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Abstract Metastases destroy the function of infested

organs and are the main reason of cancer-related mortality.

Heteronemin, a natural product derived from a marine

sponge, was tested in vitro regarding its properties to pre-

vent tumour cell intravasation through the lymph-endo-

thelial barrier. In three-dimensional (3D) cell cultures

consisting of MCF-7 breast cancer cell spheroids that were

placed on lymph-endothelial cell (LEC) monolayers,

tumour cell spheroids induce ‘‘circular chemorepellent-

induced defects’’ (CCIDs) in the LEC monolayer; 12(S)-

Hydroxyeicosatetraenoic acid (12(S)-HETE) and NF-jB

activity are major factors inducing CCIDs, which are entry

gates for tumour emboli intravasating the vasculature. This

3D co-culture is a validated model for the investigation of

intravasation mechanisms and of drugs preventing CCID

formation and hence lymph node metastasis. Furthermore,

Western blot analyses, NF-jB reporter, EROD, SELE,

12(S)-HETE, and adhesion assays were performed to

investigate the properties of heteronemin. Five micromolar

heteronemin inhibited the directional movement of LECs

and, therefore, the formation of CCIDs, which were

induced by MCF-7 spheroids. Furthermore, heteronemin

reduced the adhesion of MCF-7 cells to LECs and sup-

pressed 12(S)-HETE-induced expression of the EMT

marker paxillin, which is a regulator of directional cell

migration. The activity of CYP1A1, which contributed to
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CCID formation, was also inhibited by heteronemin.

Hence, heteronemin inhibits important mechanisms con-

tributing to tumour intravasation in vitro and should be

tested in vivo.

Keywords Heteronemin � Intravasation � Lymph

endothelium � Adhesion � Mobility

Abbreviations

ALOX Lipoxygenase A

CCIDs Circular chemorepellent-induced

defects

CYP Cytochrome P450

EMT Epithelial to mesenchymal transition

EROD Ethoxyresorufin-O-deethylase

HUVEC Human umbilical vein endothelial

cell

ICAM-1 Intercellular adhesion molecule 1

LEC Lymph-endothelial cell

MCL2 Myosin light chain 2

SELE Selectin E

12(S)-HETE 12(S) Hydroxyeicosatetraenoic acid

Introduction

Breast cancer is the major cause for cancer death of women

in the western hemisphere. The fatal outcome is due to the

destruction of the integrity and function of organs by dis-

tant metastases. The route by which metastases travel to

colonise distant organs is the lymphatic vasculature, and

the status of tumour cell infested lymph nodes is predictive

for survival and commonly used for routine diagnosis

(Carlson et al. 2009; Sobin et al. 2009). Intravasation of

tumour cells into the vasculature depends on cell attach-

ment and on the motility of tumour cells and endothelial

cells. The interactive process of intravasation of breast

cancer cells into the lymphatic vasculature was recently

unravelled. A three-dimensional (3D) co-culture system

consisting of MCF-7 breast cancer cell spheroids and tel-

omerase-immortalised human lymph-endothelial cell

(LEC) monolayers, which faithfully resembles the clinical

situation of lymph node metastasis, was established (Ker-

jaschki et al. 2011; Madlener et al. 2010; Schoppmann

et al. 2004). Therefore, this 3D co-culture model allows to

mechanistically dissect processes of tumour cell intrava-

sation into lymphatics. In case of metastasising ductal

breast cancer, one intravasation mechanism is the activa-

tion of ALOX12/15 and the secretion of its metabolite

12(S)-hydroxyeicosatetraenoic acid [12(S)-HETE] by

cancer cells. ALOX12, which is the major enzyme pro-

ducing 12(S)-HETE, plays a role in tumour promotion,

progression, and metastasis (Nie et al. 2003; Nie and Honn

2004; Yoshimura et al. 2004) and was described as

‘‘endothelial retraction factor’’ (Honn et al. 1994). There-

fore, 12(S)-HETE, which is secreted by MCF-7 cells

(Uchide et al. 2007), triggers the formation of so-called

circular chemorepellent-induced defects (CCIDs) in the

adjacent LEC monolayer through enhanced LEC mobility

as a prerequisite for LEC retraction (Kerjaschki et al.

2011). CCIDs are considered as gates for tumour bulks

entering the lymphatic vasculature.

The specific ALOX12/15 inhibitor baicalein was pro-

posed as a promising compound in the fight against cancer

(Leung et al. 2007), and in fact, baicalein inhibits the

formation of CCIDs when MCF-7 spheroids are pre-treated

in the 3D model (Madlener et al. 2010; Kerjaschki et al.

2011; Viola et al. 2013a). Normally, 12(S)-HETE is mainly

produced by platelets, leucocytes, smooth muscle, epithe-

lium, neuron, and fibroblast cells (Spector et al. 1988) and

induces not only the retraction of microvascular endothelial

cells, but it also increases tumour cell adhesion to exposed

ECM (Tang et al. 1993; Honn et al. 1994). Increased

adhesion to tumour cells enhances LEC plasticity due to

the activation of proteins co-migrating with myosin light

chain (Rice et al. 1998), actin, and vimentin (Tang et al.

1993) and other molecules regulating mobility (Viola et al.

Fig. 1 Effect of heteronemin on the size of circular chemically

induced defects (CCIDs) in LECs triggered by MCF-7 cell spheroids.

MCF-7 spheroids and LEC monolayers were pre-treated for 30 min

with 1, 2.5, 5, 25, 50, 75, and 100 lM heteronemin (H), or 100 lM

baicalein (Baic.), 10 lM Bay11-7082 (Bay11), 10 and 15 lM

parthenolide (Parth.), or 40 lM proadifen (P). Then, MCF-7 spher-

oids were placed on top of LEC monolayers and co-cultivated for 4 h.

As control (Co), CCIDs of untreated co-cultures were measured. The

CCIDs underneath 12 spheroids were analysed for each condition.

Experiments were performed in triplicate; error bars indicate

mean ± SEM and asterisks significance (p \ 0.05)
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2013a). The acquisition of a more mobile and mesenchy-

mal phenotype of LECs and the formation of CCIDs can be

caused by the deregulation of NF-jB, which is associated

with cancer development (Folmer et al. 2009) and the

promotion of oncogenesis through the transcriptional acti-

vation of genes associated with cell proliferation, angio-

genesis, apoptosis, and metastasis (Orlowski and Baldwin

2002). The intravasation of tumour emboli through the

lymph-vascular barrier is attenuated by the inhibition of

NF-jB, thereby inhibiting ‘‘epithelial to mesenchymal

transition’’ (EMT) (Vonach et al. 2011).

Novel drugs are needed in cancer therapy particularly

to inhibit metastatic spread. Besides mechanistic studies,

the 3D intravasation model can also be used to discover

and functionally investigate new compounds with anti-

metastatic activity. Currently, about 60 % of all drugs

used in western medicine derive from natural compounds

(Cragg et al. 2006). Therefore, we tested heteronemin

which was isolated from marine sponges (i.e. Hyrtios sp.,

Brachiaster sp.; Kobayashi et al. 1994; Wonganuchitmeta

et al. 2004) and which was shown to inhibit NF-jB

(Schumacher et al. 2010), regarding its properties to

inhibit tumour cell adhesion, LEC plasticity, and CCID

forming mechanisms.

Materials and methods

Reagents and antibodies

The NF-jB inhibitor parthenolide, the I-jBa phosphory-

lation inhibitor (E)-3-[(4-methylphenyl-sulfonyl]-2-pro-

penenitrile (Bay11-7082), and the ALOX12/15 inhibitor

baicalein (EI-106) were purchased from Biomol (Hamburg,

Germany), 12(S)-HETE from Cayman Chemical (Ann

Arbor, MI, USA), and proadifen (SKF-525A) from Sigma-

Aldrich (Munich, Germany). Mouse monoclonal anti-CD54

(ICAM-1) antibody was from Immunotech (Marseille,

France) and polyclonal rabbit anti-paxillin (H-114)

(SC-5574) and b-tubulin (H-235, sc-9104) from Santa Cruz

Biotechnology (Heidelberg, Germany). Monoclonal mouse

anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)

(E10), monoclonal rabbit anti-p44/42 MAPK (Erk1/2)

(137F5), and polyclonal rabbit anti-MYPT1 were from Cell

Signaling (Danvers, MA, USA). Monoclonal mouse anti-b-

actin (clone AC-15) and polyclonal rabbit anti-S100A4 were

from Sigma-Aldrich (Munich, Germany) and polyclonal

rabbit anti-phospho-MYPT1 (Thr696) from Upstate (Lake

Placid, NY, USA). Monoclonal mouse anti-CD31 (JC70A),

polyclonal rabbit anti-mouse, and anti-rabbit IgGs were from

Dako (Glostrup, Denmark).

Cell culture

Human 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) (Invitrogen, Karlsruhe, Germany). Telomerase

immortalised human lymph-endothelial cells (LECs) were

grown in EGM2 MV (Clonetics CC-4147, Allendale, NJ,

USA), all at 37 �C in a humidified atmosphere containing

5 % CO2. For CCID formation assays, LECs were stained

with cytotracker green purchased from Invitrogen

(Karlsruhe, Germany). Human umbilical vein endothelial

cells (HUVECs) were isolated and cultured in M199

medium supplemented with 20 % FCS, antibiotics, endo-

thelial cell growth supplement and heparin as previously

described (Zhang et al. 1998).

Three-dimensional co-cultivation of breast cancer

spheroids with LEC monolayers: MCF-7 cells were trans-

ferred to 30 ml 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); 150 ll of this cell suspension was transferred to

each well of a 96-well plate (Greiner Bio-one, Cellstar

650185, Kremsmünster, Austria) to allow spheroid for-

mation within 48 h. Then, MCF-7 spheroids were washed

in PBS and transferred to cytotracker-stained LEC mono-

layers that were seeded into 24-well plates (Costar 3524,

Sigma-Aldrich, Munich, Germany) in 2 ml EGM2 MV

medium.

Table 1 Heteronemin inflammation assay

Analysis Control TNFa TNFa & 1 lM H TNFa & 5 lM H TNFa & 10 lM H

SELE expression in TNFa-induced HUVECs

Inflammatory reaction SELE

(OD)

0.051

SD 0.004

0.145

SD 0.011

0.155

SD 0.003

0.151

SD 0.017

0.146

SD 0.003

Cytotoxicity Calcein AM

(OD)

47.6

SD 4.0

47.8

SD 5.7

48.8

SD 2.3

52.4

SD 2.2

48.4

SD 4.9

1 9 104 HUVECs/well were seeded into 96-well plates and grown to confluence. Indicated concentrations of heteronemin (H) were added

30 min prior to application of 10 ng/ml TNFa for another 4 h. Then, cells were fixed and SELE levels analysed by ELISA. In parallel, extracts

were analysed by Calcein AM assay to monitor non-specific extract toxicity
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During the experiments, which were mostly short term,

we did not observe toxic effects of heteronemin (monitored

by HOPI staining; Grusch et al. 2002).

CCID assay

In this model, the sizes of the cell-free areas (circular

chemorepellent-induced defects, CCIDs) are measured,

which are formed in the endothelial monolayer directly

underneath the tumour spheroids (Viola et al. 2013a, b;

Giessrigl et al. 2012; Vonach et al. 2011; Kerjaschki et al.

2011; Madlener et al. 2010). MCF-7 cell spheroids (3,000

cells/spheroid) were transferred to 24-well plates contain-

ing LEC monolayers. After 4 h of incubation, the CCID

areas in the LEC monolayers underneath the MCF-7

spheroids were photographed using an Axiovert (Zeiss,

Jena, Germany) fluorescence microscope to visualise

cytotracker (green)-stained LECs underneath the spheroids.

CCID areas were calculated with the Axiovision Re. 4.5

software (Zeiss, Jena, Germany). MCF-7 spheroids were

treated with the indicated compounds or solvent (DMSO)

as negative control. Each experiment was performed in

triplicate, and for each condition, the CCID size of 12 or

more spheroids (unless otherwise specified) was measured.

SDS gel electrophoresis and Western blotting

Lymph-endothelial cells were grown in petri dishes (6 cm

diameter) to 80 % confluence and treated with 1 lM 12(S)-

HETE and/or 5 lM heteronemin. Then, cells were washed

twice with cold PBS and lysed in a buffer containing

150 mM NaCl, 50 mM Tris pH 8.0, 1 % Triton-X-100,

1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM

protease inhibitor cocktail (PIC), (Sigma, Schnelldorf,

Germany). The lysate was centrifuged at 12,000 rpm for

20 min at 4 �C. Supernatant was transferred into a 1.5-ml

tube and stored at -20 �C until further analysis. Equal

amounts of protein lysate were mixed with SDS (sodium

dodecyl sulphate) sample buffer and loaded onto a 10 %

polyacrylamide gel. SDS polyacrylamide gel electropho-

resis (PAGE) and Western blotting were used according to

the protocol described by Vonach et al. (2011).

SELE (CD62E, E-selectin, ELAM)-induction assay

Each well of a 96-well plate was coated with gelatine by

applying 200 ll of 1.0 % gelatine for 10 min at room

temperature. Outer wells (A1-A12, H1-H12, 1-H1, and

A12-H12) contained only 200 ll/well medium and served

as an evaporation barrier;. 1 9 104 HUVECs were seeded

in each of the other wells in 200 ll medium and grown for

48 h to confluence. Increasing concentrations of heter-

onemin were then added to the HUVEC-containing wells

in triplicates, and the cells were incubated for 30 min, after

which 10 ng/ml TNFa was added per well to stimulate

NF-jB and thus SELE. After further 4 h of incubation, the

levels of SELE in each of the HUVEC-containing wells

were determined by enzyme-linked activity assays (ELI-

SAs) as described below.

Cellsurface ELISA SELE

Cells were washed once with PBS and fixed with 0.1 %

glutaraldehyde (Sigma-Aldrich, Munich, Germany), for

15 min at room temperature. Then, cells were washed 39

with 200 ll per well PBS/0.05 % Tween 20, blocked with

200 ll/well 5 % BSA/PBS for 1 h, and washed again 39

with 200 ll per well PBS/0.05 % Tween 20. Then, anti-

SELE antibody (clone BBA-1, R&D Systems, Minneapo-

lis, MN, USA) diluted 1:5000 in 0.1 % BSA/PBS (100 ll

per well) was added for 1 h at room temperature and

washed thereafter 59 with 200 ll per well PBS/0.05 %

Tween 20. Subsequently, goat anti-mouse-HRP antibody

(Sigma-Aldrich, Munich, Germany) diluted 1:10000 in

0.1 % BSA/PBS (100 ll per well) was applied, and the

cells were incubated for a further hour in the dark at room

temperature and, after decanting, washed 59 with 200 ll

per well PBS/0.05 % Tween 20. The HRP activity of the

cells in each of the wells was estimated using Fast OPD

(o-phenylenediamine dihydrochloride) (Sigma-Aldrich,

Munich, Germany) assay as described by (Gridling et al.

2009), and absorbance was measured at OD492nm in a

vertical spectrophotometer.

Cytotoxicity testing

For the SELE expression assay, the toxicity of heteronemin

was assessed in HUVECs by Calcein AM cytotoxicity

assays in 96-well microtitre plates (Madlener et al. 2009).

Twenty microlitre portions of each of the heteronemin

concentrations were added in triplicate to the cells, which

were then incubated at 37 �C in an atmosphere containing

5 % CO2 for 4 h, after which Calcein AM solution

(Molecular Probes, Invitrogen, Karlsruhe, Germany) was

added for 1 h according to the manufacturer’s instructions.

The fluorescence of viable cells was quantified using a

Fluoroskan Ascent instrument (Labsystems, Finland)

reader, and on the basis of triplicate experiments, the

cytotoxic concentrations were calculated.

NF-jB luciferase assay

1 9 107 HEK293-NF-jB-Luc cells (Panomics, Fremont,

USA) were seeded in 20 ml full growth DMEM medium in

a 15-cm dish. Next day, cells were transfected with

an expression plasmid for green fluorescence protein
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(pEGFP-N1; Clontech, CA, USA). A total of 30 ll Lipo-

fectamine 2000 (Invitrogen, Karlsruhe, Germany) and

7.5 lg DNA were mixed in 2 ml transfection medium and

incubated for 20 min at room temperature followed by

adding this mixture to the cells. After incubation for 6 h in

humidified atmosphere containing 5 % CO2, 4 9 104 cells

per well were seeded in serum- and phenol red-free DMEM

in a 96-transparent-well plate. On the next day, cells were

treated with 2.5, 5, and 10 lM heteronemin and 2.5 lM

parthenolide as a specific inhibitor of NF-jB (control). One

hour after treatment, cells were stimulated with 2 ng/ml

human recombinant TNFa for additional 4 h. Lumines-

cence of the firefly luciferase and fluorescence of the GFP

were quantified on a GeniusPro plate reader (Tecan, Grö-

dig, Austria). The luciferase signal derived from the NF-jB

reporter was normalised by the GFP-derived fluorescence

to account for differences in cell number or transfection

efficiency (Giessrigl et al. 2012).

Ethoxyresorufin-O-deethylase (EROD) assay selective

for CYP1A1 activity

MCF-7 breast cancer cells were grown in phenol red-free

RPMI 1640 tissue culture medium (PAN Biotech, Alden-

bach, Germany), supplemented with 10 % FCS and 1 % PS

(Invitrogen, Karlsruhe, Germany) under standard condi-

tions at 37 �C in a humidified atmosphere containing 5 %

CO2 and 95 % air. Twenty-four hours before treatment, the

cells were transferred to RPMI 1640 medium (Invitrogen,

Karlsruhe, Germany) supplemented with 2.5 % charcoal-

stripped FCS (PAN Biotech, Aldenbach, Germany) and

1 % PS. Heteronemin was dissolved in DMSO and diluted

with medium (final DMSO concentration\0.1 %) to 1 and

5 lM. Experiments under each set of condition were car-

ried out in triplicate. Blanks contained DMSO in the

medium of the test compounds. After 18 h of incubation,

ethoxyresorufin (final concentration 5.0 lM, Sigma-

Aldrich, Munich, Germany) was added and 0.4 ml aliquots

of the medium were sampled after 60 and 200 min. Sub-

sequently, the formation of resorufin was analysed by

spectrofluorometry (PerkinElmer LS50B, Waltham, MA,

USA) with an excitation wavelength of 530 nm and an

emission wavelength of 585 nm.

Adhesion assay

MCF-7 cells (1.5 9 104 cells/well) were seeded in serum-

free medium (DMEM containing 0.5 % BSA, 2 mM

CaCl2, and 2 mM MgCl2). Then, CytoTrackerTM (5009

CytoTrackerTM Solution from CytoSelectTM tumour-

endothelium adhesion assay from Cell Biolabs, Inc., San

Diego, CA, USA, CBA-215) was added to the cell sus-

pension, 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 39 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. Meanwhile, the medium was aspirated from

the endothelial cell culture (in wells of a 48-well plate),

collected in Eppendorf tubes, and either heteronemin or

DMSO (Sigma-Aldrich, Munich, Germany) was added.

Then, the medium was re-distributed to LEC layers and

incubated for 10 min. Also, the MCF-7 cell suspension,

which was stained with CytoTrackerTM, was treated with

heteronemin or DMSO and incubated for 10 min at room

temperature. Furthermore, the medium was aspirated from

the 48-well plate, and 200 ll of treated MCF-7 cell sus-

pension was added to each well containing LECs grown in

monolayers and incubated for 40 min at 37 �C. Then, the

medium was aspirated from each well and washed 39 with

250 ll 19 Wash Buffer (109 Wash Buffer was from

CytoSelectTM tumour-endothelium adhesion assay). Before

the third wash, cells were inspected for morphological

changes under the microscope. Then, the final wash was

aspirated, and the plate was tapped on a flint-free paper

towel; 150 ll of 19 Lysis Buffer (49 Lysis Buffer were

from CytoSelectTM tumour-endothelium adhesion assay)

was added to each well and lysed by the shearing forces

through a pipette tip; 100 ll of the lysate was transferred to

a 96-well clear bottom plate, and then, the fluorescence was

read with a fluorescence plate reader at 485/530 nm.

12(S)-HETE assay

MCF-7ALOX12 cells (MCF-7VEGF-C/80/1/2ALOX15-pTAG-

ALOX12-V5 cells; Kerjaschki et al. 2011), which

were cultivated in MEM medium (Gibco # 10370-047)

supplemented with 10 % FCS (foetal calf serum), 1 %

GlutaMAXTM-I (Gibco #35050-038), 1 % penicillin/

streptomycin (Gibco #15140-148), 1 mg/ml G148-sulphate

(PAA, #P25-011), 150 lg/ml hygromycin B (Sigma-

Aldrich, #H3274), and 1 lg/ml puromycin, were seeded in

3.5-cm dishes and grown in 2.5 ml complete MEM med-

ium without selection pressure. The next day, the medium

was changed for serum-free medium and cells were kept at

37 �C for 24 h. Then, cells were treated with 10 lM ara-

chidonic acid (#A3555, Sigma-Aldrich, St. Louis, MO

63103 USA) and simultaneously with different concentra-

tions of the indicated compounds for 4 h when the super-

natants were aspirated, centrifuged at 2000 rpm at 4 �C for

5 min. Then, 1.25 ml of medium samples were passed

through extraction cartridges (OasisTM HLB 1 cc, Waters,

Milford, MA; equilibrated with 2 9 1 ml methanol,

2 9 1 ml distilled H2O immediately before use) followed

by washing of cartridges with 3 9 1 ml distilled H2O.

Bound 12(S)-HETE was eluted with 500 ll methanol.
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After the evaporation of methanol with a Speedvac con-

centrator, the samples were reconstituted with 250 ll assay

buffer of the 12(S)-HETE enzyme immunoassay kit (EIA,

# ADI-900-050; Enzo Life Sciences, Lausen, Switzerland),

and sample volumes of 100 ll each (diluted 1:54) were

subjected to 12(S)-HETE analysis according to the manu-

facturers’ instructions (Kretschy et al. 2013; Viola et al.

2013b). Absorbance was measured with a Wallac 1420

Victor2 multilabel plate reader (Perkin Elmer Life and

Analytical Sciences).

Statistical analysis

For statistical analyses, Excel 2003 software and Prism 5

software package (GraphPad, San Diego, CA, USA) were

used. The values were expressed as mean ± SEM, and the

Student’s t test was applied to compare differences

between control samples and treatment groups. Statistical

significance level was set to p \ 0.05.

Results

Heteronemin inhibits CCID formation

The pro-apoptotic and anti-inflammatory sesterterpene

heteronemin was tested regarding anti-metastatic proper-

ties. A reductionistic co-culture model resembles the in-

travasation of tumour emboli (represented by MCF-7 breast

cancer cell spheroids) into the lymphatic vasculature

(mimicked by LEC monolayers) (Madlener et al. 2010;

Kerjaschki et al. 2011; Vonach et al. 2011; Viola et al.

2013a). MCF-7 cells secrete 12(S)-HETE, which induces

rapid and directional LEC migration, resulting in a radial

cell-free radial zone in the lymph-endothelial cell mono-

layer directly underneath the MCF-7 spheroid, so-called

Fig. 2 a Effect of heteronemin on NF-jB activation. 10 9 106

HEK293-NFjB-Luc cells were transfected with an expression

plasmid for green fluorescence protein. After incubation for 6 h,

4 9 104 cells per well were seeded in serum- and phenol red-free

DMEM in a 96-transparent-well plate. On the next day, cells were

treated with indicated drug concentrations, 2.5 lM parthenolide

(Parth.) as a specific inhibitor of NF-jB, heteronemin (H), or solvent

vehicle (DMSO; untreated). One hour after treatment, cells were

stimulated with 2 ng/ml human recombinant TNFa for additional 4 h.

Luminescence of the firefly luciferase and fluorescence of the GFP

were quantified on a GeniusPro plate reader. The luciferase signal

derived from the NF-jB reporter was normalised by the GFP-derived

fluorescence to account for differences in cell number or transfection

efficiency. Experiments were performed in triplicate. Asterisks
indicate significance compared to untreated control (p \ 0.05), and

error bars indicate mean ± SEM. Analysis of adherence protein

expression. LECs were treated with b 5 lM parthenolide c 5 lM

heteronemin for the indicated times. After cells were harvested, the

protein lysates were analysed by Western blotting using the indicated

antibodies. Solvent-treated LECs were used as negative control and

b-actin and b-tubulin analyses served as loading control

Fig. 3 Cell adhesion assay. Trypsinised and cytotracker-stained

MCF-7 cells were placed on LEC monolayers that were pre-treated

with increasing concentrations of heteronemin. After 40 min, cells

were washed and the percentages of MCF-7 cells that adhered to

LECs were determined by measuring the fluorescence at 485/530 nm

in the mixed cell lysate. Experiments were performed in triplicate.

Asterisks indicate significance compared to untreated control

(p \ 0.05), and error bars indicate mean ± SEM
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CCID. CCIDs can be considered as entry gates for tumour

emboli on their way colonising lymph node after lymph

node, which is a critical and probably rate limiting step for

distant organ metastasis of ductal breast cancer (Kerjaschki

et al. 2011). CCIDs can be attenuated by baicalein, a

specific inhibitor of ALOX12/15, which causes the sub-

sequent decrease in the 12(S)-HETE level. Hence, to

control the contribution of this mechanism on CCID for-

mation, the inhibitory effect of baicalein is shown in Fig. 1.

Also, increasing concentrations of heteronemin inhibited

CCID formation dose dependently (Fig. 1). Notably, the

treatment of cells with heteronemin was not toxic at the

used concentrations and for the indicated times (data not

shown). CCID formation was recently shown to depend

also on NF-jB activity, which can be inhibited by the bona

fide NF-jB inhibitors Bay11-7082 and parthenolide.

Figure 1 demonstrates the attenuation of CCID formation

by Bay11-7082 and parthenolide, which were used as

additional positive controls. For this reason, cells were also

subjected to treatment with proadifen, which is a known

inhibitor of CYPs and shown to inhibit CCID formation

(Kretschy et al. 2013; p. 14). Such as pathernolide also

heteronemin strongly repressed TNFa-induced activation

of a NF-jB-driven luciferase reporter in HEK293 cells

(Fig. 2a), which was consistent with recently published

data (Schumacher et al. 2010). This suggested that NF-jB

inhibition might be the mechanism responsible for the

inhibition of CCID formation by heteronemin. However, in

HUVECs, TNFa-induced selectin-E (SELE) expression,

which is specific for NF-jB activation in endothelial cells,

was not inhibited by heteronemin (Table 1). In LECs,

ICAM-1 expression depends on NF-jB activity (Viola

et al. 2013a), and thus, inhibition of NF-jB by parthenolide

inhibits ICAM-1 (Fig. 2b) and CCIDs (Fig. 1). Interest-

ingly, heteronemin slightly induced ICAM-1 expression in

LECs (Fig. 2c), and hence, this finding did not support the

hypothesis that heteronemin inhibited NF-jB in LECs. In

contrast, the presented data rather suggest that the inhibi-

tion of NF-jB activation by heteronemin, which was evi-

dent in HEK293 cells, was hampered in LECs (Fig. 2c) and

HUVECs (Table 1).

Heteronemin reduces the adhesion of LECs to MCF-7

cells

Adhesion of MCF-7 spheroids to LECs is necessary to

induce their retraction, and this movement is a prerequisite

for CCID formation. Furthermore, ICAM-1 was shown to

contribute to both adhesion and CCIDs (Viola et al. 2013a).

Although heteronemin even induced ICAM-1 expression in

LECs, the adhesion of MCF-7 cells to LECs was inhibited

(Fig. 3), and the dose–response roughly correlated with the

inhibition of CCID formation. CD31 is another prominent

mediator of cell adhesion. However, also the expression of

CD31 in LECs was not inhibited by heteronemin (Fig. 2c).

Fig. 4 Effect of heteronemin on 12(S)-HETE synthesis. MCF-7ALOX12

cells were seeded in 3.5-cm dishes and grown to 70 % confluence and

treated with 10 lM arachidonic acid together with baicalein (Baic.),

Bay11-7082 (Bay11) or heteronemin (H) for 4 h. DMSO was used as

control (Co). The 12(S)-HETE concentration in the cell culture

supernatant was determined by EIA. Experiments were performed in

triplicate, and error bars indicate mean ± SEM and asterisks signif-

icance (p \ 0.05)

Fig. 5 Inhibition of CYP1A1 activity in MCF-7 cells. MCF-7 cells

were kept under steroid-free conditions and treated with 5 lM

proadifen (P), 1 lM and 5 lM heteronemin (H), or solvent (DMSO;

Co) for 18 h. Then, 5 lM ethoxyresorufin was added, and after 60 and

200 min, the formation of resorufin was analysed, which is specific

for CYP1A1 activity. Experiments were done in triplicate, and error
bars indicate mean ± SEM and asterisks significance (p \ 0.05). No

toxic effects were observed within the experimental setting
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Therefore, the loss of adhesion induced by heteronemin

was independent of ICAM-1 and CD31.

Heteronemin does not inhibit 12(S)-HETE synthesis

Since 12(S)-HETE, which is produced by MCF-7 spher-

oids, is a trigger of CCIDs, the bona fide ALOX12/15

inhibitor baicalein inhibited CCID formation (Fig. 1).

Hence, it was tested whether heteronemin also inhibits

12(S)-HETE synthesis in MCF-7 cells. For this, MCF-

7ALOX12 cells were treated with 10 lM arachidonic acid to

provide ALOX12 with sufficient substrate and to drive the

synthesis of 12(S)-HETE, which was measured by 12(S)-

HETE EIA in presence and absence of inhibitors. Whereas

baicalein dose dependently inhibited 12(S)-HETE synthe-

sis heteronemin even induced the synthesis of 12(S)-HETE

in MCF-7ALOX12 cells (Fig. 4) despite inhibition of CCID

formation. Hence, heteronemin did not attenuate CCIDs as

a consequence of ALOX12 inhibition.

Heteronemin inhibits CYP1A1 activity

Another mechanism playing a role in CCID formation

involves cytochrome P450 enzymes (CYPs), because the

CYP inhibitor proadifen (SKF525A) down-regulates pax-

illin (Kretschy et al. 2013), thereby inhibiting LEC plas-

ticity and CCID formation (Fig. 1). Hence, heteronemin

was tested regarding anti-CYP1A1 activity, because this

cytochrome P450 family member was reported to con-

tribute to breast cancer metastasis (Jiang et al. 2007);

1–5 lM heteronemin, as well as proadifen, significantly

inhibited CYP1A1 activity as determined by EROD assay

(Fig. 5), and therefore, the inhibition of CYP1A1 most

likely contributed to heteronemin-mediated size reduction

in CCIDs.

Heteronemin suppresses paxillin levels

Next, markers indicating EMT and motility were analysed

because it was shown that 12(S)-HETE induces this pro-

cess in LECs (Vonach et al. 2011). For this, the pro-

migratory stimulus produced by MCF-7 spheroids was

replaced by synthetic 12(S)-HETE facilitating the analysis

of protein expression/activation by Western blotting. The

increased phosphorylation of MYPT (myosin-binding

subunit of myosin phosphatase) and the expression of

S100A4 by 1 lM 12(S)-HETE were not inhibited by 5 lM

heteronemin (Fig. 6), implicating that the increased plas-

ticity of LECs remained unchanged despite heteronemin

treatment. Notably, however, heteronemin suppressed

paxillin levels to below the level of detection. Paxillin was

reported to be essential for the maintenance of labile

adhesions and for the turnover of focal adhesion plaques,

thereby facilitating rapid cell migration (Huang et al.

2003). Interestingly, the CYP inhibitor proadifen was also

shown to inhibit paxillin expression (Kretschy et al. 2013).

The transient de-phosphorylation of Erk1/2 upon 12(S)-

HETE treatment was augmented by heteronemin and could

be a consequence of repressed paxillin levels, because

paxillin signals through the MAP kinase pathway (Deakin

and Turner 2008).

Discussion

Heteronemin, a natural compound derived from a marine

sponge, was investigated regarding its activity interfering

with the disintegration of the lymph-endothelial barrier

triggered by 12(S)-HETE secreted by breast cancer emboli.

At low micromolar concentrations, heteronemin attenuated

CCID formation, which resembles a crucial step in cancer

cell transmigration in and out of the lymphatic vasculature.

Apart from the expression of ALOX12/15 and its product

12(S)-HETE, additional mechanisms are required to gener-

ate CCIDs, such as intercellular adhesion between tumour

cells and lymph endothelium. Furthermore, the inhibition of

cytochrome P450 (Kretschy et al. 2013), GTPases (Madlener

et al. 2010), or NF-jB (Vonach et al. 2011; Viola et al.

2013a) attenuates the retraction of LECs and, therefore, the

formation of CCIDs. Some of the mechanisms are indepen-

dent of each other, or cross-talking, or upstream/downstream

of the same signalling pathway.

Fig. 6 Analysis of protein expression. LECs were pre-treated with

5 lM heteronemin for 20 min and stimulated afterwards with 1 lM

12(S)-HETE for 60 min. Then, cells were harvested and the protein

lysates analysed by Western blotting. Solvent-treated LECs were used

as negative control, b-actin analysis served as loading control
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Heteronemin strongly inhibited NF-jB activation in

HEK293 cells. This effect of heteronemin was first shown

in Jurkat and K562 cells (Schumacher et al. 2010), but

could not be observed in HUVECs. Also, the expression of

ICAM-1 in LECs, which depends on NF-jB, was not

inhibited by heteronemin. In contrast, the specific NF-jB

inhibitors parthenolide and Bay11-7082 caused the down-

regulation of ICAM-1, which correlated with the adhesion

of MCF-7 cells to LECs (Viola et al. 2013a). Interestingly,

heteronemin even induced the expression of ICAM-1 and

CD31 in LECs, although the adhesion between MCF-7

cells and LECs was significantly reduced. This indicated

that attenuation of CCID formation by heteronemin was

independent of ICAM-1, CD31, and NF-jB.

The formation of CCIDs depends on the mobility and

directional migration of LECs in the opposite direction of the

12(S)-HETE gradient (‘‘retraction factor’’, Honn et al. 1994)

secreted by MCF-7 cells. Hence, the expression of mobility

proteins was investigated in LECs. Previous experiments

could associate the phosphorylated state of MYPT with the

mobile phenotype in LECs (Kerjaschki et al. 2011). MYPT1,

the regulatory/targeting subunit of the myosin phosphatase,

is activated by 12(S)-HETE and regulates the interaction of

actin and myosin in response to signalling through the

GTPase Rho (Feng et al. 1999). Therefore, the process that is

triggered by 12(S)-HETE seems to directly signal down-

stream to LECs inducing Rho, MYPT, and migration.

However, heteronemin did not abrogate MYPT activation,

and therefore, it was unlikely that heteronemin targeted the

Rho-MYPT pathway. Heteronemin caused even an increase

in MYPT phosphorylation, which was probably due to the

increase in the 12(S)-HETE level in MCF-7 cells. Also, the

CYP inhibitor proadifen, which inhibits CCID formation,

induces the level of 12(S)-HETE in MCF-7 cells (Kretschy

et al. 2013), because both, CYP and ALOX12, utilise and

compete for arachidonic acid as their major substrate and are

therefore cross-talking. Hence, the inhibition of one enzyme

(i.e. CYP) by heteronemin or proadifen provides more sub-

strate for the respective other enzyme (ALOX12) resulting in

increased levels of its metabolite 12(S)-HETE. This impli-

cates that the CCID-inhibitory mechanism(s) of heteronemin

and proadifen (through the inhibition of CYP) prevail over

the counteracting induction of 12(S)-HETE. CYP1A1, a

member of the cytochrome P450 family, was shown to play a

role in breast cancer metastasis (Jiang et al. 2007), and

therefore, this very property of heteronemin needs to be

addressed in more detailed studies.

Five micromolar heteronemin completely blocked pax-

illin expression in LECs, and it is of note that, besides

proadifen, also xanthohumol inhibited paxillin expression

and CYP activity (Viola et al. 2013b). Paxillin is a prom-

inent molecule regulating cell polarity (Digman et al.

2008), controls adhesion plaque function, and labile

adhesions facilitating rapid endothelial cell migration

across the substratum (Huang et al. 2003; Deakin and

Turner 2008). These properties are essential for directed

cell movement (West et al. 2001; Jianxin et al. 2009) and

hence CCID formation.

Interestingly, the expression of paxillin in endothelial

cells is also required for the transmigration of neutrophils

through the endothelial barrier, and thus, endothelial pax-

illin influences the behaviour of other cell types that are in

direct contact with endothelial cells (Parson et al. 2012).

Suppression of paxillin is indicative for the acquisition of

an epithelial, more differentiated phenotype (Paulitschke

et al. 2010; Lu et al. 2006; van Zijl et al. 2011).

In conclusion, we describe three distinct properties of

heteronemin affecting CCID formation:

1. The inhibition of CYP1A1 in MCF-7 cells.

2. The reduction in cell–cell adhesion, which was pos-

sibly due to the inhibition of NF-jB in MCF-7 cells

(Vonach et al. 2011) but not in LECs and HUVECs,

because SELE, CD31, and ICAM-1 remained

expressed (Viola et al. 2013a).

3. The repression of paxillin in LECs, which is a major

regulator of focal adhesions and directional cell

migration (Paulitschke et al. 2010, Deakin and Turner

2008).

Hence, heteronemin, which effectively reduced the

lymph-intravasating properties of MCF-7 spheroids, should

undergo in vivo scrutiny.
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