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Abstract. Metastatic cancer cells cross endothelial 
barriers and travel through the blood or lymphatic fluid to 
pre-metastatic niches, leading to their colonisation. ‘S’ 
stereoisomer 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic 
acid [12(S)-HETE] is secreted by a variety of cancer cell 
types and has been indicated to open up these barriers. In 
the present study, another aspect of the endothelial unlocking 
mechanism was elucidated. This was achieved by investi-
gating 12(S)-HETE-treated lymph endothelial cells (LECs) 
with regard to their expression and mutual interaction with 
v-rel avian reticuloendotheliosis viral oncogene homolog A 
(RELA), intercellular adhesion molecule 1, SRY-box 

transcription factor 18 (SOX18), prospero homeobox 1 
(PROX1) and focal adhesion kinase (FAK). These key 
players of LEC retraction, which is a prerequisite for cancer 
cell transit into vasculature, were analysed using western 
blot analysis, reverse transcription-quantitative PCR and 
transfection with small interfering (si)RNA. The silencing 
of a combination of these signalling and executing molecules 
using siRNA, or pharmacological inhibition with defactinib 
and Bay11-7082, extended the mono-culture experiments to 
co-culture settings using HCT116 colon cancer cell spher-
oids that were placed on top of LEC monolayers to measure 
their retraction using the validated ‘circular chemorepel-
lent-induced defect’ assay. 12(S)-HETE was indicated to 
induce the upregulation of the RELA/SOX18 feedback loop 
causing the subsequent phosphorylation of FAK, which fed 
back to RELA/SOX18. Therefore, 12(S)-HETE was demon-
strated to be associated with circuits involving RELA, SOX18 
and FAK, which transduced signals causing the retraction of 
LECs. The FAK-inhibitor defactinib and the NF-κB inhibitor 
Bay11-7082 attenuated LEC retraction additively, which was 
similar to the suppression of FAK and PROX1 (the target of 
SOX18) by the transfection of respective siRNAs. FAK is an 
effector molecule at the distal end of a pro-metastatic signal-
ling cascade. Therefore, targeting the endothelial‑specific 
activity of FAK through the pathway demonstrated herein 
may provide a potential therapeutic method to combat cancer 
dissemination via vascular routes.

Introduction

The outgrowth of malignant tumour cells along vascular 
routes facilitates their dissemination to distant organs, leading 
to further colonization (1-3). An early step of this multistep 
process is the destabilisation of the endothelial barrier as a 
prerequisite for the cancer cell invasion into and leakage 
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out of lymphatic or blood vessels (intra- and extravasation, 
respectively) (4). The disintegration of the endothelium is 
induced by metabolites or polypeptides (5,6), which are 
secreted by a variety of tumour cell types. The present 
study focussed on a mechanism triggered by ‘S’ stereo-
isomer 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid 
[12(S)-HETE], which serves an important role in making 
the lymphatic wall accessible (7). 12(S)-HETE causes loss of 
vascular resilience due to the retraction of endothelial cells 
(ECs) (8), resulting in the formation of gaps in the endothelial 
layer, known as ‘circular chemorepellent-induced defects’ 
(CCIDs), through which cancer cells cross the endothelial 
wall and subsequently spread to the lymph nodes (7). Under 
physiological conditions, neutrophils traverse vessel barriers 
by similar or lipoxin-induced mechanisms and reach sites of 
inflamed tissue (9). Cancer cells seem to re‑activate processes, 
including 12(S)-HETE secretion, which enable their movement 
through the vasculature and foreign tissues and are otherwise 
used by neutrophils during the immune response (9).

12(S)-HETE triggers signalling through high- and 
low‑affinity receptors, including 12‑HETER and leukotriene B4 
receptor 2 (BLT2), respectively. Subsequently, phospho-
lipase C, Ca2+-release and CAM-kinase, as well as RHO, 
RAK and myosin light chain kinase (MYLK), are actively 
phosphorylated and induce the target of MYLK, myosin light 
chain 2 (MLC2). This causes lymph EC (LEC) retraction and 
therefore the breakdown of the endothelial barrier and CCID 
formation (10,11). Furthermore, focal adhesion kinase (FAK), 
which is a non-receptor tyrosine kinase that is required for 
cell-matrix contact, migration and cell signalling, was demon-
strated to contribute to this phenomenon (12). However, how 
FAK is associated in the signal transduction network triggering 
LEC retraction, and whether FAK is regulated by 12(S)-HETE 
is yet to be determined. There is a cross-talk between FAK and 
NF-κB (13,14), and NF-κB has been reported to regulate the 
endothelial lineage-determining transcription factor SRY-box 
transcription factor 18 (SOX18), which supports endothelial 
cell differentiation during embryonic development (15,16), in 
human umbilical vein ECs (17) and LECs (18). A previous 
study demonstrated that SOX18, and its transcriptional target 
the lymph endothelial transcription factor and marker protein 
prospero homeobox 1 (PROX1), contributed to CCID formation 
in the lymph-endothelial barrier (18). The transcription factor 
NF-κB and its transcriptional target, the intercellular adhesion 
molecule 1 (ICAM-1), were also revealed to be required for 
CCID formation (6,19,20). ICAM-1 is an effector necessary 
for cell-cell adhesion (20) and FAK is not only a signal trans-
ducer but also an effector molecule regulating cell adherence 
and migration (12), and both ICAM-1 and FAK are obligatory 
for the retraction of LECs (12,20). The retraction of LECs can 
be studied in a co-culture assay consisting of LEC monolayers 
and tumour spheroids (5,7,12), such as 12(S)-HETE-secreting 
HCT116 colon cancer cell spheroids, which are placed on top 
of LECs. This assay monitors the formation of CCIDs in the 
LEC monolayer underneath tumour emboli (7,19).

The elucidation of the mechanism that unlocks the 
lymph-endothelial barrier, which is partly mediated by the 
endothelial‑specific transcription factors SOX18 and PROX1, 
may allow the targeting and inhibition of an early metastatic 
step with high accuracy and few side effects. Therefore, the 

present study investigated whether v-rel avian reticuloen-
dotheliosis viral oncogene homolog A (RELA; the major 
component of the NF-κB heterodimer), SOX18 and FAK are 
interconnected in a common signal transduction pathway upon 
stimulation of LECs with 12(S)-HETE.

Materials and methods

Antibodies and reagents. Rabbit polyclonal antibodies 
against focal adhesion kinase (FAK; 1:1,000; cat. no. 3285), 
phospho-Tyr397-FAK (pFAK; 1:1,000; cat. no. 3283) 
and mouse monoclonal anti-v-Rel avian reticuloendothe-
liosis viral oncogene homolog A antibody (RELA/p65 
clone L8F6; 1:1,000; cat. no. 6956) were purchased from 
Cell Signalling Technology Inc. and mouse monoclonal 
anti-β-actin antibody (clone AC-15; 1:5,000; cat. no. A3854) 
was purchased from Sigma-Aldrich; Merck KGaA. Rabbit 
polyclonal anti-SRY-related HMG-box 18 (SOX18; 1:600, 
cat. no. TA324592) was purchased OriGene Technologies, Inc. 
and rabbit monoclonal anti-prospero homeobox 1 antibody 
(PROX1 clone EPR19273; 1:500; cat. no. Ab119359) and 
mouse monoclonal anti-intercellular adhesion molecule 1 anti-
body (ICAM-1; 1:1,000; clone MEM111; cat. no. Ab2213) were 
purchased from Abcam. HRP-conjugated swine anti-rabbit 
antibody (1:5,000; cat. no. P0217) and HRP-conjugated rabbit 
anti-mouse (1:10,000; cat. no. P0260) were purchased from 
Dako; Agilent Technologies, Inc.

siRNAs were used for transfection of LECs, which 
were subsequently analyzed using western blot analysis, 
qPCR and in CCID assay. siRNAs against RELA (siRELA; 
cat. no. s11914), PTK-2 (siFAK; cat. no. s11485), ICAM-1 
(siICAM-1; cat. no. s7087) and Silencer Select Negative 
Control SilencerR No. 1 si-RNA (n.t.Co; cat. no. 4390843) 
were purchased from Ambion; Thermo Fisher Scientific, Inc, 
and SOX18 (siSOX18; cat. no. L-019035-00-0005) and PROX1 
(siPROX1; cat. no. L-016913-005) were purchased from GE 
Healthcare Dharmacon, Inc.

qPCR primers were used to quantify mRNA expression 
in LECs upon transfection of siRNAs and treatment with 
12(S)-HETE. Q-PCR primers for SOX18 (cat. no. Hs00746079_
s1),  R ELA (cat.  no.  Hs0 0153294_m1),  ICA M-1 
(cat. no. Hs00164932_m1), PROX1 (cat. no. Hs00896294_m1) 
and β-actin (cat. no. Hs01060665_g1) were purchased from 
TaqMan (Applied Biosystems; Thermo Fisher Scientific, Inc.).

12(S)-HETE (CAS: 54397-83-0) was purchased from 
Enzo Life Sciences (cat. no. BML-H012-0050), Bay11-7082 
(cat. no. 196870) from EMD Millipore, parthenolide 
(cat. no. P0667), arachidonic acid (cat. no. 10931), proadifen 
hydrochloride (cat. no. P1061), guanfacine (cat. no. G1041), 
vinpocetine (cat. no. V6382) and curcumin (cat. no. 08511) 
were purchased from Sigma-Aldrich; Merck KGaA, and 
defactinib (cat. no. S7654; VS-6063 and PF-04554878) from 
Selleck Chemicals.

Cell lines. HCT 116 colon cancer cells (cat. no. 91091005) were 
purchased from the European Collection of Authenticated Cell 
Cultures (ECACC) by Public Health England and cultured at 
37˚C in MEM medium (Gibco; Invitrogen; Thermo Fisher 
Scientific, Inc.) supplemented with 10% foetal calf serum 
(FCS; Gibco; Invitrogen; Thermo Fisher Scientific, Inc.), 



INTERNATIONAL JOURNAL OF ONCOLOGY  56:  1034-1044  20201036

1% penicillin/streptomycin (PS) and 1% non-essential 
amino acids (Gibco; Invitrogen; Thermo Fisher Scientific, 
Inc.). Human micro-vessel endothelial cells were purchased 
from Clonetics™ (Lonza Group, Ltd.). According to the 
protocols of previous studies and following stable transfec-
tion with telomerase, lymph endothelial cells (LECs) were 
isolated from this immortalised mixture of human dermal 
endothelial cells (21,22). LECs were grown at 37˚C in 
EGM-2MV (EBM2-based medium CC3156 and supplement 
CC4147; Lonza Group Ltd.). Cells were kept at 37˚C in a 
humidified atmosphere containing 5% CO2 for subsequent 
experimentation.

SiRNA transfection. LECs were seeded in 6-well plates and 
grown at 37˚C to 80% confluence. siRELA, or siICAM‑1, 
siSOX18, siPROX1, siFAK, or Negative Control SilencerR 
No. 1 si-RNA (n.t.Co; 1.75 µg) was mixed with 15 µl Hiperfect 
transfection reagent (cat. no. 301705; Qiagen GmbH) in 100 µl 
serum-free EBM2-base medium and left at room temperature 
to allow formation of transfection complexes for 30 min. Old 
medium was exchanged for 1.4 ml pre-warmed EBM2-base 
medium, subsequently transfection-mix was added dropwise 
to the cells and incubated at 37˚C overnight. On the next day 
the medium was exchanged for serum containing EGM2-MV 
medium and cells were left to recover for 24 h.

For the CCID assay, LECs were seeded in 24-well plates 
and grown at 37˚C to 80% confluence. Subsequently, the 
EGM2-MV medium was changed to serum free EBM2-base 
medium and the transfection mix (0.75 µg siRNA; 6 µl 
Hiperfect transfection reagent; 100 µl serum free medium) 
was added to the cells and experiments were processed as 
aforementioned.

12(S)‑HETE stimulation. Transfected LECs, which were 
allowed to recover overnight, were starved in serum free 
EBM2‑base medium at 37˚C for 3 h. Then, LECs were stimu-
lated at 37˚C with 1 µM 12(S)‑HETE for 45 min to analyse gene 
and protein expression using reverse transcription-quantitative 
(RT-q) PCR and western blot analysis, respectively. Each 
experiment was performed with three biological replicates.

Western blot analysis. LECs were seeded in 6-well plates 
and grown at 37˚C to 80% confluence, then 5, 10 and 15 µM 
Bay11-7082 was added and cells were incubated for 4 h at 
37˚C. LECs were then lysed in 2X SDS lysis buffer containing 
0.5 M Tris-HCl (pH 6.8), 20% SDS, 10% glycerol, 0.5 M 
Ethylenediaminetetraacetic acid, phosphatase inhibitor cock-
tail and protease inhibitor cocktail and sonicated in a pulsed 
manner using a Branson Sonifier 2000 (Emerson Electric Co.). 
After centrifugation (12,000 x g; room temperature; 1 min), 
the supernatant was mixed with 6X loading dye [0.6 M DTT, 
24% (w/v) SDS, 36% (v/v) glycine, bromophenol blue, 1.2 M 
Tris‑HCl pH 6.8] and heated for 5 min at 95˚C. Equal amounts 
of protein (20 µg), as determined by Pierce BCA protein 
assay (Thermo Fisher Scientific Inc.), were separated using 
10% SDS-PAGE (80 V 10 min; 110 V 2 h; constant voltage) 
using Mini Protean Tetracell (Bio-Rad Laboratories, Inc.) 
following the manufacturers protocol. Subsequently, proteins 
were electro-blotted (20 V constant; on ice, overnight) 
onto Immobilon FL PVDF membrane (0.45 µm pore size; 

EMD Millipore) using transfer buffer containing 20 mM 
Tris-base, 150 mM glycine, 20% (v/v) methanol, pH 8.5. 
Membranes were stained using Ponceau S (Sigma-Aldrich; 
Merck KGaA) to control transfer efficiency and equal loading. 
Membranes were blocked at room temperature in 5% dried 
skim milk in TBS-T (1X Tris buffered saline/0,1% Tween-20; 
pH 7.6) for 1 h and incubated with either anti-pFAK, 
anti-FAK, anti-RELA, anti-ICAM-1, anti-SOX18, anti-PROX1 
and anti-β-actin antibodies (specified in the subparagraph 
‘Antibodies and reagents’), agitated at 4˚C, overnight. Then, 
membranes were washed three times in TBS-T and incu-
bated with HRP-conjugated swine anti-rabbit antibody, or 
rabbit anti-mouse antibody at room temperature for 1 h. 
Chemiluminescence was measured using a Lumi-Imager F1 
Workstation (Roche Diagnostics) and densitometry was calcu-
lated using ImageJ software version 1.51 (National Institutes 
of Health) and Excel 2013 (Microsoft Corporation). For repeti-
tive analyses, membranes were stripped in between antibody 
incubations with Restore Western Blot Stripping Buffer 
(Thermo Fisher Scientific, Inc.) at 37˚C for 5‑10 min followed 
by 3 washes in TBS-T (Sigma-Aldrich; Merck KGaA). Each 
western blot analysis was performed using three biological 
replicates.

RT‑qPCR. RNA of transfected and stimulated LECs was 
extracted using RNeasy-Mini-kit and Qia-shredder (both 
Qiagen GmbH). RNA concentration was measured using a 
Nano‑Drop fluoro‑spectrometer (Thermo Fisher Scientific, 
Inc.) and 2.5 µg RNA were reverse-transcribed using 
RNA-to-cDNA-EcoDry™ Premix Random Hexamers 
(Takara Bio Europe SAS) at 42˚C for 60 min and the reaction 
was stopped at 70˚C for 10 min. Gene expression was anal-
ysed using TaqMan Gene Expression Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.), TaqMan primers 
for RELA, ICAM-1, SOX18, PROX1 and β-actin was used as 
a reference gene, and the CFX 96 Real Time PCR Detection 
system (Bio‑Rad Laboratories, Inc.) and was quantified using 
the 2ΔΔCq method (23). The thermocycling conditions were 
as follows: First cycle 50˚C for 2 min, then 1 cycle 95˚C for 
10 min, then 40 cycles at 95˚C for 15 sec, 60˚C for 30 sec, 72˚C 
for 30 sec, and a last cycle at 72˚C for 10 min. Analysis was 
subsequently performed using three biological replicates.

12(S)‑HETE assay. HCT116 cells were seeded in 6-well plates 
and grown at 37˚C in complete MEM medium to 90% conflu-
ence and starved overnight. Cells were then treated with 
10 µM arachidonic acid simultaneously with 40 µM proadifen, 
40 µM guanfacine, 40 µM vinpocetine or solvent (DMSO) in 
serum free medium at 37˚C for 4 h. The supernatant (1.5 ml) 
was collected, butylated hydroxytoulene (0.001% final concen-
tration; cat. no. B1378; Sigma-Aldrich; Merck KGaA) was 
added to stabilise the secreted eicosanoid, and centrifuged at 
280 x g at 4˚C for 5 min. The 12(S)‑HETE concentration was 
determined as described previously (24). Samples were either 
flash frozen in liquid nitrogen and stored at ‑80̊C until further 
analysis or immediately passed through extraction cartridges 
(Oasis™ HLB 1 cc; Warers Corporation; equilibrated with 
2x1 ml methanol, 2x1 ml ddH2O immediately before use) 
followed by washing of cartridges with 3x1 ml distilled H2O. 
Bound 12(S)-HETE was eluted with 500 µl methanol. After 



ENGLEITNER et al:  12(S)-HETE INDUCES RELA/SOX18/FAK FEEDBACK LOOPS AND ENDOTHELIAL RETRACTION 1037

the evaporation of methanol with an Eppendorf Speedvac 
Concentrator Plus (Eppendorf) at 30˚C for 2 h, the samples 
were reconstituted with 100 µl assay buffer of the 12(S)-HETE 
enzyme immunoassay kit (EIA; cat. no. ADI-900-050; Enzo 
Life Sciences, Inc.) and subjected to 12(S)-HETE analysis 
according to the manufacturers protocol (24). Absorbance 
at 405 nm was measured with a Wallac 1420 Victor 2 multi-
label plate reader (PerkinElmer, Inc.). The concentration of 
12(S)-HETE in the cellular supernatant was normalised to cell 
number. The analysis was performed using three biological 
replicates.

Spheroid formation. Per spheroid, 6000 HCT116 cells were 
added to MEM medium containing 10% FCS and 0.3% meth-
ylcellulose (final concentration) and 150 µl containing 
6,000 cells were seeded into each U-bottom shaped well of 
96-well plates (Cellstar; cat. no. 650185, Greiner Bio One 
International GmbH). After centrifugation at 300 x g, room 
temperature for 15 min, spheroids were grown at 37˚C and 
5% CO2 for two days.

CCID assay. LECs were seeded (20,000 cells/well) in 24-well 
plates (Costar; cat. no. 3524, Sigma-Aldrich; Merck KGaA) 
and grown at 37˚C to ~100% confluence. To measure the 
size of the cell free areas (circular chemorepellent-induced 
defects; CCIDs), which were formed in the endothelial mono-
layer directly underneath the tumour spheroids, LECs were 
stained with CellTracker™ Green CMFDA (Thermo Fisher 
Scientific, Inc.) at 37˚C for 1 h. For the treatment with 2, 3 
and 5 µM curcumin, 5 and 10 µM parthenolide, 2.5 and 5 µM 
Bay11-7082 and 2.5, 5, 10 and 15 µM defactinib, HCT116 
spheroids and LEC monolayers were washed with PBS and 
pre-incubated with the different concentrations of these 
compounds in EMB2‑base medium at 37˚C for 20 min. The 
EBM2-base medium including the spheroids and inhibitors 
was transferred to the LEC monolayers and co-incubated at 
37˚C for 4 h. CCID areas in the LEC monolayers were imaged 
using an Axiovert fluorescence microscope with a magnifica-
tion of x200 (Zeiss GmbH) using at least 15 fields of view; the 
size of the areas was calculated with Zen Little 2012 software 
(Zeiss GmbH). For each condition, the CCIDs in the LEC 
monolayer underneath at least 15 HCT116-spheroids, which 
were between ~500‑600 µM in diameter and surrounded by a 
homogenously confluent LEC monolayer, were analysed. The 
CCID assay was performed using three biological replicates of 
which at least 5 fields of view were analyzed.

Statistical analysis. Excel 2013 (Microsoft Corporation) 
software and GraphPad Prism 6 (GraphPad Software, Inc.) 
were used for one-way ANOVA and unpaired Student's t-test 
statistics. The data were expressed as mean ± SEM. P<0.05 
was considered to indicate a statistically significant difference.

Results

12(S)‑HETE upregulates RELA and SOX18, which regulate 
each other in a positive feedback loop. When LECs were 
stimulated with 12(S)-HETE, the expression of RELA, 
which is a constituent of the canonical NF-κB transcription 
factor heterodimer, was induced (Fig. 1A). 12(S)-HETE also 

induced the expression of SOX18 mRNA and protein in 
LECs (18) (Figs. S1 and S2). Conversely, the specific inhibi-
tion of RELA by siRNA (siRELA; the suppression of RELA 
at the mRNA and protein levels by siRELA, as opposed to 
non-target RNA, is shown in Fig. S3 and Fig. 1A, respec-
tively) reduced the expression of SOX18 mRNA (Fig. 1B), 
as well as that of PROX1, which is a transcriptional target 
of SOX18 (Fig. 1C). This demonstrated that the constitutive 
expression of SOX18 and PROX1 were positively regulated 
by RELA in LECs. It has recently been demonstrated that 
RELA controls the 12(S)-HETE-stimulated upregulation 
of SOX18 and PROX1 (18). Since ICAM-1 is an accepted 
target of the NF-κB transcription factor in ECs (20,25), and 
specifically of RELA (18), the expression of ICAM‑1 mRNA 
was examined, to control whether the activity of RELA 
was increased upon 12(S)-HETE-treatment of LECs (18) 
(Fig. S4). The inhibition of SOX18 by siSOX18 abrogated 
the 12(S)-HETE-stimulated mRNA upregulation of RELA 
(Fig. 1D) and ICAM-1 (Fig. 1E). To control whether the 
SOX18 transcription factor was activated upon 12(S)-HETE 
treatment of LECs the mRNA expression of its target, 
PROX1 expression was analysed (Fig. S5; the suppression of 
SOX18 mRNA- and protein levels by siSOX18, as opposed to 
non-target RNA, is presented in Figs. S6 and S7, respectively). 
The data indicated that RELA and SOX18 were positively 
feeding back to each other in 12(S)-HETE-stimulated LECs 
(Fig. 1F).

R E L A a n d  S OX18  regu l a t e  c o n s t i t u t i ve  a n d 
12(S)‑HETE‑induced FAK phosphorylation. Previous studies 
have reported that matrix metalloproteinase-1 activated the 
protein activated receptor 1 and Ca2+-release in LECs, inducing 
MLC2 and FAK, all of which are prerequisites for their retrac-
tion and CCID formation (6,12). In contrast, 12(S)-HETE has 
been indicated to activate the receptors 12-HETER, BLT2 and 
Ca2+-release (10,11), as well as the transcription factors NF-κB 
and SOX18 in LECs (18). NF-κB communicates with FAK in 
macrophages (26) and, conversely, NF-κB itself is controlled by 
FAK in endothelial and other types of cells (13,14). Therefore, 
the current study investigated whether 12(S)-HETE activated 
FAK in LECs and studied the potential roles of RELA and 
SOX18 in such a signal transduction pathway. The results 
revealed that 12(S)-HETE induced the phosphorylation of FAK 
at tyrosine 397 (Fig. 2A). The transfection of siRELA caused 
an increase in FAK phosphorylation under constitutive cell 
culture conditions (Fig. 2A), indicating that RELA suppressed 
constitutive FAK activity in LECs (Fig. S8). Additionally, 
15 µM Bay11-7082 was indicated to induce hyperphosphory-
lation of FAK and an increase in FAK protein expression, 
whereas lower Bay11-7082 concentrations (5 and 10 µM) 
caused a gradual decrease in FAK phosphorylation (Fig. 2B). 
Bay11-7082 inhibited RELA and the degradation of IκBα, and 
therefore inhibited the entire panel of NF-κB transcription 
factors (and possibly also other cellular activities; Fig. 2B). 
This may have been the reason for the increase in FAK protein 
expression and for the dose-independent phosphorylation of 
FAK (Fig. 2B). When RELA was inhibited by siRELA, simul-
taneous stimulation with 12(S)‑HETE did not significantly 
change the phosphorylation level of FAK, although an additive 
over-phosphorylation of FAK was hypothetically expected 
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(Fig. 2A). Therefore, it remained unresolved which condition 
(siRELA-transfection or 12(S)-HETE-stimulation) caused the 
increase of FAK phosphorylation, as the interpretation of the 
observed effect was not able to be performed.

Similar to siRELA, siSOX18 also induced the phos-
phorylation of FAK under constitutive conditions (Fig. 2C), 
demonstrating an inhibitory effect of SOX18 on FAK activity 
(Fig. S8). However, in contrast to siRELA, siSOX18 prevented 
the 12(S)-HETE-triggered phosphorylation of FAK (Fig. 2C). 

Hence, the RELA/SOX18 circuit suppressed the phosphory-
lation of FAK under constitutive conditions, whereas the 
suppressive function of SOX18 on FAK became an activating 
one when LECs were stimulated with 12(S)-HETE (Fig. 2D).

FAK feeds back to RELA and SOX18. When FAK was 
inhibited by siFAK transfection (FAK protein suppression is 
presented in Fig. S9), the 12(S)-HETE-triggered upregulation 
of RELA and ICAM-1 mRNAs was prevented (Fig. 3A and B, 

Figure 1. 12(S)-HETE stimulation was shown to upregulate the expression of RELA and ICAM-1. LECs were stimulated with 1 µM 12(S)-HETE for 45 min 
when (A) protein was isolated for western blot analysis. Ponceau S staining (data not shown) was used, and β-actin expression served as the loading control. 
Relative protein expression was quantified using densitometry. RELA was indicated to control the expression of SOX18 and PROX1. LECs were transiently 
transfected with siRNA targeting RELA (siRELA) or non-targeting RNA (n.t.Co) and the mRNA expression of (B) SOX18 and (C) PROX1 was determined 
using RT-qPCR. SOX18 was shown to control the expression of RELA and ICAM-1. LECs were transiently transfected with siRNA targeting SOX18 (siSOX18) 
or non-targeting RNA (n.t.Co) and the mRNA expression of (D) RELA and (E) ICAM-1 was determined using RT-qPCR. All experiments were performed 
in triplicate. Error bars present the ± standard error mean of at least 3 measurements. Statistical significance was determined using ANOVA/Tukey's post hoc 
test (A, D and E) and t-test (B and C). *P<0.05 vs. n.t.Co. #P<0.05 vs. 12(S)-HETE stimulation. (F) Schematic presentation of the regulation of SOX18, PROX1, 
RELA and ICAM-1 upon stimulation of LECs with 12(S)-HETE. 12(S)-HETE, ‘S’ stereoisomer 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid; RELA, 
v-rel avian reticuloendotheliosis viral oncogene homolog A; LECs, lymph endothelial cells; SOX18, prospero homeobox 1; PROX1, prospero homeobox 1; 
ICAM-1, intercellular adhesion molecule 1; RT-q, reverse transcription-quantitative; si, small interfering; n.t.Co, non-targeting RNA.
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respectively). Therefore, it can be suggested that FAK posi-
tively regulated RELA when LECs were stimulated with 
12(S)-HETE (Fig. 3C).

The transfection of siFAK into LECs reduced the constitu-
tive expression of SOX18 mRNA (unlike RELA mRNA) and 
abolished the 12(S)-HETE-triggered upregulation of SOX18 
mRNA (Fig. 3D), such as that of RELA mRNA (Fig. 3A).

Therefore, FAK positively controlled SOX18 expression 
in 12(S)-HETE-treated and untreated LECs. siFAK inhibited 
the target of SOX18, PROX1 under constitutive conditions, 
whereas upon stimulation with 12(S)-HETE, PROX1 was 
independent of FAK (Fig. 3E). Although SOX18 mRNA was 
downregulated by siFAK, the SOX18 protein may have been 
activated by 12(S)-HETE-treatment, thereby inducing the tran-
scription of PROX1. This could explain why PROX1 mRNA 
(unlike ICAM-1 mRNA) escaped the siFAK-induced down-
regulation. In conclusion, when LECs were stimulated with 
12(S)-HETE, the expression of RELA/SOX18 was induced 
and positively regulated. Furthermore, the RELA/SOX18 
circuit activated FAK, which itself was positively feeding back 
to SOX18/RELA (Fig. 3F).

Inhibition of lymph endothelial barrier breaching by molec‑
ular silencing and pharmacological drugs. The destabilisation 

of the lymph endothelial barrier due to LEC-retraction is a 
prerequisite for cancer intra- and extravasation (7), and is a 
hallmark for the formation of the pre-metastatic niche (27). A 
trigger of LEC-retraction is 12(S)-HETE, which is secreted by 
a number of cancer types (7,32). In HCT116 cells, 12(S)-HETE 
is metabolised by cytochrome P450 1A1 (CYP1A1) from 
arachidonic acid (28,29) as evidenced by the compromised 
12(S)-HETE synthesis through the CYP1A1 inhibitors proad-
ifen, guanfacine and vinpocetine (29-32; Fig. S10). RELA, 
as the major monomer of the heterodimeric transcription 
factor NF-κB, regulates the expression of a large number 
of genes; SOX18 is also known to control the expression of 
several genes. In order to monitor the pro-intravasative effect 
of these transcription factors in the CCID assay more specifi-
cally, the current study did not knock down RELA and SOX18. 
Instead, their targets, ICAM-1 and PROX1, were assessed, 
respectively. These targets were silenced using siRNAs, as 
they were both reported to attenuate CCID formation, similar 
to RELA and SOX18 (6,20,18). The specific inhibition of 
PROX1 or FAK reduced CCID formation by ~25% and the 
inhibition of ICAM‑1 by ~12%. When PROX1 and ICAM‑1, 
or FAK and ICAM-1 were simultaneously inhibited, CCIDs 
were also reduced, if only by ~25%, similar to the inhibition 
of PROX1 or FAK alone (Fig. 4A). This suggested that PROX1 

Figure 2. RELA and SOX18 signalling is associated with FAK. (A) LECs were transiently transfected with non-targeting RNA (n.t.Co) or siRNA targeting 
RELA (siRELA) followed by stimulation with 1 µM 12(S)-HETE for 45 min. (B) LECs were treated with the solvent (DMSO or Co) or with 5-15 µM Bay11-7082 
for 4 h. (C) LECs were transiently transfected with non-targeting RNA (n.t.Co) or siRNA targeting SOX18 (siSOX18) followed by stimulation with 1 µM 
12(S)-HETE for 45 min. (A-C) Next, the expression of FAK and its phosphorylation at tyrosine 397 was analysed using western blotting. Ponceau S staining 
(data not shown) was used, and β‑actin expression served as the loading control. Relative protein expression was quantified using densitometry. pFAK expres-
sion was normalised to respective FAK protein levels. All experiments were performed in triplicate. Error bars present the ± standard error mean of at least 
3 measurements. Statistical significance was determined using ANOVA/Tukey's post hoc test (A and C) and ANOVA/Dunnett's post hoc test (B). *P<0.05 vs. 
n.t.Co. #P<0.05 vs. 12(S)-HETE stimulation. (D) Schematic presentation of SOX18 positively regulating 12(S)-HETE-stimulated phosphorylation of FAK in 
LECs. RELA, v-rel avian reticuloendotheliosis viral oncogene homolog A; 12(S)-HETE, ‘S’ stereoisomer 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid; 
SOX18, prospero homeobox 1; FAK, focal adhesion kinase; LECs, lymph endothelial cells; si, small interfering; p, phosphorylated; n.t.Co, non-targeting RNA.
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and ICAM-1, as well as FAK and ICAM-1, resided in common 
pathways involving RELA. The suppression of the protein 

levels of ICAM-1 by siICAM-1 and of PROX1 by siPROX1, as 
opposed to non-target RNA, is presented in Figs. S11 and S12. 

Figure 3. FAK was shown to regulate RELA, ICAM-1 and SOX18 in 12(S)-HETE stimulated cells. LECs were transiently transfected with siRNA targeting 
FAK (siFAK) or with non-targeting RNA (n.t.Co), stimulated with 1 µM 12(S)-HETE for 45 min and then the mRNA expression of (A) RELA, (B) ICAM-1, 
(D) SOX18 and (E) PROX1 was analysed by RT-qPCR. All experiments were performed in triplicate. Error bars present the ± standard error mean of 
at least 3 measurements. Statistical significance was determined by ANOVA/Tukey's post hoc test. *P<0.05 vs. n.t.Co. P<0.05 vs. 12(S)-HETE stimulation. 
(C and F) Schematic presentations of (C) FAK positively regulating RELA when LECs were stimulated with 12(S)-HETE, and (F) 12(S)-HETE inducing 
the RELA/SOX18 circuit, which upregulated PROX1 and activated FAK. FAK positively signalled back to RELA, ICAM-1 and SOX18. RELA, v-rel avian 
reticuloendotheliosis viral oncogene homolog A; ICAM-1, intercellular adhesion molecule 1; SOX18, prospero homeobox 1; 12(S)-HETE, ‘S’ stereoisomer 
12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid; LECs, lymph endothelial cells; FAK, focal adhesion kinase; PROX1, prospero homeobox 1; si, small 
interfering; n.t.Co, non-targeting RNA.
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The suppression of the respective ICAM‑1 and PROX1 mRNA 
levels has been demonstrated in previous studies (6,18). The 
simultaneous inhibition of PROX1 and FAK demonstrated 
an additive effect and suppressed CCID formation by ~50%, 
which suggested that PROX1 and FAK were residents of 
distinct cross-talking pathways. The cross-talking link may 
have been SOX18, mediating separate signals to FAK and 
PROX1 (Fig. 3F). SOX18 could therefore have caused endo-
thelial barrier destabilisation via two distinct mechanisms.

siRNA-based approaches are not a treatment option 
currently. However, natural NF-κB inhibitors are available. 
Therefore, the HCT116/LEC model was treated with curcumin 
and parthenolide to inhibit NF-κB (Fig. 4B), or with defactinib 
to inhibit FAK (Fig. 4C), all of which attenuated CCID forma-
tion. As curcumin and parthenolide are likely to inhibit a broad 
spectrum of molecules in addition to NF-κB, the HCT116/LEC 
model was also treated with the synthetic and considerably 
more specific NF-κB inhibitor Bay11-7082 (Fig. 4D). The 

combination of Bay11-7082 and defactinib attenuated CCID 
formation additively (Fig. 4D). This suggested that Bay11-7082 
may have also inhibited SOX18/PROX1, as a consequence 
of the RELA/SOX18 circuit, or that defactinib inhibited 
additional molecules beyond FAK.

Discussion

The aim of the present study was to investigate whether 
interference with the NF-κB/SOX18/FAK feedback loops may 
have affected the resilience of the lymph endothelial barrier 
by measuring the spheroid-induced destabilisation of the LEC 
monolayer.

FAK is widely associated with the outgrowth, dissemina-
tion and colonisation of various tumours at distant sites (33). 
Cancer cells often travel through blood and lymphatic vessels 
and reach premetastatic niches, which require the destabilisa-
tion and crossing of endothelial walls (4,7,27). The endothelial 

Figure 4. Molecular inhibition of LEC barrier breaching as measured using CCID formation. (A) LECs were transiently transfected with either siRNA alone 
targeting FAK (siFAK), ICAM-1 (siICAM-1), PROX1 (siPROX1) and non-targeting RNA (n.t.Co), or in the following combinations: siFAK and siICAM-1, 
siFAK and siPROX1, siICAM-1 and siPROX1. Curcumin, parthenolide, Bay11-7082 and defactinib were shown to inhibit CCID formation. (B-D) LECs were 
pre-treated with the solvent (DMSO or Co) or the indicated concentrations of (B) curcumin and parthenolide, naturally occurring NF-κB inhibitors, for 20 min, 
(C and D) defactinib, a FAK inhibitor currently at phase II clinical trial, or (D) the indicated concentrations of Bay 11-7082 alone or in combination with 
defactinib for 15 min. Experiments were conducted in triplicate analysing at least five spheroids per replicate. Error bars present the ± standard error mean of 
≥15 measurements. Statistical significance was determined by ANOVA/Tukey's post hoc test (A and D) and ANOVA/Dunnett's post hoc test (B and C). *P<0.05 
vs. n.t.Co or Co. #P<0.05. LEC, lymph endothelial cell; CCID, circular chemorepellent-induced defect; FAK, focal adhesion kinase; ICAM-1, intercellular 
adhesion molecule 1; PROX1, prospero homeobox 1; si, small interfering; Co, control treatment using DMSO (solvent); n.t.Co, non-targeting RNA.
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barrier-destabilising contribution of FAK, which supports the 
mobility of LECs, was demonstrated in a previous study (12). 
In the present study, a formerly unknown signalling network 
activating FAK upon stimulation of LECs with 12(S)-HETE 
(an arachidonic acid metabolite), which triggers LEC retrac-
tion (8) and CCID formation, is reported, and this was indicated 
to be a prerequisite for tumour cell intra- and extravasation (7). 
Due to its involvement in cancer dissemination, FAK has been 
attracting increasing attention in anti-metastasis research. 
Currently the effect of the FAK inhibitor defactinib has been 
tested in 15 clinical trials against a variety of malignancies. 
Of which, a total of 15 trials were terminated and five were 
completed, of which one was already at phase II (Clinical 
Trials. gov Identifier: NCT01951690). However, no results 
have been published so far. A total of 5 other trials are still 
recruiting patients currently.

The present data indicated that the activation of FAK 
upon stimulation of LECs with 12(S)-HETE was regulated 
by SOX18 and RELA. RELA and SOX18 were positively 
feeding‑back to each other and also influenced the expression 
of the partner targets (RELA influenced SOX18 and PROX1 
and SOX18 influenced RELA and ICAM-1). As has been 
previously reported, SOX18 and NF-κB are associated with 
eachother (17,18) and NF-κB was demonstrated to regulate the 
expression of FAK (26). These observations were consistent 
with the data of the current study.

FAK was also indicated to feed back to RELA, ICAM-1 
and SOX18 but not to PROX1, suggesting that the signal trig-
gered by 12(S)-HETE arrived at RELA before it activated 
the other components. RELA and SOX18 are transcription 
factors without a known kinase function. Therefore, the phos-
phorylation of FAK must be associated with tyrosine kinases 
or phosphatases when cells were treated with 12(S)-HETE 
under constitutive conditions, respectively. FAK tyrosine 397 
becomes cis- or trans-autophosphorylated (34) when FAK is 
associated with integrin-beta subunits. The upregulation of 
integrin αvβ3 was demonstrated to depend on NF-κB, leading 
to the activation of FAK and increased the motility of human 
lung cancer cells (35). Integrins also become activated when 
in contact with transcriptional targets of NF-κB, including 
vimentin (36). Alternatively, NF-κB activates FAK in LECs 
through the upregulation of interleukins (IL; including IL-6), 
which causes the recruitment of Src at the Src Homology 2 
(SH-2) and SH-3 domains of FAK in LECs (37). In turn, Src 
itself and other Src-family kinases, including Fyn and Yes 
have been indicated to phosphorylate tyrosine 397 (38,39). 
Conversely, this residue is dephosphorylated by the 
SH2 domain containing protein-tyrosine phosphatase 2 
(SHP-2) in ECs, which stabilises vascular permeability (40), 
and SHP-2 is regulated by NF-κB (41). Hence, SHP-2, 
Src, vimentin and integrins might have been involved in 
NF-κB-dependent constitutive- or 12(S)-HETE-induced 
phosphorylation of FAK tyrosine 397.

SOX18, which inhibited FAK activity under constitutive 
conditions, became an activator of FAK upon stimulation 
with 12(S)-HETE. Physiologically, 12(S)-HETE and other 
molecules are secreted by neutrophils and macrophages, 
which enable their passage through lymph endothelial 
barriers and into the adjacent stroma (9). In this scenario, 
the regulatory function of NF-κB/RELA helps combat 

infections. Pathologically, tumour-secreted 12(S)-HETE 
unlocks the lymph endothelial cell wall, and in this scenario, 
RELA supports malignant dissemination. Therefore, an 
immune cell‑specific mechanism, which is required to reach 
various types of body tissues, becomes re-activated in cancer 
cells. It has previously been demonstrated that 12(S)-HETE 
causes the disintegration of endothelial barriers by inducing 
endothelial-to-mesenchymal transition (endo-MT) (19,42). In 
molecular terms, 12(S)-HETE has been revealed to upregulate 
S100A4, ZEB1 and the mobility proteins MCL2 and myosin 
phosphatase target, and to transiently downregulate vascular 
endothelial-cadherin in ECs (7,11,20). These polypeptides, 
which are tightly linked to endo-MT and cause endothelial 
retraction, also facilitate the formation of pre-metastatic 
niche (PMN) (43,44). Other authors have provided evidence 
that activated FAK contributes to the formation of PMN at 
distant sites in pancreatic (45) and breast (46) cancer, which 
is based on the reduced endothelial barrier function adjacent 
to the pre-metastatic organ. This is not only a hallmark of 
PMN (27), but also indicative for endo-MT (12,19). In support 
of this observation, the siRNA-mediated suppression of FAK 
was shown to inhibit the haptotaxis/haptokinesis (directional 
migration) of pancreatic carcinoma cells (47), as well as 
directional endothelial cell migration that was triggered by 
breast cancer cell spheroids (12). Therefore, 12(S)-HETE 
fulfils the criteria of an endo‑MT trigger factor (19,27) and 
might therefore contribute to the formation of the PMN at 
a very early step of metastatic dissemination. Targeting 
crucial signalling pathways might attenuate the metastatic 
process. The current study demonstrated that RELA, SOX18 
and FAK were integrated in a signalling network when 
LECs were stimulated with 12(S)-HETE. As both NF-κB 
and FAK are common signal transducers for various cell 
functions in several cell types, the specificity is marginal 
and the toxic side effects are probably substantial. However, 
as this pro-metastatic mechanism also involved SOX18 and 
its target PROX1 (18), both transcription factors are specific 
for endothelial development and lymph endothelial mainte-
nance (15,16), therefore, identifying specific inhibitors that 
target these polypeptides is required. Inhibitors of SOX18, 
and eventually PROX1, may reduce non‑specific toxicity and 
exert improved anti-metastatic effects by strengthening the 
resilience of the lymphatic barrier and attenuating the voyage 
of cancer cells through the lymphatic route.
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