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Abstract
Accumulation of tissue factor (TF) within cells leads to cellular apoptosis mediated through p38 and p53 pathways. In this
study, the involvement of Src1 in the induction of TF-mediated cell apoptosis, and the mechanisms of Src1 activation were
investigated. Human coronary artery endothelial cell (HCAEC) were transfected with plasmids to express the wild-type TF
(TFWt-tGFP), or a mutant (Ser253 → Ala) which is incapable of being released from cells (TFAla253-tGFP). The cells were
then activated with PAR2-agonist peptide (SLIGKV-NH) and the phosphorylation of Src and Rac, and also the kinase activity
of Src were assessed. Transfected cells were also pre-incubated with pp60c Src inhibitor, FAK inhibitor-14, or a blocking
anti-β1-integrin antibody prior to activation and the phosphorylation of p38 as well as cellular apoptosis was examined.
Finally, cells were co-transfected with the plasmids, together with a Src1-specific siRNA, activated as above and the cellular apoptosis measured. Activation of PAR2 lead to the phosphorylation of Src1 and Rac1 proteins at 60 min regardless
of TF expression. Moreover, Src phosphorylation and kinase activity was prolonged up to 100 min in the presence of TF,
with a significantly higher magnitude when the non-releasable T
 FAla253-tGFP was expressed in HCAEC. Inhibition of Src
with pp60c, or suppression of Src1 expression in cells, reduced p38 phosphorylation and prevented cellular apoptosis. In
contrast, inhibition of FAK had no significant influence on Src kinase activity or cellular apoptosis. Finally, pre-incubation
of cells with an inhibitory anti-β1-integrin antibody reduced both Src1 activation and cellular apoptosis. Our data show for
the first time that the over-activation of Src1 is a mediator of TF-induced cellular apoptosis in endothelial cells through a
mechanism that is dependent on its interaction with β1-integrin.
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The accumulation of TF within the endothelial cells has
been reported to contribute to the progression of chronic
pathological disorders including cardiovascular disease
[1–4] and cancer [4–7]. This occurs in addition to the procoagulant property of TF and is associated with the ability
to regulate cellular processes such as migration and proliferation [8–14]. Furthermore, TF is capable of inducing cellular apoptosis through intracellular signalling mechanisms
[15–17]. Recently, we reported that the accumulation of TF
within endothelial cells, either through increased retention,
or by acquisition of TF can promote cellular apoptosis [18,
19] through mechanisms mediated by p38 mitogen-activated
protein kinases (MAPKs) [18]. TF-VIIa complex is capable of activating protease activated receptor (PAR)-2 which
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results in cellular signalling directly [11–14]. The formation
of TF-fVIIa-PAR2 complex has also been shown to induce
cellular signalling leading to gene expression and influences cellular proliferation, migration and angiogenesis [20,
21]. In addition, the interaction of TF with β1-integrin has
recently been suggested to stimulate pro-angiogenic factors
and to activate various signalling molecules including focal
adhesion kinase (FAK) and p38 [10, 22–24].
p38 MAPK is a serine/threonine kinase that is activated
by the phosphorylation of Thr180 and Tyr182 residues in
response to different stress signals [25] and can promote cell
apoptosis [26]. Upstream activators of p38 include Src1 [27,
28] and Rac1 [29, 30]. Src1 is also a component of the focal
adhesion complex [31]. The activation of PAR2 has been
shown to result in the phosphorylation of p38 [32]. Moreover, studies have reported that β1-integrin has the ability to
induce FAK auto-phosphorylation at Tyr397, which in turn
binds to the SH2 domain of Src1 protein [33, 34]. As a result
of Src1-FAK complex formation, the intra-molecular interaction between the SH2 domain and the phospho-Tyr527
in the c-terminal of Src1 is disrupted [35]. The removal of
the negative regulatory c-terminal creates an active conformation resulting in increased catalytic activity of Src1
[36] and occurs through the exposure of the activation loop
which allows the phosphorylation of Src1 at Tyr416 [37, 38].
Rac1 also influences gene transcription through a number of
signalling pathways including the c-Jun N-terminal kinase
(JNK) and p38 MAPK pathway [39, 40]. Rac1 is activated
by the phosphorylation of Ser71 [41]. In addition, previous
studies have shown the cross-talk between Src1 and Rac1
[42, 43] resulting in indirect activation of downstream signalling pathways.
Both Src1 and Rac1 have been shown to be activated following the engagement of fVIIa and TF [44, 45]. Therefore,
it is possible that Src1 and/or Rac1 may be capable of relaying the signal initiated by TF, and responsible for the activation of p38 leading to cellular apoptosis [18]. In this study,
a previously used model for TF accumulation was used to
identify and further elucidate the TF-induced apoptotic
pathway. The model relies on the retention of TF, together
with the activation of PAR2. The study aimed to elucidate
the molecular mechanisms that mediate TF-signalling at the
membrane level, resulting in the activation of p38.

Materials and methods
Cell culture, transfection and cellular activation
The pCMV6-Ac-TF-tGFP plasmid DNA (OriGene/Insight
Biotechnology, Wembley, UK) was used to express wildtype or a variant form of TF, as previously described
[46–48]. Preparations of pCMV6-Ac-tGFP (control) and
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pCMV6-Ac-TFAla253-tGFP were described previously [46].
Human coronary artery endothelial cells (HCAEC), devoid
of endogenous TF were cultured in MV media containing
5% (v/v) foetal calf serum (FCS) and growth supplements
(PromoCell, Heidelberg, Germany). The initial experiments
on Src phosphorylation time course were also carried out
using human dermal blood microvascular cells (HDBEC)
to ensure consistency between cells. Cells (2 × 105) were
seeded out into 12-well plates and transfected with 0.5 µg
of pCMV6-Ac-TFWt-tGFP, pCMV6-Ac-TFAla253-tGFP or
pCMV6-Ac-tGFP plasmid DNA. Transfection of the cells
was carried out using TransIT-2020 (Geneflow, Lichfield,
UK) according to the manufacturer’s instructions. Cells were
permitted to express the proteins for 48 h and the expression
of the TF variants was confirmed by flow cytometry [46,
49]. Prior to experiments, cells were pre-adapted to respective serum-free media for 1 h and then activated by incubation with PAR2-AP peptide (SLIGKV; 20 µM). In some
experiments cells were pre-incubated with pp60c Src inhibitor (TSTEPQpYQPGENL; 0-500 µM) or a control peptide
(TSTEPQWQPGENL) for 1 h, prior to activation with
PAR2-AP. In other experiments the cells were pre-incubated
for 2 h with FAK inhibitor-14 (1,2,4,5-benzenetetraamine
tetrahydrochloride; 100 µM; Sigma Chemical Company
Ltd, Poole, UK) or pre-incubated for 1 h with an inhibitory
anti-β1-integrin antibody (AIIB2; 20 µg/ml; Developmental Studies Hybridoma Bank University of Iowa, Iowa City,
USA) [21, 50] prior to activation. Finally, HCAEC were
transfected with a specific set of SilencerSelect®-siRNA
(10 pmol; Life Technologies, Paisley, UK) to suppress the
expression of Src1 concurrently, or transfected with a comparable set of SilencerSelect®-negative control #1 siRNA
(10 pmol; Life Technologies) for 48 h prior to activation.
The concentration of siRNA to knock-down Src1 expression
was optimised by western blot beforehand.

Cell proliferation and apoptosis assays
Cell numbers were determined by staining with crystal violet as previously described [50, 51] and calculated from a
standard curve. In addition, cellular apoptosis was quantified
using the TiterTACS™ Colorimetric Apoptosis Detection
Kit (AMS Biotechnology, Abingdon, UK) according to the
manufacturer’s instructions and as described before [18, 19].
The criteria for endothelial cell apoptosis were evaluated
according to the published consensus guidelines [52] and the
apoptosis established as described previously [53].

Analysis of Src, Rac, FAK and p38 phosphorylation
by western blot
HCAEC (2 × 105) were seeded out in 12-well plates and
transfected to overexpress the wild-type or mutant form
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of TF-tGFP, or tGFP. In some experiments, the cells were
co-transfected with Src1-siRNA or a control siRNA. Cells
were activated with PAR2-AP (20 µM) and incubated for
up to 2 h. The cells were then lysed in Laemmeli’s buffer
containing a protease inhibitor cocktail (Sigma) and equal
amounts were separated by 12% (w/v) SDS-PAGE. The
protein bands were transferred onto nitrocellulose membranes and blocked with TBST (10 mM Tris–HCl pH 7.4,
150 mM NaCl, 0.05% Tween-20). To determine the total
and phosphorylated Src1, the membranes were probed with
a polyclonal rabbit anti-human Src1 antibody, diluted 1:3000
(v/v) in TBST and a rabbit monoclonal anti-human phospho-Tyr416 Src-family antibody (D49G4), diluted 1:4000
(v/v) in TBST (both from Cell Signalling Technologies/
New England Biolabs, Hitchin, UK). Total and phosphoRac1 were detected using a polyclonal rabbit anti-human
Rac1/2/3 antibody diluted 1:3000 (v/v) in TBST, and a
polyclonal rabbit anti-human phospho-Ser71-Rac antibody
diluted 1:3000 (v/v) in TBST (Cell Signalling Technologies). Total and phosphorylated FAK were detected using
a polyclonal rabbit anti-human FAK diluted 1:3000 (v/v)
in TBST, and a monoclonal rabbit anti-human phosphoTyr397-FAK (D20B1) diluted 1:3000 (v/v) in TBST, respectively (Cell Signalling Technologies). The membranes were
then washed with TBST and probed with a goat anti-rabbit
alkaline phosphatase-conjugated antibody (Santa Cruz Biotechnology, Heidelberg, Germany) diluted 1:1000 (v/v) and
incubated for 90 min. The bands were then visualised using
the Western Blue stabilised alkaline phosphatase-substrate
(Promega) and recorded. Analysis of the phosphorylation of
p38 was carried out as above but using a rabbit polyclonal
anti-human p38 antibody diluted 1:3000 (v/v) in TBST and
a monoclonal mouse anti-human phospho-Thr180/Tyr182p38 MAPK antibody (28B10) diluted 1:3000 (v/v) in TBST
(Cell Signalling Technologies) and then probed with a goat
anti-rabbit alkaline phosphatase-conjugated antibody and a
goat anti-mouse alkaline phosphatase-conjugated antibody
(Santa Cruz Biotechnology) both diluted 1:2000 (v/v),
respectively. The bands were then visualised using Western
Blue substrate as above. All quantifications were normalised against GAPDH which was detected using a polyclonal
goat anti-GAPDH antibody diluted 1:5000 (v/v) and then
detected using an alkaline phosphatase-conjugated donkey
anti-goat-IgG antibody diluted 1:2000 (v/v) obtained from
Santa Cruz Biotechnology.

Analysis of Src1 kinase activity
The ProFluor® Src-family kinase assay (Promega Corporation, Southampton, UK) was used to quantify the Src1 enzymatic activity within the cells. The kit measures the tyrosine
kinase activity of Src1 by its ability to catalyse the phosphorylation of a provided substrate molecule (Src-Family

Kinase rhodamine 110; R110 substrate) the phosphorylation
of which prevents further digestion with a provided protease.
The amount of the released fluorescence substrate is therefore inversely proportional to the Src kinase activity and
may be determined from a standard curve prepared using
provided active Src. Briefly, HCAEC (2 × 105/well) were
seeded and transfected to express the wild-type TF-tGFP, the
mutant form of TF ( TFAla253-tGFP), or tGFP as control, and
incubated for 48 h to permit protein expression. Cells were
then adapted to low-serum medium MV containing 2% (v/v)
FCS for 60 min and activated with PAR2-AP (20 μM) for
a further 90 min. The cells were then lysed in PhosphoSafe
Extraction Reagent (Sigma) and the Src1 activity measured
as follows. Cell lysates (5 μl) were placed in separate wells
in opaque-walled 96-well plates and the kinase peptide substrate solution (20 μl) and ATP solution (25 μl) was added
to each well and incubated with shaking for exactly 60 min
at room temperature. The protease solution (25 μl) was then
added and incubated for a further 60 min at room temperature and the reaction was then stopped using the provided
stabiliser solution (25 μl). The fluorescence intensity of
the released rhodamine was measured at Em 530 nm (Ex
485 nm), using the absorption of the included AMC at Em
460 nm (Ex 355 nm), as reference for the initial substrate
concentration.

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
The presence of TF prolongs Src1 phosphorylation
but not Rac1 phosphorylation following PAR2
activation
In the first instance, experiments were carried out to analyse
the time-course of phosphorylation of Src and Rac and to
determine the optimal time-point for measuring the activation of these two proteins. By expressing the TF in tandem
with tGFP, it was possible to optimise the expression of the
hybrid protein in the cells, prior to analysis. HCAEC were
transfected to express T
 FWt-tGFP, TFAla253-tGFP, tGFP or
use untransfected. All cells were then adapted to serumfree medium and activated by incubation with PAR2-AP
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(20 µM). Samples of cells were lysed at intervals up to
120 min and the phosphorylation of Src and Rac analysed
by western blot. Activation of PAR2 in all cells resulted in
a small rise in the phosphorylation of Src (Fig. 1) peaking
at around 60 min. Moreover, on expression of either form
of TF, the phosphorylation of Src was prolonged forming
a second peak at around 100 min post-activation (Fig. 1b,
c). This prolonging of the Src activation was most prominent on expression of the mutant form ( TFAla253-tGFP) but
was observable with a lower magnitude on expression of
the wild type ( TFWt-tGFP) in cells. To ensure consistency
between various endothelial cell types as reported previously
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Fig. 1  Analysis of Src phosphorylation by western blot. Human coronary artery endothelial cells (2 × 105) were seeded out into 12-well
plates and transfected with 0.5 µg of a pCMV6-Ac-tGFP, b pCMV6Ac-TFAla253-tGFP, c pCMV6-Ac-TF-tGFP plasmids, along with d an
untransfected set of cells. The cells were incubated for 48 h to permit the expression of the recombinant proteins. Sets of cells were
activated with PAR2-AP (20 µM) and incubated for up to 120 min.
The cells were then lysed in Laemmeli’s buffer containing a protease
inhibitor cocktail and separated by 12% (w/v) SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were probed
with a polyclonal rabbit anti-human Src1 antibody, diluted 1:3000
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[52], the phosphorylation of Src was also examined at 0, 60
and 100 min in human dermal blood microvascular cells
(HDBEC) which were transfected to express T
 FAla253-tGFP
(Supplementary Fig. 1). The activation of HDBEC also
induced an increase in Src phosphorylation which was comparable to that obtained with HCAEC, and is consistent with
previous studies regarding the responses of endothelial cells
[54].
In contrast, activation of cells expressing tGFP (Fig. 2a),
TFAla253-tGFP (Fig. 2b), TFWt-tGFP or the untransfected
cells (Supplementary Fig. 2) produced a similar Rac-phosphorylation peak at around 60 min.
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(v/v) or a rabbit monoclonal anti-human phospho-Tyr416-Src family
antibody (D49G4), diluted 1:4000 (v/v) in TBST. The membranes
were then washed and probed with a goat anti-rabbit alkaline phosphatase-conjugated antibody diluted 1:1000 (v/v) and then visualised
using the Western Blue stabilised alkaline phosphatase-substrate and
recorded. All quantifications were normalised against GAPDH which
was detected using a polyclonal goat anti-GAPDH antibody diluted
1:5000 (v/v) and then detected using an alkaline phosphatase-conjugated donkey anti-goat-IgG antibody diluted 1:2000 (v/v). The ratios
of phosphorylated to total Src were calculated using the ImageJ program. (n = 6; * = p < 0.05 vs. the untreated samples)
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Fig. 2  Analysis of Rac phosphorylation by western blot. Human
coronary artery endothelial cells (2 × 105) were seeded out into
12-well plates and transfected with 0.5 µg of a pCMV6-Ac-tGFP or b
pCMV6-Ac-TFAla253-tGFP (additional samples shown in Supplementary Fig. 2). The cells were incubated for 48 h to permit the expression of the recombinant proteins. Sets of cells were then activated
with PAR2-AP (20 µM) and incubated for up to 120 min. The cells
were then lysed and separated by 12% (w/v) SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were probed
with a polyclonal rabbit anti-human Rac1/2/3 antibody, diluted
1:3000 (v/v) and a rabbit monoclonal anti-human phospho-Ser71-

Rac1 antibody, diluted 1:3000 (v/v) diluted in TBST. The membranes
were then washed and probed with a goat anti-rabbit alkaline phosphatase-conjugated antibody diluted 1:1000 (v/v) and then visualised
using the Western Blue stabilised alkaline phosphatase-substrate and
recorded. All quantifications were normalised against GAPDH which
was detected using a polyclonal goat anti-GAPDH antibody diluted
1:5000 (v/v) and then detected using an alkaline phosphatase-conjugated donkey anti-goat-IgG antibody diluted 1:2000 (v/v). The ratios
of phosphorylated to total Rac were calculated using the ImageJ program. (n = 6; * = p < 0.05 vs. the untreated samples)

The presence of TF amplifies Src1 phosphorylation
and Src kinase activity following PAR2 activation

plasmid. Following 48 h of incubation, the cells were
adapted to low-serum medium MV containing 2% (v/v) FCS
for 60 min. The cells were pre-incubated for 60 min with
pp60c Src1 inhibitor peptide (TSTEPQpYQPGENL) at a
range of 0–500 μM, or alternatively with a pseudo-inhibitor
peptide (TSTEPQWQPGENL; 500 μM) prior to activation
with PAR2-AP (20 μM). Sets of cells were also treated with
IL-1β (10 ng/ml) as a positive control and incubated for
24 h. Inhibition of Src in cells overexpressing T
 FAla253-tGFP
reduced the rate of cell apoptosis post-activation with
PAR2-AP, in comparison to the samples treated with the
pseudo-Src inhibitor or devoid of the inhibitor (Fig. 4a). This
decrease in the rate of cell apoptosis on inclusion of the
pp60c was dose dependent (Fig. 4b).
To further confirm the role of Src1 specifically, in TFmediated apoptosis, HCAEC (2 × 105/well) were co-transfected to express TFAla253-tGFP together with Src1 siRNA
or alternatively a control siRNA. The concentrations of
the siRNA were optimised beforehand (Supplementary
Fig. 3). The cells were adapted to low-serum medium MV
containing 2% (v/v) FCS for 1 h prior to activation using
PAR2-AP (20 μM). For comparison, sets of cells were
treated with IL-1β (10 ng/ml) or used untreated. Cellular
apoptosis was measured after 24 h post-activation using a
colorimetric TUNEL assay. Suppression of Src expression

Following establishing the optimal time-point for the measurement of Src phosphorylation, the magnitude of Src phosphorylation and the Src kinase activity in cells was compared in cells transfected with the wild-type and the mutant
form of TF. Quantitative analysis of Src phosphorylation at
90 min post-activation with PAR2-AP (20 µM) confirmed
the phosphorylation of Src at this time-point in the presence of wild-type TF and was significantly enhanced in
the cells transfected to express T
 FAla253-tGFP (Fig. 3a, b).
Furthermore, analysis of the Src kinase activity at 90 min,
mirrored the magnitudes of Src phosphorylation (Fig. 3c).
Finally, quantification of the rate of cell apoptosis using a
colourimetric TUNEL assay, indicated a putative association
between Src activation and the induction of cell apoptosis
(Fig. 3d).

Src1 is a mediator of TF‑induced p38
phosphorylation and cellular apoptosis
In order to examine the role of Src in TF induced apoptosis HCAEC (2 × 105/well) were seeded in 12-well plates,
incubated overnight and transfected with TFAla253-tGFP
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Fig. 3  Analysis of Src phosphorylation, kinase activity and induction
of cell apoptosis. Human coronary artery endothelial cells (2 × 105)
were seeded out into 12-well plates and transfected with 0.5 µg of
pCMV6-Ac-tGFP, pCMV6-Ac-TFAla253-tGFP, pCMV6-Ac-TF-tGFP
plasmids, along with an untransfected set of cells. The cells were
incubated for 48 h to permit the expression of the recombinant proteins. Sets of cells were then activated with PAR2-AP (20 µM) for
90 min. a The cells were then lysed and phosphorylated and total
Src1 examined by western blot, as described before. b The ratios of
phosphorylated to total Src were calculated using the ImageJ program. (n = 4; * = p < 0.05 vs. the untreated samples). c HCAEC
(2 × 105/well) were transfected as above and incubated for 48 h to
permit protein expression. Cells were then adapted to low-serum
medium MV containing 2% (v/v) FCS for 60 min and activated with

PAR2-AP (20 μM) for a further 90 min. The cells were then lysed in
PhosphoSafe Extraction Reagent and the Src activity measured using
the ProFluor® Src-family kinase assay. The fluorescence intensity of
the released rhodamine was measured at Em 530 nm (Ex 485 nm),
using the absorption of the included AMC at Em 460 nm (Ex
355 nm), as reference for the initial substrate concentration. (n = 5;
* = p < 0.05 vs. the untreated samples). d HCAEC (2 × 105/well) were
transfected as above and incubated for 48 h to permit protein expression. Cells were then adapted to low-serum medium MV containing
2% (v/v) FCS for 60 min and activated with PAR2-AP (20 μM) for a
further 90 min. The rate of cellular apoptosis was then quantified at
20 h, using the TiterTACS™ Colorimetric Apoptosis Detection Kit.
(n = 4; * = p < 0.05 vs. the untreated samples)

reduced the rate of apoptosis to levels comparable to
those of the untransfected/untreated cells (Fig. 4c) while
co-transfection with the control siRNA did not exert any
influence on TF-mediated cell apoptosis.
Previously, we showed that TF-mediated cell apoptosis
involves the activation of p38 MAPK [18]. Therefore an
attempt was made to decipher any association between TF,
Src and p38 activation. HCAEC (2 × 105/well) were transfected with T
 FAla253-tGFP plasmid and incubated for 48 h.
The cells were incubated with Src1 inhibitor (0–500 μM)
for 60 min and then incubated for a further 90 min with
PAR2-AP (20 μM). The cells were then lysed and analysed
by western blot using mouse anti-human phospho-p38 and
rabbit anti-human p38 antibodies. The ratios of phosphop38: total p38 were then determined. In agreement with
the above findings, incubation of cells with pp60c Src1

inhibitor peptide reduced p38 phosphorylation, following
the activation of the cells (Fig. 4d, e).
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The activation of Src in the presence of TF
is not dependent on FAK phosphorylation
Recruitment of Src to focal adhesion clusters can result
in the activation Src by FAK. Therefore, to assess the
involvement of FAK in Src activation, HCAEC (2 × 105/
well) were cultured in 12-well plates and transfected to
express T F Wt-tGFP, T FAla253-tGFP, tGFP or were used
untransfected and incubated for 48 h to express the proteins. The cells were pre-treated with the FAK inhibitor
(FAK inhibitor-14; 100 µM) for 2 h. The duration of preincubation with 100 µM of the FAK inhibitor was optimised previously (Supplementary Fig. 4). The cells were
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quantified at 20 h, using the TiterTACS™ Colorimetric Apoptosis
Detection Kit. (n = 4; * = p < 0.05 vs. the sample devoid of inhibitor).
c Sets of HCAEC (2 × 105/well) were co-transfected with pCMV6Ac-TFAla253-tGFP plasmid together with wither a Src1 siRNA, control siRNA or without any siRNA, and incubated for 48 h. The rate
of cellular apoptosis was then quantified at 20 h, using the TiterTACS™ Colorimetric Apoptosis Detection Kit. (n = 4; * = p < 0.05 vs.
sample devoid of siRNA). d HCAEC (2 × 105) were transfected with
pCMV6-Ac-TFAla253-tGFP plasmid and incubated for 48 h to permit
the expression of the recombinant protein. The cells were then activated with PAR2-AP (20 µM) and lysed and the amounts of phosphorylated-p38 and total-p38 were examined by western blot and e The
ratios of phosphorylated to total p38 were calculated using the ImageJ
program. (n = 4; * = p < 0.05 vs. sample devoid of inhibitor)

then activated with PAR2-AP (20 μM) for 90 min and
compared to non-activated cells by western blot. Analysis
of phosphorylated and total Src antigens indicated a partial
reduction in the phosphorylation of Tyr416 within Src,
upon inclusion of FAK inhibitor-14 (Fig. 5a, b). Furthermore, analysis of the phosphorylation of Tyr397 within

FAK, confirmed the significant decrease in the FAK activation (Fig. 5c, d). In contrast, measurement of Src kinase
activity using the P
 roFluor® Src-family kinase assay only
showed a marginal reduction in the Src kinase activity
following the inhibition of FAK (Fig. 5e). Importantly,
the rate of cell apoptosis remained unaltered following
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the inhibition of FAK (Fig. 5f). To elucidate the mechanism further, the outcome of PAR2 activation on FAK
phosphorylation, in cells expressing the various constructs
was examined. Western blot analysis indicated that PAR2
activation had no influence on FAK phosphorylation which
also remained unaltered by the expression of either form
of TF-tGFP (Fig. 5g, h).
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Over‑activation of Src1 by TF is dependent
on β1‑integrin
Finally, the role of β1-integrin in the activation of Src1, in
cells overexpressing TF was evaluated. HCAEC (2 × 105/
well) expressing the mutant form of TF ( TFAla253-tGFP),
wild-type TFWt-tGFP, a control plasmid (tGFP) as well as

Apoptosis
◂Fig. 5  Examination of the involvement of FAK in TF-mediated

induction of cell apoptosis. Sets of HCAEC (2 × 105/well) were transfected with pCMV6-Ac-tGFP, pCMV6-Ac-TFAla253-tGFP, pCMV6Ac-TF-tGFP plasmids, along with an untransfected set of cells and
incubated for 48 h to permit protein expression. Cells were then
adapted to low-serum medium MV containing 2% (v/v) FCS for
60 min together with FAK inhibitor-14 (100 µM) and compared to
vehicle control. The cells were then activated with PAR2-AP (20 μM)
for a further 90 min. a The cells were then lysed and phosphorylated
and total Src1 examined by western blot, as described before. b The
ratios of phosphorylated to total Src were calculated using the ImageJ
program. (n = 4; * = p < 0.05 vs. the untreated samples). c Phosphorylation of FAK was also analysed by western blot using specific
antibodies to Tyr397-phosphorylated and total FAK. d The ratios of
phosphorylated to total FAK were calculated using the ImageJ program. (n = 4; * = p < 0.05 vs. the untreated samples). e Sets of cells
were treated as above and then lysed in PhosphoSafe Extraction Reagent and the Src kinase activity measured using the ProFluor® Srcfamily kinase assay. (n = 4). f In addition, the rate of cellular apoptosis was then quantified at 20 h, using the TiterTACS™ Colorimetric
Apoptosis Detection Kit. (n = 4). g Sets of HCAEC were transfected
and adapted to serum-free medium as above. One set of cells were
then activated with PAR2-AP (20 µM) and the level of FAK phosphorylation by western blot. h The ratios of phosphorylated to total FAK
were calculated using the ImageJ program. (n = 4)

an untransfected sample, were incubated with an inhibitory
anti-β1-integrin antibody (AIIB2; 20 μg/ml) for 60 min
[22, 50]. The cells were then activated using PAR2-AP
(20 μM) for a further 90 min. Analyses of Src phosphorylation showed that blocking of β1-integrin marginally
reduced the level of Src1 phosphorylation in cells expressing TFAla253-tGFP (Fig. 6a, b). Moreover in agreement with
the above, FAK phosphorylation remained unaffected (Supplementary Fig. 5). In contrast, incubation of cells with the
inhibitory anti-β1-integrin antibody significantly reduced
Src kinase activity (Fig. 6c). The change in Src kinase activity was also concurrent with substantial reduction in cellular
apoptosis (Fig. 6d).

Discussion
The release of TF during injury, trauma and infections has
been well documented. High levels of circulating TF are also
detected during chronic pathological conditions including
cancer, diabetes and cardiovascular disease. Endothelial cells
have been shown to be capable of acquiring exogenous TF,
in vitro and in vivo [55, 56]. This accumulation of TF can
overcome the cellular mechanisms of processing TF and as a
result, the cells may become overloaded with TF. Abnormal
levels of TF can induce cellular apoptosis which can give
rise to endothelial dysfunction during disease conditions.
Previously, we used a model for the accumulation of TF in
endothelial cells to examine the mechanism of TF-induced
cell apoptosis [15, 16]. Using this model we showed that
the prevention of TF release through alanine-substitution of

ser253 within its cytoplasmic domain, resulted in the induction of cell apoptosis through a mechanism involving p38
MAPK and p53. These in turn resulted in cell cycle arrest
and the expression of bax [18]. In contrast, the expression
of wild-type TF which is processed normally by the cells,
lowered the rate of apoptosis and promoted cell proliferation.
In this study, we have used this model to examine the signalling mediators in the activation of TF-induced apoptosis, but
at the membrane-associated level. We have demonstrated
the prolonged (> 90 min) phosphorylation of Src1 following
the activation of PAR2, in cells expressing TF, but not in
cells expressing the control plasmid, or untransfected cells.
The phosphorylation of Src1 was concurrent with increased
kinase activity of this protein. Importantly, accumulation
of TFAla253-tGFP further augmented this outcome, resulting
in the over-activation of Src1. In contrast, the activation of
Rac1 was unaltered by the presence of TF. This over-activation of Src1 was shown to be responsible for the high level
of p38 phosphorylation and induction of cells apoptosis,
since either inclusion of the Src inhibitor (pp60c) or siRNA
mediated suppression of Src1 abolished the increased rate
of cell apoptosis. The involvement of Src1 in the promotion of cell differentiation and proliferation has been thoroughly explored in the past [57, 58]. However, there are
also some studies which show that the over-activation of
Src can have a pro-apoptotic influence on cells [59]. Here,
we have implicated Src1 as a mediator associating the disruptions in the cellular processing of TF, with the induction
of apoptosis. These findings agree with the hypothesis that
as a factor which appears early at the sight of injury, TF is
ideally placed to have a dual function in instructing the cells
to divide, or alternatively become apoptotic. Therefore, TF
may act as a gauge for the level of injury and to distinguish
between the severely injured cells and those which may be
revived.
Previous studies have reported the ability of TF to induce
cellular signalling through binding with the β1-integrin
[22–24]. Furthermore, the interaction between FAK and
Src1 is known to be capable of transmitting cellular signals
initiated by β1-integrin [60, 61]. Therefore in the second
part of the study, the possible roles of β1-integrin and FAK
in TF-induced Src1 over-activation were examined. Chemical inhibition of FAK phosphorylation at Tyr397 using
FAK inhibitor-14, reduced the phosphorylation of Tyr416
within Src1. This is in agreement with previous studies since
Tyr397 phosphorylation within FAK is essential for the formation of Src1-FAK complex leading to the phosphorylation
of Tyr416 in Src1. Moreover, it has been reported that the
influence of β1-integrin on Src1 is mediated through activation of FAK-Src1 complex [62–64]. The clustering of integrins can promote the auto-phosphorylation of FAK at Tyr397
which generates a binding target for the SH2 domain within
Src1 protein [33, 34]. The formation of this complex in turn
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Fig. 6  Examination of the involvement of β1-integrin in TF-mediated induction of cell apoptosis. Sets of HCAEC (2 × 105/well) were
transfected with pCMV6-Ac-tGFP, pCMV6-Ac-TFAla253-tGFP,
pCMV6-Ac-TF-tGFP plasmids, along with an untransfected set
of cells and incubated for 48 h to permit protein expression. Cells
were then adapted to low-serum medium MV containing 2% (v/v)
FCS for 60 min together with a blocking anti-β1-integrin antibody
(AIIB2; 20 µg/ml) and then were activated with PAR2-AP (20 μM)
for a further 90 min. a The cells were then lysed and phosphorylated
and total Src1 examined by western blot, as described before. b The

ratios of phosphorylated to total Src were calculated using the ImageJ
program. (n = 4; * = p < 0.05 vs. untreated samples; # = p < 0.05 vs.
respective control IgG). c Sets of cells were treated as above and then
lysed in PhosphoSafe Extraction Reagent and the Src kinase activity measured using the ProFluor® Src-family kinase assay. (n = 4;
* = p < 0.05 vs. the untreated samples; # = p < 0.05 vs. respective control IgG). d Sets of cells were treated as above and the rate of cellular
apoptosis was quantified at 20 h, using the TiterTACS™ Colorimetric
Apoptosis Detection Kit. (n = 4; * = p < 0.05 vs. the untreated samples; # = p < 0.05 vs. respective control IgG)

disrupts the intra-molecular interaction between the SH2
domain and the regulatory phospho-Tyr527 in the c-terminal
of Src1 [35]. The removal of this negative regulatory domain
creates an active conformation through the exposure of the
activation loop. This in turn results in the phosphorylation
of Src1 at Tyr416 [37, 38] and increased catalytic activity of
Src1 [36]. However in our study, only a marginal reduction
in Src1 kinase activity was detected following the inhibition
of FAK in cells expressing the mutant or wild-type TF. It has
recently been suggested that FAK inhibition is not sufficient
to completely suppress Src1 activity since the lack of Tyr397
phosphorylation in FAK alone, is not sufficient for preventing Src1 activation [65]. Consequently, Src1 may exist in a
state where both Tyr416 and Tyr527 remain phosphorylated
within this protein [66] and may be activated by mechanisms
that are independent of FAK [65–68]. Additionally, previous studies have reported that the α4β1-integrin is capable of activating Src1 independently of FAK [69] through

mechanism involving other members of the focal adhesion
complex such as paxillin and vinculin, which were reported
as binding proteins of Src1 at SH3 [70]. It has also been
shown that the over-expression of v-Src in FAK-deficient
cell lines results in the formation of avascular tumours in
mice suggesting that Src activity alone, may in fact prevent
vascularisation [71]. Therefore, FAK-Src signalling appears
to be essential for the paracrine signalling between tumour
cells and endothelial cells, which is mediated through the
induction of VEGF expression in the latter cells [72]. However in our study, Src appeared to be activated without FAK
activation. Therefore, the over-activation of Src alone, in
endothelial cells, in response to TF may be detrimental to
vascular proliferation.
Blocking of β1-integrin using an inhibitory antibody
(AIIB2), in cells expressing either form of TF, reduced
both the phosphorylation of Src1 and the associated kinase
activity, following PAR2 activation. Further analysis of FAK
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phosphorylation using western blot, in cells pre-incubated
with β1-integrin blocking antibody did not show any reduction in FAK phosphorylation (Supplementary Fig. 5). However, this antibody (AIIB2) has been shown to reduce FAK
phosphorylation at Tyr397 [67], and the underlying mechanism is thought to involve the interference with integrin
clustering. This clustering is also essential for the maximal
activation of Src1 [68, 69]. Therefore, in agreement with
the above, Src1 appears to be activated by mechanisms that
are independent of FAK [65]. As mentioned above, other
studies have also demonstrated that the α4β1-integrin is
capable of activating Src1 independently of FAK [70], and
through mechanisms involving other members of the focal
adhesion complex. In these mechanisms, the binding Src1
occurs through SH3 domain [71]. Therefore, the observed
decrease in Src1 phosphorylation, following the blocking
of β1-integrin using AIIB2 antibody, appears to involve
reduced recruitment of Src1 protein to the focal adhesion
complex, through preventing the interaction with other focal
adhesion components. Finally, a higher level of Src1 activity was detected in transfected cells than the untransfected
control cells and was highest in cells expressing the mutant
TFAla253-tGFP protein. This further indicates a possible
direct interaction between the expressed TF and β1-integrin,
even in the absence of PAR2 activation.
In conclusion, this study has identified a crucial role for
Src1 over-activation, in mediating TF signalling, resulting in
the activation of p38 and subsequent apoptosis in HCAEC.
In addition, for the first time β1-integrin has been shown to
act as signalling intermediary associating increased cellular levels of TF with the over-activation of Src1. Therefore,
this study has identified a crucial step in the mechanism of
TF-induced apoptosis. The activation of this pathway determines the fate of the cells that come into contact with TF,
and may be crucial during inflammatory conditions such as
cancer and vascular disease.
Authors’ contributions The study was designed by CE, and the experimental work carried out by AE, MAM YM and SF. The data were
evaluated by AE, AM, JG and CE and the manuscript was prepared
by AE, JG and CE.
Funding AE was supported by a grant from the Iraqi Ministry of
Higher Education and Scientific Research, University of Wasit, Iraq.

Compliance with ethical standards
Conflict of interest The authors do not declare any conflict of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate

credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
1. Tatsumi K, Mackman N (2015) Tissue factor and atherothrombosis. J Atheroscler Thromb. 22(6):543–549
2. Badimon L, Vilahur G (2014) Thrombosis formation on
atherosclerotic lesions and plaque rupture. J Intern Med
276(6):618–632
3. Breitenstein A, Camici GG, Tanner FC (2009) Tissue factor:
beyond coagulation in the cardiovascular system. Clin Sci (Lond).
118(3):159–172
4. Grover SP, Mackman N (2018) Tissue factor: an essential mediator of hemostasis and trigger of thrombosis. Arterioscler Thromb
Vasc Biol 38(4):709–725
5. Cimmino G, Cirillo P (2018) Tissue factor: newer concepts in
thrombosis and its role beyond thrombosis and hemostasis. Cardiovasc Diagn Ther. 8(5):581–593
6. Zelaya H, Rothmeier AS, Ruf W (2018) Tissue factor at the
crossroad of coagulation and cell signaling. J Thromb Haemost
16(10):1941–1952
7. Schaffner F, Ruf W (2009) Tissue factor and PAR2 signaling in
the tumor microenvironment. Arterioscler Thromb Vasc Biol
29(12):1999–2004
8. Åberg M, Eriksson O, Siegbahn A (2015) Tissue factor noncoagulant signaling: mechanisms and implications for cell migration
and apoptosis. Semin Thromb Hemost 41(7):691–699
9. Åberg M, Siegbahn A (2013) 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
10. Kocatürk B, Versteeg HH (2013) Tissue factor-integrin interactions in cancer and thrombosis: every Jack has his Jill. J Thromb
Haemost 11(Suppl 1):285–293
11. Riewald M, Ruf W (2001) Mechanistic coupling of protease signaling and initiation of coagulation by tissue factor. Proc Natl Acad
Sci USA 98:7742–7747
12. Wojtukiewicz MZ, Hempel D, Sierko E, Tucker SC, Honn
KV (2015) Protease-activated receptors (PARs)-biology and
role in cancer invasion and metastasis. Cancer Metastasis Rev
34:775–796
13. Su S, Li Y, Luo Y, Sheng Y, Su Y, Padia RN, Pan ZK, Dong
Z, Huang S (2009) Proteinase-activated receptor 2 expression in
breast cancer and its role in breast cancer cell migration. Oncogene 28:3047–3057
14. Hjortoe GM, Petersen LC, Albrektsen T, Sorensen BB, Norby PL,
Mandal SK, Pendurthi UR, Rao LV (2004) Tissue factor-factor
VIIa-specific up-regulation of IL-8 expression in MDA-MB-231
cells is mediated by PAR-2 and results in increased cell migration.
Blood 103(8):3029–3237
15. Pradier A, Ettelaie C (2008) The influence of exogenous tissue
factor on the regulators of proliferation and apoptosis in endothelial cells. J Vasc Res 45(1):19–32
16. Frentzou AG, Collier ME, Seymour AM, Ettelaie C (2010) Differential induction of cellular proliferation, hypertrophy and apoptosis in H9c2 cardiomyocytes by exogenous tissue factor. Mol Cell
Biochem 345(1–2):119–130
17. Aharon A, Tamari T, Brenner B (2008) Monocyte-derived microparticles and exosomes induce procoagulant and apoptotic effects
on endothelial cells. Thromb Haemost 100(5):878–885
18. ElKeeb AM, Collier ME, Maraveyas A, Ettelaie C (2015)
Accumulation of tissue factor in endothelial cells induces cell

13

Apoptosis

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.
33.
34.

35.

apoptosis, mediated through p38 and p53 activation. Thromb Haemost 114(2):364–378
Madkhali Y, Featherby S, Collier MEW, Maraveyas A, Greenman J, Ettelaie C (2019) The ratio of factor VIIa:tissue factor
content within microvesicles determines the differential influence
on endothelial cells. TH Open 3:e132
Hu L, Xia L, Zhou H, Wu B, Mu Y, Wu Y, Yan J (2013) TF/FVIIa/
PAR2 promotes cell proliferation and migration via PKCalpha
and ERK-dependent c-Jun/AP-1 pathway in colon cancer cell line
SW620. Tumour Biol 34(5):2573–2581
Larsen KS, Ostergaard H, Olsen OH, Bjelke JR, Ruf W, Petersen
LC (2010) Engineering of substrate selectivity for tissue factor
factor VIIa complex signaling through protease-activated receptor
2. J Biol Chem 285(26):19959–19966
Collier ME, Ettelaie C (2010) 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
van den Berg YW, van den Hengel LG, Myers HR, Ayachi O,
Jordanova E, Ruf W, Spek CA, Reitsma PH, Bogdanov VY,
Versteeg HH (2009) Alternatively spliced tissue factor induces
angiogenesis through integrin ligation. Proc Natl Acad Sci USA
106(46):19497–19502
Collier ME, Li C, Ettelaie C (2008) Influence of exogenous tissue factor on estrogen receptor alpha expression in breast cancer
cells: involvement of beta1-integrin, PAR2, and mitogen-activated
protein kinase activation. Mol Cancer Res 6(12):1807–1818
Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, Ulevitch RJ,
Davis RJ (1995) Pro-inflammatory cytokines and environmental stress cause p38 mitogen-activated protein kinase activation
by dual phosphorylation on tyrosine and threonine. J Biol Chem
270(13):7420–7426
Xiao Z, Liu L, Tao W, Pei X, Wang G, Wang M (2018) Clostridium Tyrobutyricum protect intestinal barrier function from LPSinduced apoptosis via P38/JNK signaling pathway in IPEC-J2
cells. Cell Physiol Biochem 46(5):1779–1792
Watanabe T, Tsuda M, Makino Y, Ichihara S, Sawa H, Minami A,
Mochizuki N, Nagashima K, Tanaka S (2006) Adaptor molecule
Crk is required for sustained phosphorylation of Grb2-associated
binder 1 and hepatocyte growth factor-induced cell motility of
human synovial sarcoma cell lines. Mol Cancer Res 4(7):499–510
Watanabe T, Tsuda M, Tanaka S, Ohba Y, Kawaguchi H, Majima
T, Sawa H, Minami A (2009) Adaptor protein Crk induces Srcdependent activation of p38 MAPK in regulation of synovial sarcoma cell proliferation. Mol Cancer Res 7(9):1582–1592
Kyriakis JM, Avruch J (1996) Protein kinase cascades activated
by stress and inflammatory cytokines. BioEssays 18(7):567–577
Lang F, Hoffmann EK (2012) Role of ion transport in control of
apoptotic cell death. Compr Physiol. 2(3):2037–2061
Wu JC, Chen YC, Kuo CT, Wenshin YuH, Chen YQ, Chiou A,
Kuo JC (2015) Focal adhesion kinase-dependent focal adhesion
recruitment of SH2 domains directs SRC into focal adhesions to
regulate cell adhesion and migration. Sci Rep 5:18476
Enjoji S, Ohama T, Sato K (2014) Regulation of epithelial cell
tight junctions by protease-activated receptor 2. J Vet Med Sci
76(9):1225–1229
Calalb MB, Zhang X, Polte TR, Hanks SK (1996) Focal adhesion
kinase tyrosine-861 is a major site of phosphorylation by Src.
Biochem Biophys Res Commun 228(3):662–668
Schaller MD, Hildebrand JD, Shannon JD, Fox JW, Vines RR,
Parsons JT (1994) Autophosphorylation of the focal adhesion
kinase, pp125FAK, directs SH2-dependent binding of pp60src.
Mol Cell Biol 14(3):1680–1688
Thomas SM, Brugge JS (1997) Cellular functions regulated by
Src family kinases. Annu Rev Cell Dev Biol 13:513–609

13

36. Schlaepfer DD, Hanks SK, Hunter T, van der Geer P (1994) Integrin-mediated signal transduction linked to Ras pathway by GRB2
binding to focal adhesion kinase. Nature 372(6508):786–791
37. Guarino M (2010) Src signaling in cancer invasion. J Cell Physiol
223(1):14–26
38. Kleinschmidt EG, Schlaepfer DD (2017) Focal adhesion kinase
signaling in unexpected places. Curr Opin Cell Biol 45:24–30
39. Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N, Miki
T, Gutkind JS (1995) The small GTP-binding proteins Rac1 and
Cdc42 regulate the activity of the JNK/SAPK signaling pathway.
Cell 81(7):1137–1146
40. Puls A, Eliopoulos AG, Nobes CD, Bridges T, Young LS, Hall
A (1999) Activation of the small GTPase Cdc42 by the inflammatory cytokines TNF(alpha) and IL-1, and by the Epstein-Barr
virus transforming protein LMP1. J Cell Sci 112(17):2983–2992
41. Kwon T, Kwon DY, Chun J, Kim JH, Kang SS (2000) Akt protein kinase inhibits Rac1-GTP binding through phosphorylation
at serine 71 of Rac1. J Biol Chem 275(1):423–438
42. Chiariello M, Marinissen MJ, Gutkind JS (2001) Regulation of
c-myc expression by PDGF through Rho GTPases. Nat Cell Biol
3(6):580–586
43. Servitja JM, Marinissen MJ, Sodhi A, Bustelo XR, Gutkind JS
(2003) Rac1 function is required for Src-induced transformation. Evidence of a role for Tiam1 and Vav2 in Rac activation
by Src. J Biol Chem 278(36):34339–34346
44. Siegbahn A, Johnell M, Nordin A, Aberg M, Velling T (2008)
TF/FVIIa transactivate PDGFRbeta to regulate PDGF-BBinduced chemotaxis in different cell types:involvement of Src
and PLC. Arterioscler Thromb Vasc Biol 28(1):135–141
45. Versteeg HH, Hoedemaeker I, Diks SH, Stam JC, Spaargaren M,
en Henegouwen PMVB, van Deventer SJ, Peppelenbosch MP
(2000) Factor VIIa/tissue factor-induced signaling via activation
of Src-like kinases, phosphatidylinositol 3-kinase, and Rac. J
Biol Chem 275(37):28750–28756
46. Collier MEW, Ettelaie C (2011) Regulation of the incorporation of tissue factor into microparticles by serine phosphorylation of the cytoplasmic domain of tissue factor. J Biol Chem
286:11977–11984
47. Ettelaie C, Collier ME, Featherby S, Greenman J, Maraveyas A
(2017) Peptidyl-prolyl isomerase 1 (Pin1) preserves the phosphorylation state of tissue factor and prolongs its release within
microvesicles. Biochim Biophys Acta 1865(1):12–24
48. Ettelaie C, Collier ME, Featherby S, Greenman J, Maraveyas A
(2016) Oligoubiquitination of tissue factor on Lys255 promotes
Ser253-dephosphorylation, terminates TF release. Biochim Biophys Acta 1863(11):2846–2857
49. Collier ME, Maraveyas A, Ettelaie C (2014) Filamin-A is
required for the incorporation of tissue factor into cell-derived
microvesicles. Thromb Haemost 111(4):647–655
50. Ettelaie C, Collier ME, Mei MP, Xiao YP, Maraveyas A (2013)
Enhanced binding of tissue factor-microparticles to collagen-IV
and fibronectin leads to increased tissue factor activity in vitro.
Thromb Haemost 109:61–71
51. Bonnekoh B, Wevers A, Jugert F, Merk H, Mahrle F (1989)
Colorimetric growth assay for epidermal cell cultures by their
crystal violet binding capacity. Arch Dermatol Res 281:487–490
52. Nowak-Sliwinska P, Alitalo K, Allen E, Anisimov A, Aplin
AC, Auerbach R et al (2018) Consensus guidelines for the
use and interpretation of angiogenesis assays. Angiogenesis
21(3):425–532
53. Muppidi J, Porter M, Siegel RM (2004) Measurement of apoptosis and other forms of cell death. Curr Protoc Immunol Chapter 3: Unit 3.17
54. Collier MEW, Akinmolayan A, Goodall AH (2017) Comparison of tissue factor expression and activity in foetal and adult
endothelial cells. Blood Coagul Fibrinolysis 28(6):452–459

Apoptosis
55. Dasgupta SK, Le A, Chavakis T, Rumbaut RE, Thiagarajan P
(2012) Developmental endothelial locus-1 (Del-1) mediates
clearance of platelet microparticles by the endothelium. Circulation 125(13):1664–1672
56. Biscardi JS, Ishizawar RC, Silva CM, Parsons SJ (2000) Tyrosine kinase signalling in breast cancer: epidermal growth factor
receptor and c-Src interactions in breast cancer. Breast Cancer
Res 2(3):203–210
57. Li P, Chen D, Cui Y, Zhang W, Weng J, Yu L, Chen L, Chen
Z, Su H, Yu S, Wu J, Huang Q, Guo X (2018) Src plays an
important role in AGE-induced endothelial cell proliferation,
migration, and tubulogenesis. Front Physiol. 9:765
58. Hofmeister JK, Cooney D, Coggeshall KM (2000) Clustered
CD20 induced apoptosis:src-family kinase, the proximal regulator of tyrosine phosphorylation, calcium influx, and caspase
3-dependent apoptosis. Blood Cells Mol Dis 26(2):133–143
59. Oktay M, Wary KK, Dans M, Birge RB, Giancotti FG (1999)
Integrin-mediated activation of focal adhesion kinase is required
for signaling to Jun NH2-terminal kinase and progression through
the G1 phase of the cell cycle. J Cell Biol 145(7):1461–1469
60. Schlaepfer DD, Hunter T (1996) Evidence for in vivo phosphorylation of the Grb2 SH2-domain binding site on focal adhesion
kinase by Src-family protein-tyrosine kinases. Mol Cell Biol
16(10):5623–5633
61. Giancotti FG (2000) Complexity and specificity of integrin signalling. Nat Cell Biol 2(1):E13–E14
62. Huveneers S, Danen EH (2009) Adhesion signaling - crosstalk
between integrins, Src and Rho. J Cell Sci 122(Pt 8):1059–1069
63. Meves A, Geiger T, Zanivan S, DiGiovanni J, Mann M, Fässler R
(2011) Beta1 integrin cytoplasmic tyrosines promote skin tumorigenesis independent of their phosphorylation. Proc Natl Acad
Sci USA 108(37):15213–15218
64. Horton ER, Humphries JD, Stutchbury B, Jacquemet G, Ballestrem C, Barry ST, Humphries MJ (2016) Modulation of FAK and
Src adhesion signaling occurs independently of adhesion complex
composition. J Cell Biol 212(3):349–364

65. Stover DR, Liebetanz J, Lydon NB (1994) Cdc2-mediated modulation of pp60c-src activity. J Biol Chem 269(43):26885–26889
66. Eke I, Deuse Y, Hehlgans S, Gurtner K, Krause M, Baumann M,
Shevchenko A, Sandfort V, Cordes N (2012) β1 integrin/FAK/
cortactin signaling is essential for human head and neck cancer
resistance to radiotherapy. J Clin Invest. 122(4):1529–1540
67. Arias-Salgado EG, Lizano S, Shattil SJ, Ginsberg MH (2005)
Specification of the direction of adhesive signaling by the integrin
beta cytoplasmic domain. J Biol Chem 280(33):29699–29707
68. Huveneers S, van den Bout I, Sonneveld P, Sancho A, Sonnenberg
A, Danen EH (2007) Integrin alpha v beta 3 controls activity and
oncogenic potential of primed c-Src. Cancer Res 67(6):2693–2700
69. Hsia DA, Lim ST, Bernard-Trifilo JA, Mitra SK, Tanaka S, den
Hertog J, Streblow DN, Ilic D, Ginsberg MH, Schlaepfer DD
(2005) Integrin alpha4beta1 promotes focal adhesion kinaseindependent cell motility via alpha4 cytoplasmic domain-specific
activation of c-Src. Mol Cell Biol 25(21):9700–9712
70. Weng Z, Taylor JA, Turner CE, Brugge JS, Seidel-Dugan C (1993)
Detection of Src homology 3-binding proteins, including paxillin,
in normal and v-Src-transformed Balb/c 3T3 cells. J Biol Chem
268(20):14956–14963
71. Mitra SK, Mikolon D, Molina JE, Hsia DA, Hanson DA, Chi A,
Lim ST, Bernard-Trifilo JA, Ilic D, Stupack DG, Cheresh DA,
Schlaepfer DD (2006) Intrinsic FAK activity and Y925 phosphorylation facilitate an angiogenic switch in tumors. Oncogene. 28;
25(44): 5969-5984
72. Mitra SK, Schlaepfer DD (2006) Integrin-regulated FAKSrc signaling in normal and cancer cells. Curr Opin Cell Biol
18(5):516–523
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

13

