich, vienna, Austria) was used as a positive control.

Adhesion assay. MDA-MB231 (40,000 cells/well) were seeded 
in serum-free medium (DMEM containing 0.5% BsA, 2 mM 
CaCl2 and 2 mM MgCl2). Then 500X CellTracker (500X 
CellTracker solution from Cytoselect™ Tumor-endothelium 
Adhesion Assay from Cell Biolabs, Inc., san Diego, CA, UsA, 
CBA-215) was added to the cell suspension (2 µl CellTracker 
to 1 ml suspension), incubated for 1 h at 37˚C and centrifuged 
at 1,000 rpm for 2  min. Then the medium was aspirated, the 
cell pellet was washed x3 with serum-free medium (DMEM 
containing 0.5% BsA, 2 mM CaCl2 and 2 mM MgCl2) and 
then the cell pellet was re-suspended in EGM2 Mv medium. 
The CellTracker-stained MDA-MB231 cell suspension was 
treated either with Bay11-7082 as a positive control, indicated 
compounds, or DMsO and incubated for 10 min at room 
temperature. After incubation, the medium was aspirated from 

the 48-well plate and 200 µl of the pre-treated MDA-MB231 
cell suspension was added to LECs grown in monolayers and 
incubated for 30 min at 37˚C. Then the medium was aspi-
rated and cells were washed 3x with 250 µl 1X Wash Buffer 
(10X Wash Buffer was from Cytoselect Tumor-endothelium 
Adhesion Assay). Before the third wash, cells were inspected 
for morphological changes under the microscope. After the 
final wash the plate was tapped on a flint-free paper towel 
and 150 µl of 1X Lysis Buffer (4X Lysis Buffer were from 
Cytoselect Tumor-endothelium Adhesion Assay) was added to 
each well and cells were lysed by the shearing forces through 
a pipette tip. Lysate (100 µl) was transferred to 96-well black-
wall clear bottom plates (Nunc, Thermo Scientific, Rochester, 
NY, USA) and the fluorescence was measured with a fluores-
cence plate reader at 485/530 nm.

Statistical analysis. For statistical analyses Excel 2013 soft-
ware and Prism 6 software package (GraphPad, san Diego, CA, 
UsA) were used. The values were expressed as mean ± sEM 
and the Student's t-test and ANOVA with Tukey's post-test 
was used to compare differences between control samples 
and treatment groups as well as difference among treatment 
groups. Statistical significance level was set to P<0.05.

Results

Fenofibrate inhibits NF-κB, ICAM-1, FAK, adhesion and 
CCID formation in LECs. Fenofibrate inhibited TNFα-induced 
NF-κB activation (Fig. 1A) and transiently downregulated 
expression of the adhesion molecules ICAM-1 and CD31 in 
LECs (Fig. 1B). In addition, Bay11-7802 (a specific NF-κB 
inhibitor) suppressed ICAM-1 (Fig. 1C) and both compounds 
inhibited the adhesion of MDA-MB231 cells to LECs 
(Fig. 1D), which is a prerequisite for intravasation and CCID 
formation (3). Accordingly, fenofibrate attenuated CCID 
formation in the MDA-MB231/LEC model (Fig. 1E) and in 
the MCF-7/LEC model (Fig. 1F). The inhibition of CCID 
formation by fenofibrate was achieved at concentrations as 
low as 5 µM. However, the inhibition of NF-κB and of cell 
adhesion was observed at higher concentrations indicating 
that also another mechanism must have been involved in the 
CCID- inhibitory effect of fenofibrate. It was shown that feno-
fibrate inhibits cell migration and stabilises HUVEC barrier 
function, which is accompanied by the downregulation of FAK 
activity (5). FAK activity is required for cell-matrix adhesion 
and directional migration (33,34) and adhesion and migration 
is also necessary for CCID formation (7). In LEC fenofibrate 
inhibited the phosphorylation of Tyr397-FAK (Fig. 1G), which 
is indicative for its activity.

Bona fide K+channel inhibitors attenuate CCID forma-
tion. To investigate whether potassium channels contribute 
to CCID formation, the MDA-MB231/LEC model was 
treated with ouabain and digoxin, which are used to specifi-
cally inhibit Na+/K+-ATPase (35,36). Ouabain and digoxin 
dose-dependently attenuated MDA-MB231-triggered CCID 
formation (Fig. 2A and B; respectively). Ouabain inhibits cell 
migration through inactivation of FAK (37) and also digoxin 
inhibits cell migration (38). similarly, cisapride (a serotonin 
5-HT 4 receptor agonist used to treat gastroesophageal reflux 
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disease) and primaquine (used to treat malaria through binding 
to Plasmodium DNA), which were both reported to inhibit 
hERG-K+ channel (39,40), inhibited MDA-MB231-triggered 
CCID formation (Fig. 2C and D; respectively) and MCF-7-
trigerred CCID formation (Fig. 2E and F; respectively). As 

the treatment with known K+ ATPase- and hERG-K+ channel 
inhibitors resulted in significant inhibition of CCID formation, 
it was concluded that the activity of K+ channels contributes 
to breast cancer intravasation in vitro. Based on these results 
fenofibrate seems to inhibit CCID formation through inhibition 

Figure 1. Inhibition of NF-κB activity, adhesion and CCID formation upon fenofibrate treatment. (A) HEK293-NFκB-Luc cells were pretreated with 5 µM 
parthenolide (Part) as a specific inhibitor of NF-κB or with increasing concentrations of fenofibrate (Feno) or solvent (Co-DMSO) for 1 h. Then, cells were 
stimulated with 2 ng/ml human recombinant TNFα for an additional 4 h when NF-κB activity was measured. Three independent experiments with 4 replicates 
were analysed. (B) LECs were grown to ~80% confluence and then pretreated with solvent (Co) or 20 µM fenofibrate or (C) 5 µM Bay11-7082 as a specific 
inhibitor of NF-κB for 0.5, 1, 2 and 4 h. Then, cells were lysed, proteins separated by sDs gel electrophoresis and subjected to western blotting using the 
indicated antibodies. staining with Ponceau s and immunoblotting with anti-β-actin antibody controlled equal sample loading. (D) MDA-MB231 cells were 
pre-treated with Bay11-7082 (Bay11) or with increasing concentrations of fenofibrate, or solvent (Co) and then placed on confluent LEC monolayers, which were 
also pre-treated with respective compounds. After 30 min the adhesion of MDA-MB231 cells to LECs was measured as described in Materials and methods. 
Experiments were performed in triplicate. (E) MDA-MB231 spheroids or (F) MCF-7 spheroids were pre-treated for 30 min with solvent (Co) or the indicated 
fenofibrate concentrations. Then, spheroids were placed on top of LEC monolayers and co-cultivated for 4 h when CCIDs were analysed. Three independent 
experiments with at least 8 replicates were analysed. (G) LECs were grown to ~80% confluence and then pretreated with solvent (Co) or fenofibrate for 0.5, 
1, 2 and 4 h when cells were lysed, proteins separated by sDs gel electrophoresis and subjected to western blotting using the indicated antibodies. Error bars 
indicate means ± SEM and asterisks significance (P<0.05; ANOVA together with Tukey's post-test).
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of NF-κB activity as well as of K+ channels. Reportedly, the 
delayed rectifier K+v2.1 channel induces the phosphorylation of 
Tyr397-FAK (16,17). Therefore, fenofibrate may have inhibited 
FAK phosphorylation through inhibition of K+v1.2 channel. 
Furthermore, primaquine, but not cisapride inhibited the 
phosphorylation of Tyr397-FAK (data not shown).

Niflumic acid, dyclonine and bepridil hydrochloride inhibit 
CCID formation. As K+-channels, also Cl--, Na+-, and 
Ca2+-channels are dis-regulated during carcinogenesis (10). 
Therefore, the 3D-models were treated with the reported 
Cl--channel inhibitors chlorotoxin and niflumic acid (41,42) 
(Fig. 3A, B and E, respectively), the Na+-channel inhibitor 
dyclonine (43) (Fig. 3C and F) and the Ca2+-channel inhibitor 
bepridil hydrochloride (44) (Fig. 3D and G), which inhibited 
MDA-MB231- and MCF-7- triggered CCID formation in 
LEC barriers.

Fenofibrate, primaquine, cisapride, dyclonine, bepridil 
and niflumic acid inhibit CYP1A1 in MDA-MB231 cells. 

Intravasation is an interplay between tumour emboli and the 
vessel endothelium beneath. In the former experiments the 
effect of fenofibrate was investigated in LECs. Herein, the 
effect of fenofibrate and the other clinical drugs was studied 
in MDA-MB231 breast cancer cells. Recently, it was shown 
that MDA-MB231 cell intravasation depends on NF-κB- and 
CYP1A1-activity of the cancer cells (4,45). Niflumic acid, 
bepridil and primaquine, but not dyclonine or cisapride, inhib-
ited TNFα-induced NF-κB activity in HEK293/NF-κB-luc 
cells (Fig. 4A). Furthermore, the treatment of MDA-MB231 
cells with fenofibrate, primaquine, dyclonine, bepridil, 
niflumic acid and cisapride significantly inhibited the forma-
tion of resorufin indicating the inhibition of CYP1A1 activity 
(tested by EROD assay; Fig. 4B). Hence, the here tested drugs 
also exerted their anti-intravasative properties by attenuating 
CYP1A1 activity in the tumour cells and some, additionally, 
by inhibiting NF-κB.

Drug combinations further reduce intravasation. The drugs 
at 20 µM of fenofibrate, cisapride, primaquine, niflumic 

Figure 2. Inhibition of CCID formation in LEC monolayers by bona fide K+ channel inhibitors and clinical drugs. (A-D) MDA-MB231 spheroids or (E and F) 
MCF-7 spheroids were pre-treated for 30 min with solvent (Co-DMsO) or the indicated concentrations of (A) ouabain, (B) digoxin, (C and E) cisapride, 
(D and F) primaquine. Then, spheroids were placed on top of LEC monolayers and co-cultivated for 4 h when CCIDs were measured. Three independent 
experiments with at least 8 replicates were analysed. Error bars indicate means ± SEM and asterisks significance (P<0.05; ANOVA together with Tukey's 
post-test).
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acid, bepridil and dyclonine acid inhibited CCID formation 
by ~20%. Therefore, we investigated whether drug combina-
tions may improve the CCID-inhibitory effect. Combining 
only bona fide K+ channel inhibitors or K+ channel inhibitors 
together with the Na+ channel inhibitor dyclonine did not 
exhibit improved effects (Table I). In contrast, the combina-
tions of bepridil hydrochloride and primaquine, or bepridil 
hydrochloride and dyclonine, or bepridil hydrochloride and 
niflumic acid, or niflumic acid and cisapride, or niflumic 
acid and primaquine inhibited CCID formation additively. 
synergistic effects were achieved when combining bepridil 

hydrochloride and cisapride, or bepridil hydrochloride and 
fenofibrate, or niflumic acid and fenofibrate, or niflumic acid 
and dyclonine (Fig. 5). since different drug combinations 
resulted in additive, synergistic, or unchanged inhibition of 
CCID formation, this implicated that the treatment with these 
drugs affected intravasative mechanisms non-randomly.

We searched for potential drug-drug interactions (DDIs) such 
as between fenofibrate, cisapride, and niflumic acid, which are 
recorded in the data base of the -Austria-Codex Fachinformation 
(Oesterreichische Apotheker-verlagsgesellschaft m.b.H., date 
of release: 01/09/2016) regarding known cross reactions. 

Figure 3. Inhibition of CCID formation in LEC monolayers by clinical drugs. (A-D) MDA-MB231 spheroids or (E-G) MCF-7 spheroids were pre-treated for 
30 min with solvent (Co-DMSO) or the indicated concentrations of (A) chlorotoxin, (B and E) niflumic acid, (C and F) dyclonine and (D and G) bepridil. 
Then, spheroids were placed on top of LEC monolayers and co-cultivated for 4 h when CCIDs were measured. Three independent experiments with at least 8 
replicates were analysed. Error bars indicate means ± SEM and asterisks significance (P<0.05; ANOVA together with Tukey's post-test).
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Moreover, DDIs between these drugs and standard chemo-
therapeutic drugs used in breast cancer were screened, yet 
no dangerous DDIs were retrieved. Bepridil, dyclonine, and 
primaquine were not listed as these drugs are not licensed in 
Austria and Germany.

Discussion

Adhesion of breast cancer cells to the LEC wall is obligatory 
to enable subsequent intravasation into the vessel lumen (3). 
It was shown that cancer cell adhesion (10) and adhesion 
of endothelial cells to monocytes depends on K+ channel 
activity (46). Reportedly, the antidislypidemic and therefore, 
vasoprotective drug fenofibrate inhibits K+-ATPase and 
voltage gated K+ channels (19,20) and tumour invasivity (5). 
As dysregulated ion channels assist tumour progression (10), 
this tempted us to investigate whether fenofibrate and other 
ion channel inhibitors that are in clinical use attenuate 
breast cancer cell intravasation. Fenofibrate modulates LEC 
adhesion (5) by activating PPARα which in turn inhibits 
NF-κB (24,25) and by inhibiting K+ channel activity (20). 
Herein, we demonstrate a novel property of fenofibrate as an 

inhibitor of CCID formation within the LEC barrier, which 
correlated with the inhibition of NF-κB, the downregulation 
of ICAM-1 in LECs and subsequent attenuation of adhesion 
of cancer cells.

Almost all phosphorylation-regulated ion channels, or 
K+ channels containing RGD sequences, may contribute to 
signalling networks (47) thereby modulating FAK activity. The 
activity of FAK is necessary for loose adhesion to the matrix 
and rapid directional migration (33,34) as observed in CCID 
formation (7) and in a current study establishing the role of FAK 
in this process we find that knockdown of FAK substantially 
inhibits CCIDs (Hong et al, unpublished data). The inhibition 
of FAK-phosphorylation in LECs by the Na+ channel inhibitor 
carbamazepine (48) correlates with the inhibition of CCID 
formation (31) and this supports the notion that also other 
ion channels contribute to endothelial barrier disintegration 
and cancer progression. To this end, it was shown that voltage 
gated Na+ channels are differently expressed in asterocytoma 
and breast cancer cells (49,50). Therefore, the inactivation of 
FAK, which was most likely achieved through the inhibition of 
K+-ATPase (37) was another, and NF-κB-independent mecha-
nism of fenofibrate compromising metastatic outspread.

Figure 4. Inhibition of NF-κB activity by clinical drugs. (A) HEK293-NFκB-Luc cells were pretreated with 5 µM parthenolide (P) as a specific inhibitor of 
NF-κB or with increasing concentrations of the indicated drugs (bepridil-Bepri; niflumic acid-Niflu; cisapride-Cisa; primaquine-Prima; dyclonine-Dyclo) or 
solvent (DMsO-Co) for 1 h. Then, cells were stimulated with 2 ng/ml human recombinant TNFα for an additional 4 h when NF-κB activity was measured or 
were left TNFα-untreated (untr.). Three independent experiments with at least 4 replicates were analysed. Inhibition of CYP1A1 activity in MDA-MB231 cells 
by clinical drugs. (B) MDA-MB231 cells were treated with the indicated concentrations of clinical drugs (fenofibrate-Feno, etc.) or solvent. Ethoxyresorufin 
(5 µM) was added and after 180 min the formation of resorufin was measured. The pan-CYP-inhibitor proadifen (Pro) was used as a control. Three independent 
experiments with at least 3 replicates were analysed. Error bars indicate means ± SEM and asterisks significance (*P<0.05; ANOVA together with Tukey's 
post-test).
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Furthermore, the central role of Ca2+ signalling and the 
relevance of Ca2+ channels as central mediators and ampli-
fiers of migration and CIDD formation in LECs and cancer 
associates fibroblasts (CAFs) was reported (8,51). Therefore, 
the Ca2+ channel inhibitor bepridil hydrochloride was tested in 

combination with other bona fide ion channel inhibitors. Some 
drug combinations improved the CCID inhibitory effect in an 
additive and even synergistic manner.

Whereas fenofibrate inhibited FAK activity and ICAM-1 
expression in LECs, the activity of CYP1A1 was inhibited in 
MDA-MB231 cancer cells. CYP1A1 was demonstrated to signif-
icantly contribute to breast cancer intravasation in vitro (45). 
CYP1A1 resides in heterogenous membrane regions of the 
endoplasmatic reticulum (52-54) and interactions between 
P450 molecules and juxtaposed proteins within the lipid layer 
(such as ion channels) (55) are discussed to have profound 
effects on CYP function (56). In fact, some studies put CYP 
function upstream of Na+- and K+ channels demonstrating that 
CYP epoxigenase activity mediates arachidonic acid-triggered 
sodium and potassium channel inhibition (57,58). Furthermore, 
epoxyeicosatrienoic acids, which are endothelium-derived 
CYP metabolites of arachidonic acid, relax vascular smooth 
muscle by calcium-activated potassium channel activation (59) 
and CYP-omega-hydroxylation-dependent metabolites inhibit 
10 ps chloride channel (60). Directionally migrating cancer 
cells regulate their cell volume by Cl- channels at their leading 
edge and inhibiting ClC-3 channel by shRNA affects glioma 
cell migration (61).

Nevertheless, fenofibrate-mediated inhibition of K+ chan-
nels and inhibition of CYP1A1 in MDA-MB231 cells could 
have been entirely separate events. The comparison of MCF-7 
(estrogen-dependent cell line)- and MDA-MB231 (triple-
negative cell line)-based 3D models revealed differences in 

Figure 5. Analysis of drug combinations on CCID formation. MDA-MB231 spheroids were placed on LEC monolayers and treated with solvent (DMsO-Co), 
or with the indicated drugs (fenofibrate-Feno; cisapride-Cisa; primaquine-Prima, bepridil-Bepri; niflumic acid-Niflu; dyclonine-Dyclo), or drug combinations 
(solvent was kept constant) for 4 h when CCID areas were measured using an Axiovert microscope and zen little 2012 software. Three independent experi-
ments with at least 8 replicates were analysed. Error bars indicate means ± SEM and asterisks and rhomboids significance (*P<0.05; t-test).

Table I. Analysis of drug combinations on CCID formation.

  CCID P-value
 Concentration formation compared
Drugs (µM) (% of control ± sD) to control

Cisa 20 79.97±10.60 <0.0001
Prima 20 81.04±9.70 <0.0001
Feno 20 79.21±21.85 0.0089
Dyclo 20 81.50±13.75 <0.0001
Cisa + Prima 20/20 84.43±21.20 0.0305
Cisa + Feno 20/20 85.51±19.31 0.0309
Cisa + Dyclo 20/20 84.85±13.23 0.0006
Prima + Feno 20/20 90.97±17.96 0.0305
Prima +Dyclo 20/20 84.75±12.32 0.0009
Feno + Dyclo 20/20 82.32±16.17 <0.0001

The effect of combination treatment versus single-drug treatment on 
CCID inhibition was analysed by t-test (P<0.05: significant).
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the drug activities on the inhibition of CCID formation, which 
can only be explained by their impact on the respective breast 
cancer cells but not on LECs. The mechanisms behind these 
differences await to be elucidated.

Besides the usage of a few anti-angiogenic therapeutics, 
no anti-intravasative drugs are currently available and none of 
the here tested drugs have been designed to inhibit malignant 
tumour progression. However, pharmaceutically used drugs 
exhibit side effects and these unintended activities might 
inhibit steps of the metastatic cascade. Importantly, all tested 
drugs are directly available to patients and the used concentra-
tions can be reached in humans. Our new concept may lead to 
an improved therapy of metastasis in cancer patients.
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