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Abstract: Tissue factor (TF) plays an important role in the progression and angiogenesis of tumor
cells. The present study investigated the mechanism of interleukin-1β (IL-1β)-induced TF expression
in A549 lung cancer cells. Based on mRNA and protein analyses, including appropriate inhibitor
experiments, IL-1β was shown to induce TF expression in a time-dependent manner, mediated by
IL-1 receptor-dependent phosphorylation of the mitogen-activated protein kinases (MAPK) p38,
p42/44 and c-jun N-terminal kinase (JNK), as well as the Src kinase and the epidermal growth
factor receptor (EGFR). Thereby, inhibition of EGFR transactivation by the Src inhibitor PP1 or
direct EGFR inhibition by the EGFR tyrosine kinase inhibitor (TKI) erlotinib led to a reduction of
IL-1β-induced TF expression and to a suppression of p42/44 MAPK and EGFR activation, while
IL-1β-induced p38 MAPK and JNK activation remained unchanged. A knockdown of EGFR by
siRNA was associated with decreased IL-1β-mediated p42/44 MAPK activation, which was no longer
inhibitable by erlotinib. Concentration-dependent inhibition of IL-1β-induced TF expression was
also observed in the presence of gefitinib and afatinib, two other EGFR TKIs. In summary, our results
suggest that IL-1β leads to increased TF formation in lung cancer cells via both Src/EGFR/p42/44
MAPK-dependent and EGFR-independent signaling pathways, with the latter mediated via p38
MAPK and JNK.

Keywords: interleukin-1β; tissue factor; epidermal growth factor receptor; mitogen-activated protein
kinases; erlotinib; lung cancer cells

1. Introduction

The tissue factor represents a 47-kDa transmembrane glycoprotein, which is consid-
ered the primary initiator of blood coagulation [1–3]. In this process, the protein, which
is mainly expressed subendothelially, comes into contact with coagulation factor VII in
endothelial damage, whereby the resulting complex of TF and activated factor VII (FVIIa)
leads to the activation of factor X (FX) and thus to the formation of blood clotting induc-
ing thrombin. In addition, TF plays an important role in tumor growth, angiogenesis,
thrombogenicity and metastasis, whereby a high level of tumor TF expression is associated
with a poor prognosis in a number of cancer types (for review see [4–7]). With regard
to the molecular mechanism, it has been shown, for example, that TF in the form of the
binary TF-FVIIa and the ternary TF-FVIIa-FXa complex leads to an induction of cancer cell
proliferation and migration via activation of the protease-activated receptor (PAR)-2 [8,9].
Together, these properties make TF a potential target for cancer therapy [6,7].

With regard to lung cancer, a significant relationship between TF expression and
microvascular density has been described in non-small cell lung cancer (NSCLC), sug-
gesting a proangiogenic function of TF [10]. Later, it was shown that TF is significantly
raised in NSCLC patients and that elevated TF expression is associated with increased
blood thrombogenicity [11] and may play a significant role in metastasis [12]. Furthermore,
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one study suggested that TF gene expression could be used as a prognostic marker in
NSCLC [13].

In cancer, TF is upregulated by a number of external stimuli and oncogenic muta-
tions. This includes activation of TF by the oncogenic epidermal growth factor receptor
(EGFR), with corresponding studies on glioma [14–16], epidermoid [14,17,18], colorec-
tal [18], breast [19] and endometrial carcinoma cells [20]. Transactivation of EGFR has been
described for the proinflammatory cytokine interleukin (IL)-1β in different cells [21–27],
including an NSCLC cell line [23], which raises the question of the possible involvement of
EGFR even in IL-1β-induced TF expression. Surprisingly, IL-1β, a profound inducer of TF
expression in endothelial cells [28–31] and monocytes [32], has not yet been investigated in
detail with regard to the molecular mechanisms of a corresponding regulation in tumor
cells. However, appropriate analyses seem to be advisable, since inflammation is an impor-
tant component of tumor progression [33], and elevated plasma levels of IL-1β have been
found in patients with both small cell lung cancer and NSCLC [34].

The present study therefore investigates the effect of IL-1β on TF expression in the
NSCLC cell line A549, an established cellular system for analyses of IL-1β effects [23,35–38],
and the underlying mechanisms. Thereby, the existence of an EGFR-independent mecha-
nism via stimulation of p38 mitogen-activated protein kinase (MAPK) and c-jun N-terminal
kinase (JNK) as well as an Src/EGFR-dependent pathway involving downstream activation
of p42/44 MAPK was demonstrated.

2. Results
2.1. IL-1β Induces TF Expression in A549 Lung Cancer Cells

In initial experiments, the time dependence of the TF induction by IL-1β was inves-
tigated. Corresponding kinetics experiments (Figure 1A,B) showed expression maxima
after 2 h (mRNA) and 4 to 6 h (protein), respectively. Therefore, further experiments were
performed at the TF protein level using a 6-h incubation with IL-1β.

2.2. TF Expression Induced by IL-1β Is Mediated via IL-1 Receptor-Dependent Activation of MAP
Kinases p38, p42/44 and JNK

In order to obtain the first indications of the mechanism of TF induction, inhibitor
experiments with the IL-1 receptor antagonist (IL-1Ra) and with inhibitors of MAPKs were
performed. Thereby, IL-1Ra induced a complete blockade of IL-1β-induced TF formation
(Figure 1C), while inhibitors of p38 MAPK (SB203580) and JNK (SP600125) as well as an
inhibitor of p42/44 MAPK activation (PD98059) induced partial but significant suppression
of TF protein production (Figure 1D). Remarkably, viability checks for all of the groups
shown in Figure 1C,D showed no evidence of a significant change in cellular viability by
the individual substances and substance combinations within the incubation period used
for TF protein measurement (data not shown).

An analysis of the phosphorylated forms of the mentioned kinases (Figure 2A) showed
a time-dependent induction with activation maxima after 15 min (p42/44 MAPK), 30 min
(p38 MAPK) and 30 min (JNK), respectively. Further experiments confirmed a complete
inhibition of IL-1β-induced phosphorylation of all three MAPKs by IL-1Ra (Figure 2B).

2.3. TF Expression Induced by IL-1β Is Mediated by an IL-1 Receptor-Dependent Activation
of EGFR

On the basis of literature findings on the transactivation of EGFR by IL-1β [21–27] and
the involvement of EGFR in TF expression in other cancer cell types [14–19], a Western blot
analysis of EGFR phosphorylation at Tyr1068 and Tyr845 in IL-1β-stimulated A549 cells
was performed (Figure 3A). Thereby, a time-dependent induction of phosphorylation with
maxima after 10 min (Tyr1068) and 15 min (Tyr845) was shown. The IL-1β-induced EGFR
activation was likewise almost completely eliminated in the presence of IL-1Ra (Figure 3B).
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Figure 1. IL-1β induces TF expression in A549 cells, which is completely abolished by IL-1 receptor 
antagonism and partially by inhibition of p38 MAPK, p42/44 MAPK and JNK. Time course of IL-
1β-induced TF mRNA (A) and TF protein (B). Effect of IL-1Ra (C, at indicated concentrations) and 
SB203580, PD98059 and SP600125 (D, all at 10 µM) on IL-1β-induced or basal TF protein. The cells 
were incubated in the presence or absence of IL-1β (10 ng/mL) for the indicated periods (A,B) or 
preincubated with the respective inhibitor for 2 h (C) or 1 h (D) and then coincubated with IL-1β or 
vehicle for 6 h. All percentage values shown refer to the respective vehicle control, which was set to 
100%. The data represent mean values ± SEM of n = 4 (A,B), n = 3 (C) or n = 8 (D) experiments per 
group. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. corresponding vehicle control; ### p ≤ 0.001 vs. IL-1β; 
Student’s t test (A,B), one-way ANOVA with Bonferroni’s post hoc test (C,D, left columns) or one-
way ANOVA with Dunnett’s post hoc test (D, right columns). 

Figure 1. IL-1β induces TF expression in A549 cells, which is completely abolished by IL-1 receptor
antagonism and partially by inhibition of p38 MAPK, p42/44 MAPK and JNK. Time course of
IL-1β-induced TF mRNA (A) and TF protein (B). Effect of IL-1Ra (C, at indicated concentrations) and
SB203580, PD98059 and SP600125 (D, all at 10 µM) on IL-1β-induced or basal TF protein. The cells
were incubated in the presence or absence of IL-1β (10 ng/mL) for the indicated periods (A,B) or
preincubated with the respective inhibitor for 2 h (C) or 1 h (D) and then coincubated with IL-1β or
vehicle for 6 h. All percentage values shown refer to the respective vehicle control, which was set
to 100%. The data represent mean values ± SEM of n = 4 (A,B), n = 3 (C) or n = 8 (D) experiments
per group. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. corresponding vehicle control; ### p ≤ 0.001 vs.
IL-1β; Student’s t test (A,B), one-way ANOVA with Bonferroni’s post hoc test (C,D, left columns) or
one-way ANOVA with Dunnett’s post hoc test (D, right columns).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 17 
 

 

15 min 30 min 1 h 2 h 4 h 6 h

p-p42/44
p42/44

p-p38
p38

p-JNK

JNK

β-Actin

A

B

p42/44

p-p42/44

JNK

p-JNK

β-Actin

- IL-1β+ - + - + - + - + - +

p38

p-p38

β-Actin

β-Actin

β-Actin

 
Figure 2. IL-1 receptor-dependent activation of p42/44 MAPK, JNK and p38 MAPK. Time course of 
IL-1β-induced activation of p42/44 MAPK, JNK and p38 MAPK (A). Effect of IL-1Ra (10 µg/mL) on 
IL-1β-induced or basal p42/44 MAPK, JNK and p38 MAPK activation (B). The cells were incubated 
in the presence or absence of IL-1β (10 ng/mL) for the specified time periods (A) or preincubated 
with IL-1Ra for 2 h and then coincubated with IL-1β or vehicle for 30 min (B). All percentage values 
shown refer to the respective vehicle control, which was set to 100%. The values shown in the 
histograms are based on densitometric analyses of blots, whereby the phosphorylated forms were 
normalized to the respective total form. In the labelling of the MAPK blots (A,B), the prefix "p-" 
stands for "phospho-". The blots shown are representative. In (A), the same β-actin blots are shown 
for the 1-, 2-, 4- and 6-h values of the p42/44 and p38 MAPK analyses, because the analyses of the 
same lanes were shown here as representative blots. The data are mean values ± SEM of n = 4 (A,B, 
upper right), n = 7–8 (B, upper left) or n = 3 (B, lower right) experiments per group. * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001 vs. vehicle control; # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β; Student’s t test (A) or one-way 
ANOVA with Bonferroni’s post hoc test (B). 
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Figure 2. IL-1 receptor-dependent activation of p42/44 MAPK, JNK and p38 MAPK. Time course of 
IL-1β-induced activation of p42/44 MAPK, JNK and p38 MAPK (A). Effect of IL-1Ra (10 µg/mL) on 
IL-1β-induced or basal p42/44 MAPK, JNK and p38 MAPK activation (B). The cells were incubated 
in the presence or absence of IL-1β (10 ng/mL) for the specified time periods (A) or preincubated 
with IL-1Ra for 2 h and then coincubated with IL-1β or vehicle for 30 min (B). All percentage values 
shown refer to the respective vehicle control, which was set to 100%. The values shown in the 
histograms are based on densitometric analyses of blots, whereby the phosphorylated forms were 
normalized to the respective total form. In the labelling of the MAPK blots (A,B), the prefix "p-" 
stands for "phospho-". The blots shown are representative. In (A), the same β-actin blots are shown 
for the 1-, 2-, 4- and 6-h values of the p42/44 and p38 MAPK analyses, because the analyses of the 
same lanes were shown here as representative blots. The data are mean values ± SEM of n = 4 (A,B, 
upper right), n = 7–8 (B, upper left) or n = 3 (B, lower right) experiments per group. * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001 vs. vehicle control; # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β; Student’s t test (A) or one-way 
ANOVA with Bonferroni’s post hoc test (B). 

  

Figure 2. IL-1 receptor-dependent activation of p42/44 MAPK, JNK and p38 MAPK. Time course of
IL-1β-induced activation of p42/44 MAPK, JNK and p38 MAPK (A). Effect of IL-1Ra (10 µg/mL) on
IL-1β-induced or basal p42/44 MAPK, JNK and p38 MAPK activation (B). The cells were incubated
in the presence or absence of IL-1β (10 ng/mL) for the specified time periods (A) or preincubated
with IL-1Ra for 2 h and then coincubated with IL-1β or vehicle for 30 min (B). All percentage values
shown refer to the respective vehicle control, which was set to 100%. The values shown in the
histograms are based on densitometric analyses of blots, whereby the phosphorylated forms were
normalized to the respective total form. In the labelling of the MAPK blots (A,B), the prefix “p-”
stands for “phospho-”. The blots shown are representative. In (A), the same β-actin blots are shown
for the 1-, 2-, 4- and 6-h values of the p42/44 and p38 MAPK analyses, because the analyses of the
same lanes were shown here as representative blots. The data are mean values ± SEM of n = 4 (A,B,
upper right), n = 7–8 (B, upper left) or n = 3 (B, lower right) experiments per group. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control; # p ≤ 0.05, ### p ≤ 0.001 vs. IL-1β; Student’s t test (A) or
one-way ANOVA with Bonferroni’s post hoc test (B).
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Figure 3. TF expression induced by IL-1β is mediated by an IL-1 receptor-dependent activation of 
EGFR. Time course of IL-1β-induced EGFR activation at Tyr1068 and Tyr845 (A). Effect of IL-1Ra 
(10 µg/mL) on IL-1β-induced or basal EGFR activation at Tyr1068 and Tyr845 (B). The cells were 
incubated in the presence or absence of IL-1β (10 ng/mL) for the indicated time periods (A) or 
preincubated with IL-1Ra for 2 h and then coincubated with IL-1β for 10 min (B). All percentage 
values shown refer to the respective vehicle control, which was set to 100%. The values shown in 
the graphs are based on densitometric analyses of blots, whereby the phosphorylated forms were 
normalized to the respective total form. In the labelling of the EGFR blots (A,B) and in the legend of 
the histogram (B), the prefix "p-" stands for "phospho-". The blots shown are representative. The 
data are mean values ± SEM of n = 3–10 (A, left), n = 3–7 (A, right) or n = 4 (B) experiments per group. 
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. corresponding vehicle control; # p ≤ 0.05 vs. IL-1β; Student’s t 
test (A) or one-way ANOVA with Bonferroni’s post hoc test (B). 

Subsequent experiments were performed with the EGFR tyrosine kinase inhibitor 
(TKI) erlotinib. The efficiency of erlotinib as an EGFR inhibitor in our system was 
confirmed by Western blot analyses, which showed complete inhibition of IL-1β-induced 
EGFR phosphorylation by erlotinib (Figure 4A). Erlotinib showed a significant, albeit 
partial, inhibition of IL-1β-induced TF expression at the mRNA (Figure 4B) and protein 

Figure 3. TF expression induced by IL-1β is mediated by an IL-1 receptor-dependent activation of
EGFR. Time course of IL-1β-induced EGFR activation at Tyr1068 and Tyr845 (A). Effect of IL-1Ra
(10 µg/mL) on IL-1β-induced or basal EGFR activation at Tyr1068 and Tyr845 (B). The cells were
incubated in the presence or absence of IL-1β (10 ng/mL) for the indicated time periods (A) or
preincubated with IL-1Ra for 2 h and then coincubated with IL-1β for 10 min (B). All percentage
values shown refer to the respective vehicle control, which was set to 100%. The values shown in
the graphs are based on densitometric analyses of blots, whereby the phosphorylated forms were
normalized to the respective total form. In the labelling of the EGFR blots (A,B) and in the legend of
the histogram (B), the prefix “p-” stands for “phospho-”. The blots shown are representative. The
data are mean values ± SEM of n = 3–10 (A, left), n = 3–7 (A, right) or n = 4 (B) experiments per
group. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. corresponding vehicle control; # p ≤ 0.05 vs. IL-1β;
Student’s t test (A) or one-way ANOVA with Bonferroni’s post hoc test (B).

Subsequent experiments were performed with the EGFR tyrosine kinase inhibitor (TKI)
erlotinib. The efficiency of erlotinib as an EGFR inhibitor in our system was confirmed
by Western blot analyses, which showed complete inhibition of IL-1β-induced EGFR
phosphorylation by erlotinib (Figure 4A). Erlotinib showed a significant, albeit partial,
inhibition of IL-1β-induced TF expression at the mRNA (Figure 4B) and protein level
(Figure 4C). To exclude off-target effects, two further EGFR TKIs, gefitinib (Figure 4D)
and afatinib (Figure 4E), were tested, which also proved to be inhibitors of IL-1β-induced
TF expression. In the case of afatinib, the inhibitory effect on TF expression appeared
to reach a plateau above a concentration of 3 µM. For the three EGFR TKIs tested, no
significant cytotoxic effect could be detected within the incubation time of 6 h relevant
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for TF measurement when using the incubation setups shown in Figure 4C–E, both in the
presence and absence of IL-1β (data not shown).
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### p ≤ 0.001 vs. IL-1β; one-way ANOVA with Bonferroni’s post hoc test. A statistically significant 
influence of EGFR TKIs on basal TF expression (C–E, respective columns shown on the right) was 
excluded by one-way ANOVA with Dunnett’s post hoc test. 
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Figure 4. Therapeutically used EGFR TKIs suppress TF expression in A549 cells. (A) Effect of
erlotinib (Erlo) at 3 µM on IL-1β-induced or basal EGFR activation at Tyr1068 and Tyr845. Effect
of erlotinib on IL-1β-induced or basal TF mRNA (B, at 3 µM) and protein (C, at the concentrations
indicated). (D,E) Effect of gefitinib (Gefi) and afatinib (Afa) on IL-1β-induced or basal TF protein at
the concentrations indicated. The cells were incubated in the presence or absence of IL-1β (10 ng/mL)
for 10 min (A), 2 h (B) or 6 h (C–E). EGFR TKIs were added to the cells immediately before IL-1β.
All percentage values shown refer to the respective vehicle control, which was set to 100%. The
values shown in the first histogram (A) are based on densitometric analyses of blots, whereby the
phosphorylated forms were normalized to the respective total form. In the labelling of the EGFR
blots (A) and in the legend of the histogram (A), the prefix “p-” stands for “phospho-”. The blots
shown are representative. All data are mean values ± SEM of n = 4 (A,D,E), n = 11–12 (B) or n = 8
(C) experiments per group. ** p ≤ 0.01, *** p ≤ 0.001 vs. corresponding vehicle control; # p ≤ 0.05,
### p ≤ 0.001 vs. IL-1β; one-way ANOVA with Bonferroni’s post hoc test. A statistically significant
influence of EGFR TKIs on basal TF expression (C–E, respective columns shown on the right) was
excluded by one-way ANOVA with Dunnett’s post hoc test.

2.4. Src Is Involved in IL-1β-Mediated Transactivation of EGFR Leading to TF Upregulation

Src, a nonreceptor protein tyrosine kinase, has been reported to be a mediator of EGFR
transactivation in the absence of EGFR ligands (for review see [39,40]). To investigate
whether Src mediates IL-1β-induced EGFR activation, the phosphorylation of this kinase
was first addressed in time course experiments. According to Figure 5A, the incubation of
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A549 cells with IL-1β led to a time-dependent induction of the phosphorylated form of Src
with a respective significant increase after a 3-min incubation.
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Figure 5. Src phosphorylation induced by IL-1β confers EGFR activation and subsequent TF expres-
sion. Time course of IL-1β-induced activation of Src (A). Effect of the Src inhibitor PP1 (B) and IL-1Ra
(C) on IL-1β-induced Src activation. Impact of PP1 on EGFR activation at Tyr1068 and Tyr845 (D) and
TF protein formation (E). The cells were incubated in the presence or absence of IL-1β (10 ng/mL) for
the specified time periods (A), 3 min (B,C), 10 min (D) or 6 h (E). The cells were preincubated with PP1
for 1 h at 10 µM (B,D) or at the indicated concentrations (E). In case of IL-1Ra (C), cells were incubated
with the receptor antagonist at 10 µg/mL for 2 h and then coincubated with IL-1β or vehicle for the
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times indicated above. All percentage values shown refer to the respective vehicle control, which
was set to 100%. The values shown in the graphs A–D are based on densitometric analyses of blots,
whereby the phosphorylated forms were normalized to the respective total form. In the labelling of
the Src (A–C) and EGFR blots (D) as well as in the legend (D), the prefix “p-” stands for “phospho-”.
The blots shown are representative. All data are mean values ± SEM of n = 3 (A), n = 5 (B), n = 7
(C), n = 3 (D, p-EGFRY845), n = 4 (D, p-EGFRY1068) or n = 7–8 (E) experiments per group. * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. IL-1β; Student’s
t test (A) or one-way ANOVA with Bonferroni’s post hoc test (B–E).

Further analysis of this induction showed that both the Src inhibitor PP1 (Figure 5B),
which, in studies by other authors, inhibited EGFR transactivation [23,41–43], and IL-1Ra
(Figure 5C) led to a significant inhibition of IL-1β-induced Src phosphorylation. These
results confirmed the efficiency of PP1 as Src inhibitor in our system and, on the other hand,
revealed that IL-1β induces an IL-1 receptor-dependent activation of Src.

The role of Src in EGFR transactivation was finally confirmed by the complete reversal
of IL-1β-induced EGFR phosphorylation in the presence of PP1, both at Tyr1068 and
Tyr845 (Figure 5D). PP1 consequently led to a significant inhibition of IL-1β-induced TF
expression (Figure 5E). Using the same incubation protocol in terms of groups and times as
in Figure 5E, no inhibition of viability of A549 cells could be detected for PP1 either in the
absence or presence of IL-1β (data not shown).

2.5. IL-1β Induces TF Expression via Both a Src/EGFR/p42/44 MAPK-Dependent and a
Src/EGFR-Independent Pathway Mediated by Activation of p38 MAPK and JNK

With regard to the involvement of the three MAPKs p42/44, JNK and p38 in the
IL-1β-induced TF formation shown above (Figures 1 and 2), the next step was to focus on
the involvement of the three kinases as potential downstream targets of EGFR activation
(Figure 6).

Thereby, as shown in Figure 6A, a significant inhibition of phosphorylation of p42/44
MAPK, but not of activation of p38 MAPK and JNK, could be demonstrated in the pres-
ence of PP1, suggesting the parallel existence of Src/EGFR-dependent and -independent
signaling pathways in IL-1β-induced TF expression. To confirm these results, further
experiments with EGFR TKI erlotinib, which acts downstream to PP1, were performed in
cells transfected with nonsilencing or EGFR siRNA. Erlotinib induced the same activation
pattern as PP1 in cells transfected with nonsilencing siRNA by completely inhibiting IL-
1β-induced p42/44 MAPK activation while being ineffective against JNK and p38 MAPK
phosphorylation (Figure 6B). On the other hand, EGFR knockdown was associated with
significantly lower IL-1β-induced p42/44 MAPK activation, which was not inhibited by
erlotinib under these circumstances (Figure 6B). Interestingly, EGFR knockdown led to an
increase in JNK activity by IL-1β compared to the IL-1β-stimulated group treated with
nonsilencing siRNA, with the difference (p = 0.0573) only just missing the significance
threshold (Figure 6B).
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Figure 6. The Src kinase inhibitor PP1 and the EGFR TKI erlotinib inhibit IL-1β-induced p42/44 
MAPK, but not JNK and p38 MAPK activation. (A) Effect of PP1 at 10 µM on IL-1β-induced or basal 

Figure 6. The Src kinase inhibitor PP1 and the EGFR TKI erlotinib inhibit IL-1β-induced p42/44
MAPK, but not JNK and p38 MAPK activation. (A) Effect of PP1 at 10 µM on IL-1β-induced or basal
p42/44 MAPK, JNK and p38 MAPK activation in A549 cells. (B) Effect of erlotinib (Erlo) at 3 µM
on IL-1β-induced or basal p42/44 MAPK, JNK and p38 MAPK activation in cells transfected with
nonsilencing siRNA (non siRNA; negative control siRNA) or EGFR siRNA at 10 nM each. In (A), the
cells were preincubated with PP1 for 1 h followed by the addition of IL-1β (10 ng/mL) or vehicle and
coincubation for 30 min. In (B), erlotinib was added immediately before IL-1β or vehicle followed by
coincubation for 30 min. All percentage values shown refer to the respective vehicle control, which
was set to 100%. The values shown in the histograms are based on densitometric analyses of blots,
whereby the phosphorylated forms were normalized to the respective total form. In the labelling of
the MAPK blots (A,B) the prefix “p-” stands for “phospho-”. The blots shown are representative. The
data are mean values ± SEM of n = 10 (A, left), n = 4 (A, middle, B) or n = 5 (A, right) experiments
per group. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs. vehicle control (A) or vehicle control of non siRNA
transfection (B); ## p ≤ 0.01, ### p ≤ 0.001 vs. IL-1β (A) or IL-1β in non siRNA-transfected cells (B);
++ p ≤ 0.01, +++ p ≤ 0.001 vs. vehicle control of EGFR siRNA transfection; one-way ANOVA with
Bonferroni’s post hoc test.
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3. Discussion

Research in recent years has shown that TF plays an important role in the progression
and angiogenesis of tumor cells, making TF a potential target for cancer therapy. In the
present study, it was shown that the proinflammatory cytokine IL-1β, which is abundantly
produced in lung cancer [10], leads to increased TF formation in lung cancer cells via
both Src/EGFR/p42/44 MAPK-dependent and EGFR-independent signaling pathways,
the latter being mediated via p38 MAPK and JNK (Figure 7). The inhibition of IL-1β-
induced TF expression proven in this context for various EGFR TKIs and IL-1 receptor
antagonist (IL-1Ra) underlines the fact that TF-inhibiting substances are already currently
used therapeutically with these drugs.
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Figure 7. Proposed mechanism underlying IL-1β-induced TF expression in A549 cells. IL-1β induces
IL-1 receptor (IL-1R)-dependent phosphorylation of p42/44 MAPK, JNK, p38 MAPK, Src and EGFR.
While the activation of JNK and p38 MAPK is independent of the activation of Src and EGFR, p42/44
MAPK activation represents a Src/EGFR-dependent event. TF expression is therefore triggered by
both Src/EGFR/p42/44 MAPK-dependent and Src/EGFR-independent signaling, the latter being
mediated via p38 MAPK and JNK. The arrows mark the effect triggered by IL-1β in the absence of
the indicated inhibitors, which are shown in italics at the respective position of their inhibitory effect
in the cascade.

There is a body of experimental evidence supporting the above conclusions. First,
based on inhibitor experiments and Western blot analyses, it could be shown that IL-1β-
induced TF expression is mediated by IL-1 receptor-dependent phosphorylation of p38
MAPK, p42/44 MAPK and JNK, the nonreceptor protein tyrosine kinase Src and EGFR.
Second, and consistent with this, the inhibition of EGFR transactivation by the Src inhibitor
PP1 or direct EGFR inhibition by erlotinib resulted in the suppression of IL-1β-induced
TF expression, p42/44 MAPK and EGFR activation, while IL-1β-induced p38 MAPK and
JNK activation remained unchanged. Thirdly, siRNA-mediated EGFR knockdown was
associated with a decreased IL-1β-mediated p42/44 MAPK activation that was no longer
inhibitable by erlotinib.

EGFR transactivation by IL-1β is supported by a number of other studies [21–27]. In
the case of IL-1β-mediated TF formation addressed in this study, the activation of the non-
receptor protein tyrosine kinase Src, which mediates EGFR activation in the absence of its
ligand EGF (for review see [39,40]), seems to play an essential role. In accordance with this,
IL-1β-induced TF expression and upstream activation of EGFR and p42/44 MAPK were
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completely suppressed by the Src inhibitor PP1. As a molecular mechanism of this transac-
tivation, a conformational change of the EGFR kinase domain mediated by Src is postulated
with the consequence of phosphorylation of thus accessible tyrosine residues [40]. EGFR
can be phosphorylated by Src at multiple sites, most notably Tyr845 [44], but also Tyr891,
Tyr920 and Tyr1101 [42]. The phosphorylation of Tyr1068, which, in addition to Tyr845,
was suppressed by the Src inhibitor PP1 in the present study, is described controversially
in the literature. In accordance with our data, Tyr1068 has also been revealed to be a Src
substrate in glioblastoma cells [45]. In another study with the NSCLC cell line HCC827,
a reduced phosphorylation of EGFR at Tyr845 but not at Tyr1068 was found after small
hairpin RNA-mediated Src depletion [46]. For IL-1β, Src-dependent EGFR activation
was also described with respect to IL-1β-induced matrix metalloproteinase-9 (MMP-9)
expression in A549 cells [23]. According to the only partial inhibition of expression and
promoter activity of MMP-9 by PP1 in the respective study [23], the transactivation leading
to MMP-9 expression was here also caused by the activation of a family of secreted and
membrane-anchored MMPs. The latter induce the ectodomain cleavage of EGF ligands in
the sense of the formation of biologically active soluble factors [47]. Others have shown
that IL-1β in Caco-2 epithelial cells led to an upregulation of the EGFR ligand epiregulin
via a JNK- but not Src-dependent pathway [27]. Further studies on oral squamous cell
carcinoma cells have revealed that IL-1β mediates the formation of the chemokine CXCL1,
which leads to a transactivation of EGFR via the G protein-coupled receptor CXCR2 [25].

In recent years, several studies have pointed to p38 [48–50] and p42/44 MAPKs [48,49]
as well as JNK [48,50,51] as upstream regulators of TF expression. In accordance with a
previous study of our group on human umbilical vein endothelial cells (HUVEC) [31], all
kinases investigated in the present study (p42/44 MAPK, p38 MAPK, JNK) also showed
participation in IL-1β-induced TF expression in A549 cells. Thereby, p38 MAPK and
JNK proved to be EGFR-independent targets of IL-1β. In the case of p38 MAPK, analo-
gous to our data, the simultaneous involvement of EGFR-independent p38 MAPK and
EGFR-dependent p42/44 MAPK activation in renal cell death induced by reactive oxygen
species could be demonstrated [52]. On the other hand, p38 MAPK was identified as a
downstream target of EGFR in the regulation of cyclooxygenase-2 expression in pancre-
atic cancer cells [53]. Regarding JNK, one work described EGFR-dependent activation
of the JNK signaling pathway in the B cell line DT-40 [54]. In addition, TF expression in
glioblastoma cells mediated by EGFR overexpression or EGF stimulation was JNK1 depen-
dent [15]. In summary, these exemplary results indicate a cell type-dependent activation
of p38 MAPK and JNK after EGFR activation. A further explanation for this apparent
discrepancy could also lie in the stimulus-dependent different tyrosine phosphorylation
profiles at EGFR, which probably influence the subsequent differential kinetics of MAPK
activation [52]. Interestingly, the EGFR knockdown in our experiments led to an upreg-
ulation of JNK activation, which could be interpreted as a possible compensation of the
blocked EGFR/p42/44 MAPK pathway. Finally, of the numerous investigations demon-
strating the EGFR-induced downstream activation of p42/44 MAPK, only two studies on
IL-1β-induced EGFR transactivation should be mentioned here [21,26].

The involvement of both EGFR-independent and EGFR-dependent signaling path-
ways in IL-1β-induced TF expression is also supported by the fact that the EGFR TKIs
erlotinib, gefitinib and afatinib—with complete inhibition of EGFR and p42/44 MAPK
activation demonstrated for erlotinib—led to only partial inhibition of TF formation. The
above compounds reversibly compete with ATP for the ATP binding site at the tyrosine
kinase domain of EGFR, thereby inhibiting several EGF-triggered cancer-promoting signal-
ing pathways [55,56]. All three EGFR TKIs are widely used to treat advanced NSCLC with
EGFR mutations and have demonstrated their efficacy here [57]. Therefore, with regard
to TF modulation, future studies should also focus on lung cancer cells with mutated,
overactive EGFR.

There are some points that deserve special remarks. First, it should be mentioned that
PP1 and erlotinib also suppressed basal EGFR phosphorylation in our work. In addition,
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in both cases, as well as when cells were transfected with EGFR siRNA, the inhibition of
basal p42/44 MAPK phosphorylation was detected. The causes of this apparently basal
EGFR/p42/44 MAPK axis deserve further investigation. However, a relationship between
the effects of the aforementioned inhibitors on basal and IL-1β-induced parameters cannot
be deduced from these findings. Thus, in the case of PP1, the inhibition of IL-1β-induced
EGFR activation was much more pronounced than the inhibition of basal EGFR activation,
supporting the interference of this inhibitor with IL-1β action. Most crucially, however, a
causal relationship between IL-1β-induced EGFR and subsequent p42/44 MAPK activation
was clearly demonstrated using EGFR siRNA. Second, further studies are needed on the
exact mechanism of TF induction by p38 MAPK and JNK in A549 cells. A potential target
would be the transcription factor activator protein-1 (AP-1) involved in TF expression [58].
In a previous work on human monocytes, protease inhibitors were shown to induce TF
expression via phosphorylation of p38 MAPK and JNK, followed by phosphorylation and
the activation of AP-1 [59].

Last but not least, our data on the principal role of EGFR in TF expression are consistent
with corresponding studies of other designs in glioma [14–16], epidermoid [14,17,18],
colorectal [18], breast [19] and endometrial cancer cells [20]. However, to the best of our
knowledge, erlotinib-induced inhibition of TF formation has before only been described in
the case of TF upregulation in breast cancer cells induced by the p42/44 MAPK activation
inhibitor PD98059 [19]. Here we provide the first evidence for EGFR TKIs to interfere with
IL-1β-induced TF formation.

4. Materials and Methods
4.1. Materials

IL-1β human, IL-1Ra and PP1 were obtained from Sigma-Aldrich Corporation
(Taufkirchen, Germany). Erlotinib hydrochloride, gefitinib and afatinib were bought
from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany). PD98059, GibcoTM penicillin-
streptomycin and GibcoTM trypsin-EDTA were purchased from Thermo Fisher Scientific
Inc. (Schwerte, Germany). SP600125 and SB203580 were from Tocris Bioscience (Wiesbaden-
Nordenstadt, Germany). Dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid
(EDTA), glycerin, glycine, hydrochloric acid 37% (HCl), sodium chloride (NaCl), sodium
hydroxide (NaOH), sodium dodecyl sulfate (SDS) ultra pure, Tris ultrapure and Tris
hydrochloride (Tris HCl) were obtained from AppliChem (Darmstadt, Germany). 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and β-mercaptoethanol were
purchased from Ferak Berlin GmbH (Berlin, Germany). Aprotinin, bromphenol blue,
hydrogen peroxide solution (H2O2, 30%), luminol, orthovanadate, p-coumaric acid and
phenylmethanesulfonyl fluoride (PMSF) were bought from Sigma-Aldrich Corporation.
Leupeptin was from Biomol (Hamburg, Germany). Acrylamide (Rotiphorese® Gel, 30%),
albumin (IgG-free), ammonium peroxydisulphate (APS), acetic acid, N,N,N′,N′- tetram-
ethylethylenediamine (TEMED) and Triton® X-100, Tween® 20 were purchased from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany). Methanol was bought from J. T. Baker
(Griesheim, Germany). Aqua ad iniectabilia was from Braun Melsungen AG (Melsungen,
Germany). Dulbecco’s modified eagle medium (DMEM) with 4.5 g/L glucose and with
UltraGlutamineTM I was bought from Lonza Cologne GmbH (Cologne, Germany). Dul-
becco’s phosphate-buffered saline (DPBS) and fetal bovine serum (FBS) were purchased
from PAN-Biotech GmbH (Aidenach, Germany). Milk powder was obtained from Bio-Rad
Laboratories GmbH (Munich, Germany).

4.2. Cell Culture

A549 human lung carcinoma cells were purchased from DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany; DSMZ no.: ACC
107, RRID:CVCL_0023). Species confirmation as human was carried out by the supplier us-
ing isoelectric focusing of malate dehydrogenase, nucleosid phosphorylase and fingerprint.



Int. J. Mol. Sci. 2021, 22, 6606 13 of 17

Multiplex PCR of minisatellite markers revealed a unique DNA profile. Cells were frozen
in large stock at early passages and were used within 6 months following resuscitation.

A549 lung carcinoma cells were cultured in DMEM supplemented with 10% heat-
inactivated FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. The cells were grown
in a humidified incubator at 37 ◦C and 5% CO2. All incubations with test substances were
performed in serum-free DMEM, after washing cells with DPBS. The test substances were
dissolved in DPBS (IL-1β, IL-1Ra) or DMSO (PP1, erlotinib, gefitinib, afatinib, PD98059,
SP600125, SB203580), the latter with a final concentration of 0.1% (v/v) in incubates. If used,
the vehicle controls contained the appropriate concentration of DMSO. In all experiments,
incubation media of vehicle- and substance-treated cells contained the same amount
of solvents.

4.3. Determination of TF Protein

A549 cells were seeded on 6-well plates with a density of 200,000 cells per well in
serum-containing DMEM and cultivated for 24 h. Before starting incubation with test
substances, the cells were washed with DPBS and starved in serum-free DMEM for 12 h.
The cells were then incubated with test substances or vehicles in serum-free DMEM for
the specified periods. The supernatants were subsequently aspirated, and the cells were
lysed in Cell Lysis Buffer 1 from R&D Systems (Wiesbaden-Nordenstadt, Germany) for
30 min under shaking conditions (500 rpm, room temperature) and then centrifuged for
5 min (20,817× g, 4 ◦C). For further measurements supernatants were used. The Human
Coagulation Factor III/Tissue Factor Quantikine® ELISA from R&D Systems was used for
the quantification of the TF protein according to the manufacturer’s instructions. The TF
protein was normalized post hoc to the total protein amount measured with the Pierce™
BCA (bicinchoninic acid) Protein Assay Kit from Thermo Fisher Scientific Inc., as specified
by the manufacturer.

4.4. Western Blot Analysis

For Western blot analyses, A549 cells were seeded in 6-well plates at a density of
200,000 cells per well and cultivated in DMEM with 10% heat-inactivated FBS for 24 h,
with the exception of Figure 2A, where 1.2 × 106 cells were seeded per Petri dish. The cells
were then starved in serum-free DMEM for 12 h prior to the specified treatment.

In all analyses, except those for Src, cells were washed following the removal of
supernatants, lysed in solubilization buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA,
1% [v/v] Triton® X-100, 10% [v/v] glycerol, 5.2 µL/mL aprotinin, 2 µL/mL leupeptin,
10 µL/mL orthovanadate, 10 µL/mL PMSF) for 30 min on ice under occasional vortexes
and then centrifuged for 5 min (20,817× g, 4 ◦C). The resulting supernatants were collected
for further protein analyses.

In case of Src analysis, the cells were washed with ice-chilled PBS, and after scraping
the cells in lysis buffer (2% [w/v] SDS, 40% [v/v] H2O, 10% [v/v] glycerol, 50% [v/v]
125 mM Tris-HCl [pH 6.8]), the proteins were denatured immediately at 95 ◦C with contin-
uous shaking for 10 min. Subsequently, cells were centrifuged for 5 min (20,817× g, 4 ◦C),
and the resulting supernatants were collected for further protein analyses.

The total protein in cell lysates was quantified using the Pierce™ BCA Protein As-
say Kit. Equal amounts of proteins were separated on a 10% SDS-polyacrylamide gel,
transferred to a nitrocellulose membrane and finally incubated with primary antibodies
in Tris-buffered saline containing 5% (w/v) albumin and 0.1% (v/v) Tween® 20 (TBS-
T buffer) overnight at 4 ◦C. Specific antibodies raised against phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204; #9101), p44/42 MAPK (Erk1/2; #9102), phospho-SAPK/JNK
(Thr183/Tyr185; #9251), SAPK/JNK (#9252), phospho-p38 MAPK (Thr180/Tyr182; #9211),
p38 MAPK (#9212), phospho-EGFR (Tyr1068; #2234), phospho-EGFR (Tyr845; #2231), EGFR
(C74B9; #2646), phospho-Src family (Tyr416; #6943) and Src (36D10; #2109) were obtained
from Cell Signaling Technology (Frankfurt/Main, Germany). The monoclonal β-actin
antibody (clone AC-15, produced in mouse, ascites fluid, #A5441) was from Sigma-Aldrich
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Corporation. Following washing with TBS-T, the membranes were then incubated with
horseradish peroxidase-bound secondary antibodies (anti-rabbit antibody, #7074; anti-
mouse antibody, #7076; Cell Signaling Technology) in 1% (w/v) albumin-containing TBS-T
buffer for 1 h at room temperature. Antibody binding was visualized by a chemilumines-
cent solution (100 mM Tris hydrochloride pH 8.5, 125 mM luminol, 200 mM p-coumaric
acid, 0.09% [v/v] H2O2, 0.0072% [v/v] DMSO). The densitometric analysis of the band
intensities was achieved by optical scanning and quantification with the 1-D analysis soft-
ware Quantity One from Bio-Rad Laboratories GmbH (Munich, Germany). For band size
identification, Precision Plus Protein™ Dual Color Standards from Bio-Rad Laboratories
GmbH (Munich, Germany) were used. The phosphorylated forms were then normalized
to the respective total form and the expression of the proteins was compared with that of
the corresponding vehicle control. To document an even protein load in Western blots of
cell lysates, the membranes were also examined with an antibody directed against β-actin.

4.5. Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

A549 cells were cultivated after seeding in 24-well plates with a density of 100,000 cells
per well for 24 h and then starved in serum-free DMEM for 12 h before the indicated treat-
ment. Total RNA was isolated using the RNeasy Total RNA Kit from Qiagen GmbH
(Hilden, Germany). Applied Biosystems® TaqMan® RNA-to-CT™ 1-Step Kit and Applied
Biosystems® TaqMan® Gene Expression Assays, both obtained from Thermo Fisher Scien-
tific Inc., were used for the quantification of TF (Assay ID: Hs01076029_m1, gene symbol:
F3) and β-actin (Assay ID: Hs99999903_m1, gene symbol: ACTB) mRNA expression ac-
cording to the manufacturer’s instructions. TF mRNA levels were normalized to β-actin
mRNA and compared to the corresponding vehicle controls.

4.6. SiRNA Transfections

Transfection of EGFR siRNA or negative control siRNA was performed using the
transfection reagent Lipofectamine™ RNAiMAX and the transfection medium Opti-MEM®

I Reduced Serum Medium, both obtained from Thermo Fisher Scientific Inc., according to
the manufacturer’s instructions.

EGFR siRNA was purchased from Thermo Fisher Scientific Inc. (#1299001; siRNA
HSS103116), and the negative control siRNA from Qiagen GmbH (#1022076). First of all,
Opti-MEM® I Reduced Serum Medium, Lipofectamine™ RNAiMAX transfection reagent
and EGFR siRNA or negative control siRNA was added into 6-well plates. After 20 min,
A549 cells were seeded at a density of 200,000 cells per well and grown for 24 h. Final
concentrations of EGFR siRNA or negative control siRNA in incubates were 10 nM. Subse-
quently, cells were washed and incubated with test substances or vehicles for the indicated
time periods. Finally, cells were harvested for further analyses, as previously described.

4.7. Cellular Viability Assay

Possible cytotoxicity of the tested compounds was excluded by viability assays with
MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; Sigma-Aldrich
Corporation, #M2128) using the incubation and time regimes employed in Figure 1C,D,
Figure 4C–E and Figure 5E. To this end, A549 cells were seeded on 96-well plates at a
density of 5000 cells per well in serum-containing DMEM and cultured for 24 h. Cells were
then washed with DPBS, starved in serum-free DMEM for 12 h and subsequently incubated
with test substances. After incubation, MTT at a final concentration of 0.5 mg/mL (w/v)
was added to each well, and the cells were incubated for a further 2 h. The supernatants
were then removed, 100 µL DMSO was added to each well and formazan formation was
determined by measuring the absorbance at 570 nm (wavelength correction at 690 nm)
with a microplate reader.
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4.8. Statistics

Comparisons between the two groups were carried out using Student’s unpaired
two-tailed t test. Comparisons between more than two groups were performed by one-way
ANOVA with Bonferroni’s or Dunnett’s post hoc test. In the case of Bonferroni’s post hoc
test, the determination of statistical significance was limited to the groups of interest for
reasons of clarity of presentation. All statistical analyses were conducted with GraphPad
Prism 7.02 (GraphPad Software, Inc., San Diego, CA, USA).

5. Conclusions

A detailed understanding of the molecular mechanisms of TF expression in cancer cells
is of enormous importance for the development of individual cancer treatment strategies
and combination therapies. Against this background, concepts directed at already formed
TF, such as anti-TF antibody-drug conjugates, TF/FVIIa targeting agents and inhibitors
of TF-mediated PAR signaling, are already being tested clinically and preclinically [6,7].
Another strategy could be the inhibition of TF expression. In this context, the present study
demonstrates a previously unknown dual IL-1β-triggered mechanism of TF expression in
lung cancer cells and thus defines upstream targets for pharmacotherapeutic intervention
to block the formation of protumorigenic TF. The proven inhibition of IL-1β-induced TF
expression by various EGFR TKIs and IL-1Ra underlines the fact that a corresponding
effect could also be part of the action of already approved drugs.
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