
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports

Activation of PAR2 by tissue factor 
induces the release of the PTEN 
from MAGI proteins and regulates 
PTEN and Akt activities
Mohammad A. Mohammad1, John Greenman1, Anthony Maraveyas2 & Camille Ettelaie 1*

Tissue factor (TF) signalling has been associated with alterations in Akt activity influencing cellular 
survival and proliferation. TF is also shown to induce signalling through activation of the protease 
activated receptor (PAR)2. Seven cell lines were exposed to recombinant-TF (rec-TF), or activated 
using a PAR2-agonist peptide and the phosphorylation state of PTEN, and the activities of PTEN 
and Akt measured. Furthermore, by measuring the association of PTEN with MAGI proteins a 
mechanism for the induction of signalling by TF was proposed. Short term treatment of cells resulted 
in de-phosphorylation of PTEN, increased lipid-phosphatase activity and reduced Akt kinase activity 
in most of the cell lines examined. In contrast, continuous exposure to rec-TF up to 14 days, resulted 
in lower PTEN antigen levels, enhanced Akt activity and increased rate of cell proliferation. To explore 
the mechanism of activation of PTEN by TF, the association of "membrane-associated guanylate 
kinase-with inverted configuration" (MAGI)1–3 proteins with PTEN was assessed using the proximity 
ligation assay and by co-immunoprecipitation. The interaction of PTEN with all three MAGI proteins 
was transiently reduced following PAR2 activation and explains the changes in PTEN activity. Our data 
is first to show that PAR2 activation directly, or through exposure of cells to TF releases PTEN from 
MAGI proteins and is concurrent with increases in PTEN phosphatase activity. However, prolonged 
exposure to TF results in the reduction in PTEN antigen with concurrent increase in Akt activity which 
may explain the aberrant cell survival, proliferation and invasion associated with TF during chronic 
diseases.

Abbreviations
TF  Tissue factor
fVIIa/Xa  Factor VIIa/fXa
PTEN  Phosphatase and tensin homolog protein
PI3K  Phosphoinositol-3-kinase
PIP3  Phosphoinositol-3-phosphate
MAGI  Membrane-associated guanylate kinase-with inverted configuration
PAR2  Protease activated receptor 2

Tissue factor (TF) initiates the coagulation mechanism through formation of a complex with factor VIIa (fVIIa) 
which then activates factors X and  IX1,2. TF is present on the surface of cells and is also released within cell-
derived  microvesicles3–6. In addition to its procoagulant function, TF possesses signalling properties both 
in the cells expressing the protein, as well as on exposure of the recipient cells to exogenous TF-containing 
 microvesicles7,8. TF has been strongly associated with more aggressive cancer types and the link between TF 
and cellular survival, proliferation and migration has been  established9,10. A number of studies have reported 
the association of the Akt pathway with TF expression and/or the treatment of cells with fVIIa (or fVIIai)11–13 in 
cells which already express  TF11–16. Enhanced Akt activation following the incubation of TF-positive cells with 
fVIIa requires the proteolytic activity of  fVIIa11–15. However, differing reports attribute Akt activation to be both 
 dependent16–18 and independent of protease activated receptor (PAR) 2  signalling19,20. It has also been shown that 
fVIIa signalling suppresses Akt phosphorylation in a TF-cytoplasmic domain dependent  manner18. Furthermore, 
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work carried out in our  laboratory21 and reported by Aharon et al.7 has demonstrated that acute exposure of 
cells to TF, or inability to release excess  TF22,23 can induce cellular apoptosis. In addition, PAR2 signalling has 
been reported to  suppress18 or alternatively enhance PI3K/Akt  activation16,17 while conversely, Akt is reported 
to interfere with PAR2  signalling24.

Phosphatase and tensin homolog (PTEN) is a protein- and lipid-phosphatase which acts as one of the key 
regulators of the PI3K-Akt pathway and has been identified as a tumour suppressor. The loss of PTEN through 
mutational inactivation has been strongly associated with many  cancers25–28. These alterations have been identi-
fied as markers of the severity of the progression of  cancer29–32, as well as the aberrant formation of tissue and 
 tumourgenesis33,34. However, reductions in the levels of cellular PTEN are also known to alter the progression 
of a number of cancers and are detrimental in the pre-cancerous growth and tumourgenesis. Furthermore, 
mutational loss of the PTEN gene not only elevates the probability of carcinogenesis, but also has been associated 
with disorders including Cowden syndrome and Bannayan-Riley-Ruvalcaba syndrome which are characterised 
by the development of non-cancerous  tumours35–37. The impairment in PTEN activity due to either functional 
mutation or deletion has been reported to promote tumourgenesis in  breast38,  renal39,  prostate40, head and 
 neck41 and lung  cells42. Therefore, the non-mutagenic deregulation of PTEN is likely to be an important linkage 
between chronic inflammation and tumourgenesis. PTEN suppresses Akt activity by converting PI(3,4,5)P3 to 
PI(4,5)P2, preventing the localisation of Akt to the inner side of the plasma  membrane43–45. Consequently, PTEN 
has been classified as a key tumour-suppressor and the loss of PTEN is known to significantly influence cancer 
 progression29,46. The activity of PTEN is regulated through de-phosphorylation47,48 coupled with recruitment 
to the cell membrane which in turn enhances its lipid-phosphatase  function49,50. It has also been reported that 
the recruitment and activation of PTEN to the membrane is concurrent with binding to membrane-associated 
guanylate kinase with inverted configuration (MAGI)  proteins51–54.

To date, four MAGI proteins have been identified (MAGI1-3 and MAGIX). MAGI1-3 have been reported to 
be capable of binding  PTEN51–54 but at present, no evidence for the interaction between PTEN and MAGIX exists. 
The MAGI proteins contain a number of separate protein binding motifs including WW and PDZ domains, 
with the latter being involved in binding of MAGI to c-terminus of  PTEN54. MAGI proteins have been impli-
cated in the control of cell migration and invasion through altering the activity of PTEN and modulating Akt 
 signalling51–54. Moreover, it is known that the de-phosphorylation of PTEN also accelerates its degradation and 
can therefore moderate the total amount of PTEN within the  cell53.

In the current study, the influence of acute and prolonged exposure of a panel of seven cancer cell lines to 
exogenous recombinant TF, as well as PAR2 activation, on both PTEN and Akt activities, and cell proliferation 
was examined. In addition, a novel mechanism for the observed outcomes, involving MAGI proteins has been 
proposed.

Material and methods
Cell culture, cellular activation and determination of cell numbers. Seven cell lines were selected 
to include a range of TF and PAR2  expression55 and not on the basis of tissue of origin. Cells lines (ATCC, Ted-
dington, UK) MDA-MB-231 (breast cancer) and PANC-1 (pancreatic cancer) cells were cultured in DMEM; 
AsPC-1 (pancreatic cancer) and T47-D (breast cancer) lines were cultured in RPMI-1640; MCF-7 (breast can-
cer) and CaCo-2 (colorectal cancer) cells were cultured in EMEM and LoVo (colorectal cancer) cells were cul-
tured in Ham’s F-12K medium. All media were obtained from Lonza (Cambridge, UK) and contained foetal 
calf serum 10% (v/v). Cells (2 × 105) were seeded out into 12-well plates and activated either by the addition of 
recombinant TF (0–1300 pg/ml; Dade Behring, Deerfield, USA) or by incubation with PAR2-agonist peptide 
(PAR2-AP; SLIGKV; 20 µM) and incubated for durations stated in the results section. In some experiments 
selected cell lines were pre-incubated with a blocking antibody against PAR2 (SAM-11; 20 µg/ml; Santa Cruz 
Biotechnology Heidelberg, Germany). The reagents were previously determined to be free of endotoxin using 
the Limulus Amebocyte Lysate kit (LAL, Cambrex Bio Science, Wokingham, UK)56. This particular commer-
cial recombinant TF was used as an activating agent, because it is capable of acting as a co-factor for fVIIa for 
activating PAR2, but it lacks the cytoplasmic domain. Cell numbers were determined by crystal violet staining 
using a kit obtained from Active Motif (La Hulpe, Belgium) as previously described and  confirmed22,57. The cell 
numbers were interpreted from separate standard curve constructed for each cell line.

SDS-PAGE and western blot analysis. Cells were lysed in Laemmli’s buffer and were separated by 12% 
(w/v) SDS-PAGE58, transferred onto nitrocellulose membranes and then blocked with TBST (10 mM Tris–HCl 
pH 7.4, 150 mM NaCl, 0.05% Tween-20). Western blot analysis of PTEN phosphorylation in the samples was 
carried out using a rabbit anti-human phosphoSer380/Thr382/Thr383-PTEN (Cell Signalling Technologies/
New England Biolabs, Hitchin, UK) diluted 1:2000 (v/v) in TBST. Total PTEN was detected using a polyclonal 
rabbit anti-human PTEN antibody (Cell Signalling) diluted 1:2000 (v/v) in TBST. GAPDH was detected using 
a rabbit anti-human GAPDH polyclonal antibody (Santa Cruz Biotechnology, Heidelberg, Germany), diluted 
1:4000 (v/v) in TBST. The membranes were then washed with TBST and probed with a goat anti-rabbit alkaline 
phosphatase-conjugated antibody (Santa Cruz), diluted 1:4000 (v/v). Bands were then visualised using the West-
ern Blue stabilised alkaline phosphatase-substrate (Promega Corp., Southampton, UK), recorded and analysed 
using ImageJ program. On each occasion western blot membrane was cut into two and the higher molecular 
weight section was probed for PTEN or pPTEN, while the lower section was probed for GADPH. The numbers 
were normalised on all occasions.

Determination of the relative amount of PTEN mRNA by RT-PCR. Total RNA was isolated using 
the TRI-reagent system (Sigma Chemical Company, Poole, UK) from 2 × 105 cells and 100 ng of total RNA was 
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used for each reaction. The relative amounts of PTEN mRNA was determined using QuantiTect primer sets to 
detect PTEN and β-actin (Qiagen, Manchester, UK). The reaction was carried out at an annealing temperature 
of 60 °C for 1 min using the GoTaq 1-Step RT-qPCR System (Promega Corporation Ltd, Southampton, UK) on 
an iCycler thermal cycler (Bio-Rad, Hemel Hempstead, UK) for 40 cycles. Following amplification, the relative 
amounts of PTEN mRNA were determined using the  2−ΔΔCT method and PTEN:β-actin ratios were calculated.

Determination of PTEN antigen, PTEN lipid-phosphatase activity and Akt kinase activity 
using ELISA-based assay kits. Cells (2 × 105) were seeded out into 12-well plates and treated with rec-
TF or PAR2-AP as described above. The cells were then lysed in PhosphoSafe buffer (150 µl; Merck-Millipore, 
Watford, UK) containing 1% (v/v) protease inhibitor cocktail (Sigma). The protein concentration in the lysates 
was determined using the Bradford protein estimation assay and the amount of cellular PTEN was measured in 
lysates (adjusted to 50 µl) using the Human PTEN ELISA kit (Abcam, Cambridge, UK). The ability of PTEN to 
hydrolyse PIP3 to PIP2 was measured in cell lysates (6 µl) using a PTEN Activity ELISA kit (echelon Biosciences/
LuBioScience, Zurich, Switzerland). The activity of Akt was measured in the samples (30  µl) using the Akt 
Kinase activity assay kit (Enzo Life Sciences, Exeter, UK) according to manufacturer’s instructions.

Duolink proximity ligation (PLA) assay. The procedure was carried out using the Duolink reagents 
(Sigma) and adapted from that previously described in  detail59 with minor modifications. MDA-MB-231 cells 
 (103) were seeded out into 35 mm-glass based μ-dishes (InVitro Scientific/Cellvis, Sunnyvale, USA) and adapted 
to serum-free medium for 1 h prior to activation. Sets of cells were then incubated with PAR2-AP (20 μM) for 
up to 30 min and then fixed with 4% (v/v) paraformaldehyde for 15 min. The cells were then washed three times 
with PBS and permeabilised with Triton X-100 0.1% (v/v) in PBS, for 5 min. All samples were blocked with 
Duolink blocking buffer for 1 h and incubated overnight with combinations of antibodies as follows, at 4 °C. To 
examine the potential interactions between PTEN and MAGI1-3, a mouse anti-PTEN antibody (217702; 1 μg/
ml; R&D Systems) was used together with rabbit anti-MAGI1 antibody (H-70; 2  μg/ml; Santa Cruz), rabbit 
anti-MAGI2 antibody (C3; 1 μg/ml; GenTex/Insight Biotechnologies, Wembley, UK) and rabbit anti-MAGI3 
antibody (1 μg/ml; Novus/R&D Systems, Abingdon, UK). As controls, the antibodies were substituted with rab-
bit or mouse IgG isotypes (New England Biolabs; 2 μg/ml and 1 µg/ml respectively). Alternatively, the secondary 
antibodies (probes) were in turn omitted and the assay carried out to ensure the specificity (Supplementary 
Fig. 1). The cells were washed three times with PBS and PLA performed according to the manufacturer’s instruc-
tions. The cells were stained with DAPI (2 μg/ml) and Phalloidin-FITC (2 µg/ml). Images were acquired using a 
Zeiss Axio Vert.A1 inverted fluorescence microscope with a × 40 magnification (Carl Zeiss Ltd, Welwyn Garden 
City, UK). The number of red fluorescent events and nuclei were determined using ImageJ, in 10 fields of view 
from each assay.

Co-immunoprecipitation of proteins. Cells were lysed in PhosphoSafe Extraction Reagent (Sigma) con-
taining protease inhibitor cocktail and cell debris removed by centrifugation. MAGI2 protein was immunopre-
cipitated from cell lysates using the anti-MAGI2 (C3; 4 µg) antibody. To ensure specificity, a rabbit IgG isotype 
(4 µg) was also included as well as an additional control without any antibody. The samples were incubated at 
4  °C overnight with gentle shaking. Pureproteome protein A-magnetic beads (10  µl) (Merck-Millipore) was 
added to all samples and controls and incubated at 4 °C for 90 min60. The tubes were then placed in a magnetic 
stand and the supernatant removed, washed five times with PBST (1 ml) and the samples denatured in SDS-
PAGE loading buffer (70 µl) (Sigma). Samples were then separated by SDS-PAGE, transferred to nitrocellulose 
membranes and blocked. The membranes were probed with a mouse anti-PTEN antibody (217702), as well as a 
rabbit anti-MAGI2 antibody and then developed as described above.

Statistical analysis. All data represent the calculated mean values from the number of experiments stated 
in each figure legend ± the calculated standard error of the mean. Statistical analysis was carried out using the 
Statistical Package for the Social Sciences (SPSS Inc. Chicago, USA). Significance was determined using one-way 
ANOVA (analysis of variance) and Tukey’s honesty significance test or where appropriate, by paired t-test.

Results
Assessment of the expression of PTEN in the cells lines. While no PTEN deletions/mutations have 
been reported for any of the cell lines used in this study, this possibility cannot be ruled out. Therefore, in order 
to exclude the expression of aberrant forms of PTEN in the cell lines, the molecular weight of PTEN was exam-
ined by western blot, prior to the study. All the examined cells were shown to express differing amounts of PTEN 
with an approximate molecular weight of 54 kDa (Fig. 1A, Supplementary Fig. 2), although point mutations of 
PTEN cannot be ruled out.

Exposure of cells to TF or PAR2-AP activates PTEN and reduces Akt activity. De-phosphoryl-
ation of PTEN at Ser380, Thr382 and Thr383 is a known step in the activation of  PTEN53. Examination of the 
phosphorylation state of these amino acids in cell lines showed significant decreases in phospho-PTEN (up to 
34%) following a 1 h incubation with rec-TF (65 pg/ml) in MDA-MB-231, MCF-7 and LoVo cells (Fig. 1A,B). 
Activation of PAR2 in cells resulted in the dephosphorylation of PTEN (up to 32%) in MDA-MB-231 and LoVo 
cells but was not significant in the other cells tested (Fig. 1A,C). Incubation of cells with 130 pg/ml rec-TF also 
reduced the phosphorylation of PTEN but was marginally less effective (Fig. 1D) while at 1300 pg/ml no signifi-
cant influence was detected (Fig. 1E). The lower apparent influence on PTEN dephosphorylation, in response to 



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports/



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports/

1300 pg/ml rec-TF may be as a consequence of immediate irreparable damage to the cells or detachment of the 
cells since lower remaining cells were available as we have previously  indicated21–23. Therefore to avoid artefacts, 
higher concentrations of TF were not used further in this study. The amounts of PTEN protein as determined by 
the ELISA assay, were not altered by the short-term treatments of the cells (not shown).

PTEN is currently the only established phosphatase capable of hydrolysing Phosphatidyl-Inositol(3,4,5) 
triphosphate (PIP3) to Phosphatidyl-Inositol(4,5) triphosphate (PI4,5P2)61–65. However, to ensure the specific-
ity of the PTEN activity kit used in this study, the PTEN antibody was used to immune-deplete a sample of cell 
lysate along with a control which was immunoprecipitated using an isotype antibody. The PTEN activities of 
the two samples were then examined using the assay. Comparison of the PTEN activities indicated the total 
removal of PI4,5P2 formation potential and therefore confirmed the specificity of the assay kit (Supplementary 
Fig. 3). Measurement of lipid phosphatase activity of PTEN indicated a general increase (up to 33%) in response 
to rec-TF with MDA-MB-231, LoVo and CaCo-2 cells exhibiting the highest increases compared to untreated 
cells (Fig. 2A). PTEN activity was also enhanced in MDA-MB-231, MCF-7 and CaCo-2 cells following PAR2 
activation (up to 34%) (Fig. 2B). These increases in PTEN activity inversely correlated with reductions in Akt 
kinase activity (Pearson correlation = − 0.945; p = 0.003). Akt activity decreased in MDA-MB-231 and CaCo-2 
cells by up to 26% following incubation with rec-TF and up to 23% in response to PAR2 activation (Fig. 2C,D). 
Incubation of cells with rec-TF did not alter the PTEN or Akt activity when measured at earlier time-points. 
Since MDA-MB-231, LoVo and CaCo-2 were found to be most responsive, these cell lines were selected for 
additional studies as outlined below. Both the increase in PTEN activity and the reduction in Akt activity were 
dependent on the activation of PAR2 since the pre-incubation of selected cell lines (MDA-MB-231, LoVo and 
CaCo-2) with a blocking antibody against PAR2 (SAM-11) prevented the effects of additions of TF (Fig. 2E,F).

Prolonged exposure of cells to rec-TF increases cell proliferation. To achieve the sustained activa-
tion of the cells, prolonged incubation of cells was carried out by supplementing the cells with rec-TF (65 pg/ml) 
on day 0, 2 and 4. This treatment of cells resulted in increased cell proliferation by day 5 in MDA-MB-231 (10%), 
LoVo cells (24%) (Fig. 3A,B) and by day 4 in CaCo-2 cells (26%; Fig. 3C). Furthermore, exposure of cells to rec-
TF reduced the level of cellular PTEN antigen in MDA-MB-231 (20%), LoVo (18%) and CaCo-2 (10%) cells by 
the fifth day, compared to equivalent untreated samples (Fig. 4A). However, PTEN mRNA levels remained con-
stant throughout the treatments (Supplementary Figure 4). Prolonged exposure of cells to rec-TF also resulted 
in the enhancement of Akt activity in MDA-MB-231 (9%) and LoVo (29%) but was not significant in CaCo-2 
cells (Fig. 4B). In a similar set of experiments, the MDA-MB-231 and LoVo cells were treated with rec-TF for 
14 days. The increases in cell numbers were determined to be 30% and 33% (Fig. 4C), while the level of cellular 
PTEN declined by 30% and 23% respectively (Fig. 4D) compared to untreated cells. However, the enhancements 
in Akt activity remained at 13% and 29% above untreated cells respectively (Fig. 4E) suggesting that such small 
but persistent increases in Akt activity may become a significant factor in the cumulative divergence in the rate 
of cell proliferation, such as those observed in some chronic conditions.

Activation of PAR2 releases PTEN from MAGI complexes. For the subsequent experiments, MDA-
MB-231 and LoVo cells were considered as suitable cell lines for examining the association of PTEN with 
MAGI1-3, using the proximity ligation assay (PLA). However, because of their smaller size and also complica-
tions arising from cell stacking, the analysis of LoVo cells was found to be erroneous and consequently, further 
studies were carried out in MDA-MB-231 cells only.

Since PTEN has been reported to interact with all three MAGI  proteins25,53,66, the association of PTEN 
with the MAGI proteins was examined. Analysis of the non-activated cells using PLA suggest that PTEN is 
mainly associated with MAGI2 and the least amount with MAGI3 (Figs. 5 and 6A). Moreover, the activation of 
cells using PAR2-AP resulted in 22% and 35% reduction in the association of PTEN with MAGI1 and MAGI2 
respectively, but no significant change was observed with MAGI3 (Fig. 6A). Time-course PLA analysis also 
showed a transient decrease in the association of PTEN with MAGI1 and MAGI2 by 20 min post-activation 
with PAR2-AP and then was partially restored by 30 min incubation (Fig. 6B). Western blot analysis confirmed 

Figure 1.  The influence of incubation of cell lines with rec-TF and PAR2-activation on PTEN phosphorylation. 
(A) Cells (MDA-MB-231, MCF-7, T47-D, LoVo, CaCo-2, AsPC-1 and Panc-1) were cultured in the 
recommended media and activated either by the addition of recombinant TF (0–1300 pg/ml) or by incubation 
with PAR2-agonist peptide (PAR2-AP; SLIGKV; 20 µM) and incubated for the durations shown. The cells were 
then lysed in electrophoresis-loading buffer and separated on a 12% (w/v) denaturing polyacrylamide gel. The 
proteins were then transferred to nitrocellulose membrane and blocked with TBST. The membranes were in 
turn probed using a rabbit anti-human phosphoSer382/Thr382/Thr383-PTEN, a polyclonal rabbit anti-human 
PTEN antibody, both diluted 1:2000 (v/v), or a goat anti-human GAPDH polyclonal antibody (V-18), diluted 
1:4000 (v/v) in TBST. The membranes were then washed with TBST and probed with goat anti-rabbit or donkey 
anti-goat alkaline phosphatase-conjugated antibodies as required, diluted 1:4000 (v/v), for 90 min. Bands were 
then visualised using the Western Blue stabilised alkaline phosphatase-substrate and recorded (micrographs 
are representative of 6 independent experiments; due to the number of gels the micrographs are cropped to 
include the main band but also to include at least three marker bands spanning the protein of interest. Full 
micrograph replicates are included in the supplementary material). The ratio of phospho-PTEN:Total PTEN 
were determined in the cell samples treated with (B) rec-TF (65 pg/ml) for 1 h, and (C) PAR2-AP for 30 min 
(n = 6; *p < 0.05 vs. the respective untreated samples). Similarly, the ratios of phospho-PTEN:Total PTEN were 
determined in the samples treated with (D) rec-TF (130 pg/ml) and (E) rec-TF (1300 pg/ml).

◂
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the co-immunoprecipitation of PTEN with MAGI2 from non-activated MDA-MB-231 (Fig. 6C,D) and LoVo 
(Fig. 6E,F) cells which decreased by 28% and 33% following the activation of the two cell lines respectively (full 
gels are shown in Supplementary Fig. 5). Treatment of cells with PAR2-AP did not alter the amount of cellular 
MAGI2 in the period of testing (Supplementary Fig. 6). 

Discussion
The signalling properties of TF have been established previously and the ability of the TF to alter the behaviour 
of cells is well documented. Of particular interest is the ability of TF to confer improved survival in cancer cells, 
and a notable mechanism has been the activation of Akt pathway following the association of TF with factor 
 VII11–16. We hypothesised that the response of cells to acute levels of TF such as those found in injury and trauma, 
may differ from the adaptive behaviour of the cells that is observed during longer-term chronic inflammation. 
As discussed above, any deregulation of PTEN is likely to be an important linkage between chronic inflamma-
tion and tumourgenesis. For this reason, we monitored PTEN and Akt activities in seven cancer cell lines in the 
short-term following a single treatment with rec-TF or PAR2-AP, as well as examining the outcome of exposure 
of cells to repeated doses of TF over longer periods.

Figure 2.  The influence of incubation of cell lines with rec-TF and PAR2-activation on PTEN activity and Akt 
inhibition. Cells (2 × 105) were treated with (A) rec-TF (65 pg/ml) for 1 h, or (B) PAR2-AP for 30 min, lysed 
in PhosphoSafe buffer (150 µl) and the lipid-phosphatase activity of PTEN measured using the echelon PTEN 
Activity ELISA kit (n = 3; *p < 0.05 vs. the respective untreated samples). Akt activity was also determined in the 
samples treated with (C) rec-TF or (D) PAR2-AP as above, and measured using the Akt Kinase activity assay 
kit according to manufacturer’s instructions (n = 3; *p < 0.05 vs. the respective untreated samples). Samples of 
MDA-MB-231, LoVo and CaCo-2 cells were pre-incubated with a PAR2 blocking antibody (SAM-11, 20 µg/ml) 
or a control isotype antibody. The cells were treated with recombinant TF and (E) PTEN activity and (F) Akt 
activity measured as above (n = 3; *p < 0.05 vs. the respective control isotype antibody).
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The function of PTEN as a tumour suppressor has been well recognised and its ability to downregulate Akt 
activity through its lipid phosphatase activity has been extensively  studied49–54. There is already an established 
association between PTEN mutation/deregulation and increased TF expression in cancer  cells67,68. It has also 
been suggested that the tumour cells may express ectopic fVIIa, altering the function of  PARs69–71. In addition 
to PAR2 activation, TF may also influence cells directly by interaction with the cell-surface proteins such as 
β1-integrin72,73. In fact, we previously showed the expression of active form fVIIa in MDA-MB-231, MCF-7 
and AsPC-1  cells70,71 and this constitutes an adequate source of factor fVIIa to drive this mechanism. In these 
studies, suppression of the expression of fVIIa or PAR2 in MDA-MB-231 cells using verified siRNA, or blocking 
with respective inhibitory antibodies, disrupted the release of MV and reduced the rate of cell proliferation in 
otherwise untreated cells. This is in agreement with the findings reported by Åberg et al. who have compre-
hensively described the increased cell proliferation, through the activation of Akt pathway, following the sup-
plementation of TF-expressing cells with  fVIIa11–13. In contrast, the outcome of cellular exposure to exogenous 
TF, and the subsequent activation of PAR2 on PTEN function and PTEN protein levels has not previously been 
examined. In our experiments the optimal timescale for the activation of PTEN and Akt as well as dissociation 
of PTEN from MAGI in response PAR2-AP was found to be around 20–30 min and is comparable to other pub-
lished  timescales74–76. It is expected that the activation of PAR2 by treatment with recombinant TF would take a 
similar timescale to that by microvesicles which adds a further 30 min since the TF needs to become incorporated 
into the cell membrane of  cells77. To allow sufficient time for the TF to be incorporated and then for the PAR2 
signalling to activate PTEN and Akt, we incubated the cells with TF for up to 120 min. However, measurements 
carried out at 30 min did not reveal any change in the PTEN phosphorylation change, post-treatment with 
recombinant TF. Our data indicate that either short-term exposure to TF, or the activation of PAR2 can induce 
some level of PTEN de-phosphorylation in cell lines examined (Fig. 1). In keeping with published  studies47, 
de-phosphorylation of PTEN was concurrent with enhanced lipid-phosphatase activity which in our study, was 
also accompanied by reductions in Akt kinase activity. Following injury or trauma, cells may become exposed 
to large quantities of TF together with the activation PAR2 by coagulation proteases. Therefore, as a possible 
explanation, the lowered Akt activity may be a protective mechanism by which the severely damaged cells are 
prepared for apoptosis and removal, preventing aberrant tissue formation. Moreover, although these effects were 
significant reaching up to 26% in MDA-MB-231 and CaCo-2 cells, the outcome in vivo, is very likely to involve 
other deciding inflammatory factors. In agreement with this, cell numbers were shown to be lower after 24 h 
treatment with TF, compared to the untreated samples in some but not all of the cell lines studied.

Membrane-associated PTEN is stabilised by an interaction with MAGI  proteins78–82, which is mediated 
through the c-terminus of PTEN and the second PDZ domain of MAGI  proteins52. MAGI proteins are mainly 
located at the cell–cell junctions and are involved in the assembly of junction protein  complexes83. Examination of 
MDA-MB-231 cells using PLA indicated the reduced association of PTEN with MAGI proteins in PAR2-activated 

Figure 3.  The influence of long-term treatment of cell lines with rec-TF on cell numbers. Cells (2 × 105) were 
cultured in the recommended media and supplemented every 2 days with rec-TF (65 pg/ml). The number of 
cells in the treated and untreated samples were determined using crystal violet staining (n = 3; *p < 0.05 vs. the 
samples on first day 0) in (A) MDA-MB-231, (B) LoVo and (C) CaCo-2 cell lines.
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cells, and was confirmed by co-immunoprecipitation of PTEN with MAGI2 (Figs. 5 and 6). As far as we are 
aware, the dissociation of PTEN from MAGI proteins in response to PAR2 has not been reported previously. 
This transient release of PTEN was concurrent with a 20% increase in PTEN activity and 18% reduction in Akt 
kinase activity when examined in MDA-MB-231 cells (Fig. 2). This is in line with studies comparing the activity 
of c-terminus truncated PTEN which is incapable of binding to MAGI, to that of the full-length PTEN showing 
approximately 10% increase in the lipid-phosphatase  activity78 together with approximately 17% reduction in 
PI3K  activity79. Therefore, it is conceivable that the dissociation of PTEN from MAGI may transiently increase 
the apparent PTEN activity following injury as a response to disruption of cell junctions. Moreover, exogenous TF 
may form a complex with cell-expressed fVIIa to activate cell-surface PAR2 or alternatively, exogenous TF may 
interact with cell-surface proteins directly. In agreement with the former hypothesis, rec-TF produced a greater 
response in cells with higher levels of PAR2, such as LoVo compared to AsPC-1  cells55. However, the activation 
of PAR2 using the agonist peptide did not always produce the same response as addition of rec-TF and therefore, 
other mechanisms are likely to also be involved. Also, despite the increased PTEN activity, the Akt activity did 
not significantly change in some cells. Therefore, it is possible that in some cell lines a compromised signalling 
mechanism prevents the reduction of Akt or a defective regulatory mechanism may artificially maintain the Akt 

Figure 4.  The influence of long-term treatment of cell lines with rec-TF on cellular PTEN antigen levels and 
Akt activity. Equal number of cells were lysed in PhosphoSafe buffer (150 µl) and (A) the level of PTEN antigen 
measured using a PTEN ELISA kit (n = 5; *p < 0.05 vs. the samples on first day 0). (B) The Akt activity was also 
measured using the Akt Kinase activity assay kit (n = 3; *p < 0.05 vs. the samples on first day 0). Cells (2 × 105) 
were cultured in the recommended media and supplemented every 2 days with rec-TF (65 pg/ml) up to 14 days. 
(C) The number of cells in the treated and untreated samples were determined using crystal violet staining 
(n = 3; *p < 0.05 vs. the samples on first day 0). In addition, cells were lysed in PhosphoSafe buffer and (D) the 
level of PTEN antigen and (E) the Akt kinase activity measured. (n = 3; *p < 0.05 vs. the samples on first day 0).
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activity at higher levels and therefore, alter the cellular behaviour. This was also true on long-term incubation 
of CaCo-2 cells with rec-TF in which, despite a reduction in PTEN (Fig. 4A) the Akt activity did not change 
(Fig. 4B). Therefore, while the signalling pathways arising from PAR2 activation have been characterised, the 

Figure 5.  Analysis of the proximity of PTEN and MAGI1-3 by proximity ligation assay and the influence of 
PAR2 activation. MDA-MB-231 cells  (103) were seeded out into 35 mm-glass based μ-dishes and adapted to 
serum-free medium for 1 h prior to activation. The cells were then incubated with PAR2-AP (20 μM) for up to 
30 min. The proximity between PTEN and MAGI1-3 were examined using a mouse anti-human PTEN (217702) 
diluted 1:100 (v/v) together with a rabbit anti-MAGI1 antibody (H-70; 2 μg/ml), a rabbit anti-MAGI2 antibody 
(1 μg/ml) and a rabbit anti-MAGI3 antibody (1 μg/ml). The cells were then labelled with DAPI (2 μg/ml) and 
Phalloidin-FITC (2 µg/ml). Images were acquired using a Ziess Axio Vert.A1 inverted fluorescence microscope 
with a ×40 magnification (the micrographs are representative of 10 fields of view from 4 independent 
experiments RED = PLA incidences; GREEN = Phalloidin; BLUE = DAPI).
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mechanisms that influence the MAGI proteins need identification and for the present, we have refrained from 
indicating a correlation between the amount of cell surface PAR2 and the magnitude of PTEN regulation.

The de-phosphorylation of PTEN, especially when not protected by MAGI, can lead to further modification 
of the PTEN leading to proteosomal degradation of the  protein53. Therefore, it was envisaged that prolonged 
exposure of cells to TF may progressively activate and then degrade cellular PTEN protein. Measurement of 
PTEN antigen levels, in continuously-treated MDA-MB-231 cells showed a reduction in PTEN antigen but not 
mRNA expression over 5 days, together with increased Akt activity and cell proliferation (Figs. 3 and 4). This 

Figure 6.  Analysis of the interaction of PTEN and MAGI1-3 and the influence of PAR2 activation. 
MDA-MB-231  (103) were seeded out into 35 mm-glass based μ-dishes and adapted to serum-free medium for 
1 h prior to activation. The cells were then incubated with PAR2-AP (20 μM) for up to 30 min and analysed 
by PLA as described in Fig. 5. The number of red fluorescent events and nuclei were determined using ImageJ, 
in 10 fields of view from each assay for (A) the interactions of PTEN with MAGI1-3 in non-activated and at 
20 min post-activation. (B) In addition, the interaction of PTEN and MAGI1 and 2, was measured at intervals 
up to 30 min (n = 3; *p < 0.05 vs. the non-activated sample). MAGI2 was immunoprecipitated from cell lysates 
with an anti-MAGI2 (C3; 4 µg) antibody using protein A-magnetic beads. The MDA-MB-231 lysate samples 
were washed five times with PBST (1 ml) and denatured in SDS-PAGE loading buffer and (C) examined for 
PTEN and MAGI2 by western blot using a mouse anti-PTEN antibody (217702) and a rabbit anti-MAGI2 
antibody. (D) The ratio of the PTEN band densities were normalised against those of MAGI2 in the same 
co-immunprecipitated samples (n = 3; *p < 0.05 vs. the non-activated sample). Similarly, the LoVo lysate samples 
were used to immunoprecipitate MAGI2 and (E) examined for PTEN and MAGI2 by western blot using a 
mouse anti-PTEN antibody (217702) and a rabbit anti-MAGI2 antibody. (F) The ratio of the PTEN band 
densities were normalised against those of MAGI2 in the same co-immunprecipitated samples (n = 3; *p < 0.05 
vs. the non-activated sample). Full micrograph replicates are included in the supplementary material.



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports/

depletion of PTEN together with increased Akt activity suggests a mechanism by which the regulation of cell 
survival, proliferation and apoptosis becomes compromised by prolonged exposure to TF. Low level expression of 
Akt in mice has been shown to alter the tissue morphology and can compound tumour formation and  survival84. 
Therefore, while the increases in Akt activity were significant reaching 29% in LoVo cells, such outcomes are 
likely to become dominant over longer periods of time as observed during chronic inflammatory diseases. 
Similarly, it has been reported that subtle reductions in PTEN protein levels increase the susceptibility of cells 
to tumourgenesis through the activation of the PI3K-Akt  pathway28,85. Therefore, this study suggests that the 
prolonged exposure of cells to TF together with the activation of PAR2 may contribute to tumourgenesis through 
the degradation of PTEN resulting in tumour cell proliferation. Such decreases in PTEN levels have already been 
shown to have implication in clinical settings, with outcomes influencing non-malignant  tumourgenesis35–37, 
 carcinogenesis33,34 as well as the progression of  cancers29–32. This study attempted to decipher the molecular and 
cellular connections between the exposure of TF during inflammatory conditions and the regulation of PTEN 
and Akt activity and therefore an extended discussion of clinical manifestations and influences remains beyond 
the remit of this study.

The disruption of cellular layers often occurs as a consequence of injury which and often results in the expo-
sure of TF and the activation of  coagulation86,87. Under such conditions, it is imperative to make a distinction 
between the severely injured cells and those which may be revived. Since TF is one of the first proteins which 
appears at the site of injury, it may possess the ability to subsequently initiate differing signals in order to direct 
the cells towards apoptosis or proliferation respectively. This study has demonstrated the ability of TF to induce 
PTEN activation in the short term, while prolonged exposure to TF appears to reduce the total cellular PTEN 
protein. This may in turn result in aberrant cell survival and proliferation during disease conditions.

Received: 16 April 2020; Accepted: 13 November 2020

References
 1. Kirchhofer, D. & Nemerson, Y. Initiation of blood coagulation: The tissue factor/factor VIIa complex. Curr. Opin. Biotechnol. 7(4), 

386–391 (1996).
 2. Edgington, T. S., Dickinson, C. D. & Ruf, W. The structural basis of function of the TF. VIIa complex in the cellular initiation of 

coagulation. Thromb. Haemost. 78(1), 401–405 (1997).
 3. Morel, O., Toti, F., Hugel, B. & Freyssinet, J. M. Cellular microparticles: A disseminated storage pool of bioactive vascular effectors. 

Curr. Opin. Hematol. 11(3), 156–164 (2004).
 4. Freyssinet, J. M. & Toti, F. Formation of procoagulant microparticles and properties. Thromb. Res. 125(Suppl 1), S46-48 (2010).
 5. Gardiner, C. et al. Extracellular vesicles, tissue factor, cancer and thrombosis—Discussion themes of the ISEV 2014 Educational 

Day. J. Extracell. Vesicles. 4, 26901 (2015).
 6. Date, K., Ettelaie, C. & Maraveyas, A. Tissue factor-bearing microparticles and inflammation: A potential mechanism for the 

development of venous thromboembolism in cancer.. J. Thromb. Haemost. 15(12), 2289–2299 (2017).
 7. Aharon, A., Tamari, T. & Brenner, B. Monocyte-derived microparticles and exosomes induce procoagulant and apoptotic effects 

on endothelial cells. Thromb. Haemost. 100(5), 878–885 (2008).
 8. McVey, J. H. The role of the tissue factor pathway in haemostasis and beyond. Curr. Opin. Hematol. 23(5), 453–461 (2016).
 9. Rak, J., Milsom, C. & Yu, J. Tissue factor in cancer. Curr. Opin. Hematol. 15(5), 522–528 (2008).
 10. Schaffner, F. & Ruf, W. Tissue factor and PAR2 signaling in the tumor microenvironment. Arterioscler. Thromb. Vasc. Biol. 29(12), 

1999–2004 (2009).
 11. Åberg, M., Eriksson, O. & Siegbahn, A. Tissue factor noncoagulant signaling: Mechanisms and implications for cell migration and 

apoptosis. Semin. Thromb. Hemost. 41(7), 691–699 (2015).
 12. Åberg, M. & Siegbahn, A. Tissue factor non-coagulant signaling—Molecular mechanisms and biological consequences with a 

focus on cell migration and apoptosis. J. Thromb. Haemost. 11(5), 817–825 (2013).
 13. Åberg, M., Edén, D. & Siegbahn, A. Activation of β1 integrins and caveolin-1 by TF/FVIIa promotes IGF-1R signaling and cell 

survival. Apoptosis 25(7–8), 519–534 (2020).
 14. Sorensen, B. B., Rao, L. V., Tornehave, D., Gammeltoft, S. & Petersen, L. C. Antiapoptotic effect of coagulation factor VIIa. Blood 

102(5), 1708–1715 (2003).
 15. Versteeg, H. H., Spek, C. A., Richel, D. J. & Peppelenbosch, M. P. Coagulation factors VIIa and Xa inhibit apoptosis and anoikis. 

Oncogene 23(2), 410–417 (2004).
 16. Jiang, X., Guo, Y. L. & Bromberg, M. E. Formation of tissue factor-factor VIIa-factor Xa complex prevents apoptosis in human 

breast cancer cells. Thromb. Haemost. 96(2), 196–201 (2006).
 17. Roy, A. et al. Coagulation factor VIIa-mediated protease-activated receptor 2 activation leads to β-catenin accumulation via the 

AKT/GSK3β pathway and contributes to breast cancer progression. J. Biol. Chem. 292(33), 13688–13701 (2017).
 18. Badeanlou, L., Furlan-Freguia, C., Yang, G., Ruf, W. & Samad, F. Tissue factor-protease-activated receptor 2 signaling promotes 

diet-induced obesity and adipose inflammation. Nat. Med. 17(11), 1490–1497 (2011).
 19. Arderiu, G., Peña, E., Aledo, R. & Badimon, L. Tissue factor-Akt signaling triggers microvessel formation. J. Thromb. Haemost. 

10(9), 1895–1905 (2012).
 20. Åberg, M., Johnell, M., Wickström, M. & Siegbahn, A. Tissue Factor/ FVIIa prevents the extrinsic pathway of apoptosis by regula-

tion of the tumor suppressor Death-Associated Protein Kinase 1 (DAPK1). Thromb. Res. 127(2), 141–148 (2011).
 21. Pradier, A. & Ettelaie, C. The influence of exogenous tissue factor on the regulators of proliferation and apoptosis in endothelial 

cells. J. Vasc. Res. 45(1), 19–32 (2008).
 22. ElKeeb, A. M., Collier, M. E., Maraveyas, A. & Ettelaie, C. Accumulation of tissue factor in endothelial cells induces cell apoptosis, 

mediated through p38 and p53 activation. Thromb. Haemost. 114(2), 364–378 (2015).
 23. Ethaeb, A. M. et al. Accumulation of tissue factor in endothelial cells promotes cellular apoptosis through over-activation of Src1 

and involves β1-integrin signalling. Apoptosis 25(1–2), 29–41 (2020).
 24. Rohani, M. G. et al. PAR1- and PAR2-induced innate immune markers are negatively regulated by PI3K/Akt signaling pathway 

in oral keratinocytes. BMC Immunol. 11, 53 (2010).
 25. Wu, Y. et al. Interaction of the tumor suppressor PTEN/MMAC with a PDZ domain of MAGI3, a novel membrane-associated 

guanylate kinase. J. Biol. Chem. 275(28), 21477–21485 (2000).
 26. Chalhoub, N. & Baker, S. J. PTEN and the PI3-kinase pathway in cancer. Annu. Rev. Pathol. 4, 127–150 (2009).
 27. Sulis, M. L. & Parsons, R. PTEN: From pathology to biology. Trends Cell Biol. 13(9), 478–483 (2003).



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports/

 28. Milella, M. et al. PTEN: Multiple functions in human malignant tumors. Front. Oncol. 5, 24 (2015).
 29. Jamaspishvili, T. et al. Clinical implications of PTEN loss in prostate cancer. Nat. Rev. Urol. 15(4), 222–234 (2018).
 30. Lotan, T. L. et al. PTEN loss is associated with upgrading of prostate cancer from biopsy to radical prostatectomy. Mod. Pathol. 

28(1), 128–137 (2015).
 31. Haney, N. M. et al. PTEN loss with ERG negative status is associated with lethal disease after radical prostatectomy. J. Urol. 203(2), 

344–350 (2020).
 32. De Marzo, A. M., Haffner, M. C., Lotan, T. L., Yegnasubramanian, S. & Nelson, W. G. Premalignancy in prostate cancer: Rethinking 

what we know. Cancer Prev. Res. 9(8), 648–656 (2016).
 33. Park, M. K. et al. PTEN self-regulates through USP11 via the PI3K-FOXO pathway to stabilize tumor suppression. Nat. Commun. 

10(1), 636 (2019).
 34. Lee, Y. R., Chen, M. & Pandolfi, P. P. The functions and regulation of the PTEN tumour suppressor: New modes and prospects. 

Nat. Rev. Mol. Cell Biol. 19(9), 547–562 (2018).
 35. Pilarski, R. & Eng, C. Will the real Cowden syndrome please stand up (again)? Expanding mutational and clinical spectra of the 

PTEN hamartoma tumour syndrome. J. Med. Gen. 41(5), 323–326 (2004).
 36. Yang, L. & Karin, M. Roles of tumor suppressors in regulating tumor-associated inflammation. Cell Death Differ 21, 1677–1686 

(2014).
 37. Luongo, F. et al. PTEN tumor-suppressor: The dam of stemness in cancer. Cancers 11(8), 1076 (2019).
 38. Petrocelli, T. & Slingerland, J. M. PTEN deficiency: A role in mammary carcinogenesis. Breast Cancer Res. 3, 356 (2001).
 39. Brenner, W. et al. Loss of tumor suppressor protein PTEN during renal carcinogenesis. Int. J. Cancer. 99(1), 53–57 (2002).
 40. Schmitz, M. et al. Complete loss of PTEN expression as a possible early prognostic marker for prostate cancer metastasis. Int. J. 

Cancer. 120, 1284–1292 (2007).
 41. Squarize, C. H., Castilho, R. M., Bugge, T. H. & Gutkind, J. S. Accelerated wound healing by mTOR activation in genetically defined 

mouse models. PLoS ONE 5, e10643 (2010).
 42. Yanagawa, N. et al. Loss of phosphatase and tensin homolog protein expression is an independent poor prognostic marker in lung 

adenocarcinoma. J. Thorac. Oncol. 7, 1513–1521 (2012).
 43. Maehama, T. & Dixon, J. E. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, phosphati-

dylinositol 3,4,5-trisphosphate. J. Biol. Chem. 273(22), 13375–13378 (1998).
 44. Stambolic, V. et al. Negative regulation of PKB/Akt-dependent cell survival by the tumor suppressor PTEN. Cell 95(1), 29–39 

(1998).
 45. Myers, M. P. et al. The lipid phosphatase activity of PTEN is critical for its tumor supressor function. Proc. Natl. Acad. Sci. USA. 

95(23), 13513–13518 (1998).
 46. Jamaspishvili, T. et al. Risk stratification of prostate cancer through quantitative assessment of PTEN loss (qPTEN). J. Natl. Cancer 

Inst. 112(11), 1098–1104 (2020).
 47. Tibarewa, P. et al. PTEN protein phosphatase activity correlates with control of gene expression and invasion, a tumor-suppressing 

phenotype, but not with AKT activity. Sci. Signal. 5(213), 18 (2012).
 48. Maccario, H., Perera, N. M., Davidson, L., Downes, C. P. & Leslie, N. R. PTEN is destabilized by phosphorylation on Thr366. 

Biochem. J. 405(3), 439–444 (2007).
 49. Das, S., Dixon, J. E. & Cho, W. Membrane-binding and activation mechanism of PTEN. Proc. Natl. Acad. Sci. USA. 100(13), 

7491–7496 (2003).
 50. Rahdar, M. et al. A phosphorylation-dependent intramolecular interaction regulates the membrane association and activity of the 

tumor suppressor PTEN. Proc. Natl. Acad. Sci. USA. 106(2), 480–485 (2009).
 51. Li, X. et al. MAGI2 enhances the sensitivity of BEL-7404 human hepatocellular carcinoma cells to staurosporine-induced apoptosis 

by increasing PTEN stability. Int. J. Mol. Med. 32(2), 439–447 (2013).
 52. Valiente, M. et al. Binding of PTEN to specific PDZ domains contributes to PTEN protein stability and phosphorylation by 

microtubule-associated serine/threonine kinases. J. Biol. Chem. 280(32), 28936–28943 (2005).
 53. Tolkacheva, T. et al. Regulation of PTEN binding to MAGI-2 by two putative phosphorylation sites at threonine 382 and 383. 

Cancer Res. 61(13), 4985–4989 (2001).
 54. Wu, X. et al. Evidence for regulation of the PTEN tumor suppressor by a membrane-localized multi-PDZ domain containing 

scaffold protein MAGI-2. Proc. Natl. Acad. Sci. USA 97(8), 4233–4238 (2000).
 55. Ettelaie, C. et al. Analysis of the potential of cancer cell lines to release tissue factor-containing microvesicles: Correlation with 

tissue factor and PAR2 expression. Thromb. J. 14, 2 (2016).
 56. Li, C., Collier, M. E., Frentzou, G. A., Greenman, J. & Ettelaie, C. Investigation of the mechanisms of tissue factor-mediated evasion 

of tumour cells from cellular cytotoxicity. Cancer Immunol. Immunother. 57(9), 1347–1355 (2008).
 57. Ettelaie, C., Collier, M. E., Mei, M. P., Xiao, Y. P. & Maraveyas, A. Enhanced binding of tissue factor-microparticles to collagen-IV 

and fibronectin leads to increased tissue factor activity in vitro. Thromb. Haemost. 109(1), 61–71 (2013).
 58. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685 (1970).
 59. Collier, M. E. W., Ettelaie, C., Goult, B. T., Maraveyas, A. & Goodall, A. H. Investigation of the filamin A-dependent mechanisms 

of tissue factor incorporation into microvesicles. Thromb. Haemost. 117(11), 2034–2044 (2017).
 60. EMD Milipore protocols. New, combined lysis and purification reaction simplifies recombinant protein purification with magnetic 

beads https ://www.sigma aldri ch.com/conte nt/dam/sigma -aldri ch/docs/Sigma -Aldri ch/Appli catio n_Notes /1/emd-an330 9en00 .pdf
 61. Maehama, T., Taylor, G. S. & Dixon, J. E. PTEN and myotubularin: Novel phosphoinositide phosphatases. Annu. Rev. Biochem. 

70, 247–279 (2001).
 62. Liu, S. et al. PTEN modulates neurites outgrowth and neuron apoptosis involving the PI3K/Akt/mTOR signaling pathway. Mol. 

Med. Rep. 20(5), 4059–4066 (2019).
 63. Georgescu, M. M. PTEN tumor suppressor network in PI3K-Akt pathway control. Genes Cancer. 1(12), 1170–1177 (2010).
 64. Toker, A. & Rameh, L. PIPPing on AKT1: How many phosphatases does it take to turn off PI3K?. Cancer Cell 28(2), 143–145 

(2015).
 65. Malek, M. et al. PTEN regulates PI(3,4)P(2) signaling downstream of class I PI3K. Mol. Cell. 68(3), 566–580 (2017).
 66. Adey, N. B. et al. Threonine phosphorylation of the MMAC1/PTEN PDZ binding domain both inhibits and stimulates PDZ bind-

ing. Cancer Res. 60(1), 35–37 (2000).
 67. Rak, J., Milsom, C., May, L., Klement, P. & Yu, J. Tissue factor in cancer and angiogenesis: The molecular link between genetic 

tumor progression, tumor neovascularization, and cancer coagulopathy. Semin. Thromb. Hemost. 32(1), 54–70 (2006).
 68. Harter, P. N. et al. Anti-tissue factor (TF9-10H10) treatment reduces tumor cell invasiveness in a novel migratory glioma model. 

Neuropathology. 33(5), 515–525 (2013).
 69. Garnier, D. et al. Genetic pathways linking hemostasis and cancer. Thromb. Res. 129(Suppl 1), S22-29 (2012).
 70. Madkhali, Y. et al. The ratio of factor VIIa: Tissue factor content within microvesicles determines the differential influence on 

endothelial cells. THOpen 3, e132 (2019).
 71. Featherby, S., Madkhali, Y., Maraveyas, A. & Ettelaie, C. Apixaban suppresses the release of TF-positive microvesicles and restrains 

cancer cell proliferation through directly inhibiting TF-fVIIa activity. Thromb. Haemost. 119(9), 1419–1432 (2019).
 72. Collier, M. E. & Ettelaie, C. Induction of endothelial cell proliferation by recombinant and microparticle-tissue factor involves 

beta1-integrin and extracellular signal regulated kinase activation. Arterioscler. Thromb. Vasc. Biol. 30(9), 1810–1817 (2010).

https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/Application_Notes/1/emd-an3309en00.pdf


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20908  | https://doi.org/10.1038/s41598-020-77963-6

www.nature.com/scientificreports/

 73. Kocatürk, B. & Versteeg, H. H. Tissue factor-integrin interactions in cancer and thrombosis: Every Jack has his Jill. J. Thromb. 
Haemost. 11(Suppl 1), 285–293 (2013).

 74. Dutra-Oliveira, A., Monteiro, R. Q. & Mariano-Oliveira, A. Protease-activated receptor-2 (PAR2) mediates VEGF production 
through the ERK1/2 pathway in human glioblastoma cell lines. Biochem. Biophys. Res. Commun. 421(2), 221–227 (2012).

 75. Das, K., Prasad, R., Roy, S., Mukherjee, A. & Sen, P. The protease activated receptor2 promotes rab5a mediated generation of pro-
metastatic microvesicles. Sci. Rep. 8(1), 7357 (2018).

 76. Shen, K. et al. Activated protein C (APC) can increase bone anabolism via a protease-activated receptor (PAR)1/2 dependent 
mechanism. J. Orthop. Res. 32(12), 1549–1556 (2014).

 77. Collier, M. E., Mah, P. M., Xiao, Y., Maraveyas, A. & Ettelaie, C. Microparticle-associated tissue factor is recycled by endothelial 
cells resulting in enhanced surface tissue factor activity. Thromb. Haemost. 110(5), 966–976 (2013).

 78. Georgescu, M. M. et al. Stabilization and productive positioning roles of the C2 domain of PTEN tumor suppressor. Cancer Res. 
60(24), 7033–7038 (2000).

 79. Leslie, N. R. et al. Targeting mutants of PTEN reveal distinct subsets of tumour suppressor functions. Biochem. J. 357(2), 427–435 
(2001).

 80. Vazquez, F. et al. Phosphorylation of the PTEN tail acts as an inhibitory switch by preventing its recruitment into a protein complex. 
J. Biol. Chem. 276(52), 48627–48630 (2001).

 81. Georgescu, M. M., Kirsch, K. H., Akagi, T., Shishido, T. & Hanafusa, H. The tumor-suppressor activity of PTEN is regulated by its 
carboxyl-terminal region. Proc. Natl. Acad. Sci. USA. 96(18), 10182–10187 (1999).

 82. Leslie, N. R., Gray, A., Pass, I., Orchiston, E. A. & Downes, C. P. Analysis of the cellular functions of PTEN using catalytic domain 
and C-terminal mutations: Differential effects of C-terminal deletion on signalling pathways downstream of phosphoinositide 
3-kinase. Biochem. J. 346(3), 827–833 (2000).

 83. Laura, R. P., Ross, S., Koeppen, H. & Lasky, L. A. MAGI-1: A widely expressed, alternatively spliced tight junction protein. Exp. 
Cell Res. 275(2), 155–170 (2002).

 84. Hutchinson, J., Jin, J., Cardiff, R. D., Woodgett, J. R. & Muller, W. J. Activation of Akt(protein kinase B) in mammary epithelium 
provides a critical cell survival signal required for tumor progression. Mol. Cell Biol. 21(6), 2203–2212 (2001).

 85. Carracedo, A., Alimonti, A. & Pandolfi, P. P. PTEN level in tumor suppression: How much is too little?. Cancer Res. 71(3), 629–633 
(2011).

 86. Mackman, N. Role of tissue factor in hemostasis, thrombosis, and vascular development. Arterioscler.. Thromb. Vasc. Biol. 24(6), 
1015–1022 (2004).

 87. Butenas, S., Orfeo, T. & Mann, K. G. Tissue factor in coagulation: Which? where? when?. Arterioscler. Thromb. Vasc. Biol. 29(12), 
1989–1996 (2009).

Author contributions
The study was designed by C.E., and the experimental work carried out by M.A.M. and C.E. The data were evalu-
ated by M.A.M., J.G., A.M. and C.E. and the manuscript was prepared by M.A.M., J.G. and C.E.

Funding
MAM was supported by an educational grant from the Kingdom of Saudi Arabia.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-77963 -6.

Correspondence and requests for materials should be addressed to C.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-77963-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Activation of PAR2 by tissue factor induces the release of the PTEN from MAGI proteins and regulates PTEN and Akt activities
	Material and methods
	Cell culture, cellular activation and determination of cell numbers. 
	SDS-PAGE and western blot analysis. 
	Determination of the relative amount of PTEN mRNA by RT-PCR. 
	Determination of PTEN antigen, PTEN lipid-phosphatase activity and Akt kinase activity using ELISA-based assay kits. 
	Duolink proximity ligation (PLA) assay. 
	Co-immunoprecipitation of proteins. 
	Statistical analysis. 

	Results
	Assessment of the expression of PTEN in the cells lines. 
	Exposure of cells to TF or PAR2-AP activates PTEN and reduces Akt activity. 
	Prolonged exposure of cells to rec-TF increases cell proliferation. 
	Activation of PAR2 releases PTEN from MAGI complexes. 

	Discussion
	References


