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Accumulating evidences suggested that the overactiva-
tion of epidermal growth factor receptor (EGFR) was
involved in the development of adult respiratory dis-
tress syndrome and pulmonary fibrosis. Elucidation of
the mechanisms that regulate EGFR residence on the
plasma membrane during inflammatory lung condi-
tions is important for identifying potential therapies.
We have demonstrated that flagellin phosphorylated
EGFR at Ser1047 and induced transient EGFR in-
ternalization. In this study, we examined the molecu-
lar pathway and effect of interleukin 1 beta (IL-1b)
on EGFR in alveolar epithelial cells. Treatment of
A549 cells with IL-1b induced the activation of p38
mitogen-activated protein kinase (MAP kinase) and
MAP kinase-activated protein kinase-2 (MAPKAPK-
2), as well as EGFR phosphorylation at serine 1047.
Both MAPKAPK-2 activation and EGFR phosphoryl-
ation were inhibited by SB203580, a p38 MAP kin-
ase inhibitor. In addition, MK2a inhibitor (a
MAPKAPK-2 inhibitor) suppressed EGFR phosphor-
ylation. Assessment of the biotinylation of cell surface
proteins indicated that IL-1b induced EGFR internal-
ization. Furthermore, long-term treatment of A549
cells with IL-1b caused morphological changes and
loss of cell–cell contact. Moreover, IL-1b augmented
the effect of transforming growth factor beta 1 on
the epithelial–mesenchymal transition. These results
suggested that IL-1b regulates EGFR functions and
induces morphological changes of alveolar epithelial
cells.
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The epidermal growth factor receptor (EGFR) is es-
sential for cell proliferation and differentiation (1, 2).
When epidermal growth factor (EGF) binds to the
EGFR, dimerization of the receptor occurs with auto-
phosphorylation of multiple tyrosine residues, result-
ing in receptor activation and stimulation of various
signal transduction pathways (1, 3). The EGF–EGFR
complex undergoes rapid internalization by receptor-
mediated endocytosis (4), after which the internalized
EGFR is transported to lysosomes for degradation.
Such desensitization of the EGFR is crucial for regu-
lating cellular events triggered by its stimulation.
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In addition to desensitization of the EGFR after ac-
tivation, there is evidence that desensitization of this
receptor is induced after phosphorylation of serine
residues in various cells, including alveolar epithelial
cells (2, 5, 6). Several studies have shown that various
cellular stressors induce this type of ligand-
independent EGFR endocytosis, including starvation,
hypoxia, oxidative stress, ultraviolet irradiation and
exposure to tumour necrosis factor a (TNFa) (7–9).
TNFa is a cytokine with roles in various cellular func-
tions (5) that has been reported to activate the p38
mitogen-activated protein kinase (MAP kinase) path-
way and induce transient EGFR phosphorylation at
serine 1047 (Ser1047) (2). After phosphorylation, the
receptor is internalized via a clathrin-dependent mech-
anism (6). Interestingly, it was reported that the inter-
nalized receptor does not undergo lysosomal
degradation, and that inactivation of the p38 MAP
kinase pathway results in EGFR dephosphorylation
and recycling back to the cell surface (6).
A549 cells are an immortalized alveolar epithelial

cell line, which has been employed to investigate al-
veolar epithelial cell responses to several treatments
(10, 11). Flagellin is a primary structural component
of bacterial flagella, and it is known to stimulate Toll-
like receptor 5 (TLR5) (12). We previously found that
flagellin activates the p38 MAP kinase pathway in
A549 cells and induces EGFR phosphorylation at
Ser1047 (13, 14). We also found that MAP kinase-
activated protein kinase-2 (MAPKAPK-2) induced
the phosphorylation of Ser1047 after treatment of
A549 cells with TNFa and flagellin (14). Furthermore,
we confirmed that EGFR internalization was induced
by flagellin (15). EGFR internalization by TNFa and
flagellin may achieve desensitization to EGF during
inflammatory processes such as bacterial infection.
Moreover, we reported that long-term treatment of
A549 cells with flagellin augmented the epithelial–mes-
enchymal transition (EMT) in response to transform-
ing growth factor beta 1 (TGF-b1) (13). So far,
endogenous substances with similar effects to bacterial
flagellin have not been reported.
Interleukin 1 beta (IL-1b) and its receptor are major

mediators of infectious, inflammatory and degenera-
tive diseases (16). The IL-1b receptor (IL-1R) and
TLR5 belong to the same receptor superfamily and
share common cytosolic adapter proteins (17). In this
study, we investigated EGFR phosphorylation and in-
ternalization after short-term treatment of A549 cells
with IL-1b. We also examined the effects of long-term
IL-1b treatment on cell morphology.

Materials and Methods

Materials
The following chemicals and reagents were obtained from the indi-
cated sources: Dulbecco’s modified Eagle’s medium (DMEM) and
phosphate-buffered saline (PBS) from Sigma Chemical Co. (St.
Louis, MO, USA); foetal calf serum (FCS) from HyClone (Logan,
UT, USA); DynaMarker Protein MultiColor from BioDynamics
Laboratory Inc. (Tokyo, Japan); U0126 (9903), anti-MAPKAPK-2
antibody (Cat# 3042, RRID: AB_10694238), rabbit anti-phospho-
MAPKAPK-2 (Thr222) monoclonal antibody (9A7) (anti-P-Thr222
MAPKAPK-2 antibody, Cat# 3316, RRID: AB_2141311), rabbit

anti-phospho-MAPKAPK-2 (Thr334) monoclonal antibody (27B7)
(anti-P-Thr334 MAPKAPK-2 antibody, Cat# 3007, RRID:
AB_490936), anti-p38 MAP kinase antibody (Cat# 2307, RRID:
AB_659929), anti-phospho-p38 MAP kinase antibody (Cat# 4631,
RRID: AB_331765) and anti-E-cadherin antibody (Cat# 3195,
RRID: AB_2291471) from Cell Signalling Technology (Beverly,
MA, USA); anti-extracellular signal-regulated kinase (anti-ERK)
antibody (Cat# M5670, RRID: AB_477216) from Sigma Chemical
Co. (St. Louis, MO, USA); anti-active ERK antibody (Cat# V8031,
RRID: AB_430866) from Promega Co. (Madison, WI, USA);
mouse anti-EGFR monoclonal antibody (6F1) (IgG2b) (Cat# CSA-
330E, RRID: AB_2262025) from Assay Designs (Ann Arbor, MI,
USA); mouse anti-phospho-EGFR (Ser1047) monoclonal antibody
(1H9) (anti-P-Ser1047 EGFR antibody, Cat# AM00036PU-N,
RRID: AB_980924) from Acris Antibodies Inc. (San Diego, CA,
USA); mouse anti-phospho-EGFR (Tyr1173) monoclonal antibody
(9H2) (anti-P-Tyr1173 EGFR antibody, Cat# 324864-1SET, RRID:
AB_243240) from Calbiochem, Merck (Darmstadt, Germany); anti-
fibronectin antibody (Cat# ab23750, RRID: AB_447655) from
Abcam (Cambridge, UK); anti-GAPDH antibody (Cat#
GTX82899, RRID: AB_625904) from GeneTex, Inc. (Los Angeles,
CA, USA); recombinant human TGF-b1 and IL-1b from R&D
Systems (Minneapolis, MN, USA); recombinant human interleukin-
1 receptor antagonist (rhIL-1Ra) from Wako Pure Chemical
Industries (Osaka, Japan); SB203580 [4-(4-fluorophenyl)-2-(4-meth-
ylsulphinylphenyl)-5-(4-pyridyl)1H-imidazole] and MK2a inhibitor
[4-(2’-fluorobiphenyl-4-yl)-N-(4-hydroxyphenyl)-butyramide] from
Calbiochem (Darmstadt, Germany). Other chemicals were of ana-
lytical grade.

Culture of A549 cells and preparation of cell extracts
A549 cells (Cat# A549, RRID: CVCL_0023) were cultured in
60mm Petri dishes (Nunc, Roskilde, Denmark) with DMEM con-
taining 4.5 g/l of glucose and 10% (vol/vol) heat-inactivated FCS
(10, 11). Then the medium was exchanged for DMEM containing
0.1% FCS, the cells were incubated for 2 h, and were subsequently
treated with IL-1b in the presence of 0.1% FCS. The concentrations
of signal transduction inhibitors (rhIL-1Ra, U0126, SB203580 and
MK2a inhibitor) were selected according to the instructions of the
manufacturers. Cells in the Petri dishes were washed once in PBS
and subjected to lysis with 300ll of 1�SDS-PAGE sample buffer
containing 2% (wt/vol) SDS, 62.5mM Tris-HCl, pH 6.8, 5% (vol/
vol) 2-mercaptoethanol, 5% (vol/vol) glycerol and 0.01% (wt/vol)
bromophenol blue (14, 18). Then cell extracts underwent sonication
for 20 s on ice and heating at 98�C for 5min, followed by storage at
�80�C until use.

SDS-PAGE and immunoblotting
SDS-PAGE was done by the method of Laemmli (18) and was fol-
lowed by immunoblotting (14, 19). Then immunoreactive proteins
were detected with an enhanced chemiluminescence kit (GE
Healthcare UK Ltd., Little Chalfont, UK) according to the manu-
facturer’s directions. Phosphorylation of proteins was assessed by
quantification of phosphoproteins using an ImageQuant LAS 4000
mini (GE Healthcare UK Ltd., UK) and Multi Gauge software
(version 3.1, RRID: SCR_014299). To estimate molecular weights
by chemiluminescence, the MagicMark XP Western Protein
Standard (Invitrogen, Carlsbad, CA, USA) was also loaded onto
each SDS-PAGE gel. For the EGFR, the 170kDa position was esti-
mated by using 220kDa and 120kDa standards. Before reprobing,
each membrane was incubated with stripping buffer [62.5mM Tris-
HCl, pH 6.7, 100mM 2-mercaptoethanol, and 2% (wt/vol) SDS]
for 30min at 50�C (14). Then each membrane was washed at room
temperature with blocking solution that contained 5% (wt/vol) skim
milk, 100mM Tris-HCl (pH 7.5), 0.9% (wt/vol) NaCl and 0.1%
(vol/vol) Tween-20, and with Tris-buffered saline containing
100mM Tris-HCl (pH 7.5), 0.9% (wt/vol) NaCl and 0.1% (vol/vol)
Tween-20, before being subjected to immunoblotting.

Biotinylation of cell surface proteins
Cell surface proteins were biotinylated and isolated by using a Cell
Surface Protein Isolation kit (Pierce Biotechnology, Rockford, IL,
USA) (20). After A549 cells were grown to 90–95% confluence in
100mm Petri dishes (Nunc) and treated with IL-1b, incubation was
done for 30min at 4�C with PBS containing sulphosuccinimidyl-2-
(biotinamido) ethyl-1,3-dithiopropionate (sulpho–NHS–SS–biotin),
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a membrane-impermeable biotinylation reagent. Then cells were
lysed in the presence of protease inhibitor cocktail, following which
biotinylated proteins were isolated using NeutrAvidin agarose.
Subsequently, the isolated proteins were released by incubation at
room temperature for 60min with SDS-PAGE sample buffer con-
taining dithiothreitol, followed by immunoblotting.

Examination of cell morphology
A549 cells were cultured in 60mm Petri dishes (Nunc) and were
treated with IL-1b and TGF-b1 in the presence of 10% FCS. Phase
contrast images were recorded at 30 h using an EVOS f1 (Advanced
Microscopy Group, Bothell, WA, USA).

Other procedures
Protein concentrations were measured by using a Qubit Protein
Assay kit and Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA,
USA). Because pilot experiments obtained linear protein concentra-
tion curves in the presence of 0.04% (wt/vol) SDS, 0.1% (vol/vol) 2-

mercaptoethanol and 0.1% (vol/vol) glycerol, the cell extracts were
diluted 50-fold with water for quantification. Each experiment was
at least performed in triplicate and representative data are shown.
Results are expressed as the mean 6 standard error (SE). Statistical
analysis was performed by one-way ANOVA with Duncan’s mul-
tiple range test using StatView (version 5.0). In all analyses,
P< 0.05 was considered to indicate statistical significance.

Results

ERK, p38 MAP kinase and MAPKAPK-2 activation by
IL-1b

It has been reported that MAPKAPK-2 was activated
by ERK and p38 MAP kinase, we first examined
whether IL-1b activated ERK and p38 MAP kinase
(21). ERK showed about 3-fold activation relative to

Fig. 1. Phosphorylation of ERK1/2, p38 MAP kinase and MAPKAPK-2 by IL-1b. A549 cells were treated with IL-1b at the indicated concen-
trations for 10min. The cell extracts (31.7lg) were subjected to SDS-PAGE on 12% (wt/vol) acrylamide gel for ERK1/2 or 10% (wt/vol)
acrylamide gel for p38 MAP kinase and MAPKAPK-2. Then immunoblotting was performed with anti-active ERK antibody (1:750), anti-
phospho-p38 MAP kinase antibody (1:500), anti-P-Thr222 MAPKAPK-2 antibody (1:750) or anti-P-Thr334 MAPKAPK-2 antibody (1:750).
After the primary antibodies were stripped, immunoblotting was performed with anti-ERK antibody (1:1,000), anti-p38 MAP kinase anti-
body (1:500) or anti-MAPKAPK-2 antibody (1:750), respectively. For the quantification of phosphorylation level of each protein, the ratio
of the signal of phosphorylation to that of the protein of each protein (P-ERK/ERK, P-p38MAPK/p38MAPK, P-Thr222 MAPKAPK2/
MAPKAPK2 and P-Thr334 MAPKAPK2/MAPKAPK2) was determined. The phosphorylation level of the control was taken as 1, and
from this value, each value was calculated. Bands for ERK1/2 (P-ERK1/2 and ERK1/2), p38 MAP kinase (P-p38MAPK and p38MAPK)
and MAPKAPK-2 (P-Thr222 MAPKAPK-2, P-Thr334 MAPKAPK-2 and MAPKAPK-2) are indicated. We repeated the same experiments
three times with reproducible results and representative results are shown.
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the control after 10min of treatment with IL-1b at
0.4, 1 and 5 nM (Fig. 1). In contrast to this moderate
level of ERK activation, p38 MAP kinase showed
11.2-, 14.6- and 13.8-fold activation by IL-1b at 0.4, 1
and 5 nM, respectively. We previously reported that
p38 MAP kinase activated MAPKAPK-2 after A549
cells were stimulated with TNFa and flagellin (14).
Because p38 MAP kinase was strongly activated by

IL-1b, we subsequently investigated whether
MAPKAPK-2 was activated by this cytokine. It was
reported that MAPKAPK-2 activation involves phos-
phorylation of Thr222, Ser272 and Thr334 (21). In
this study, we examined Thr222 and/or Thr334 phos-
phorylation using the antibodies that were available.
There was marked phosphorylation of both Thr222
and Thr334 after incubation with IL-1b at 0.4 nM

Fig. 2. Time course of p38 MAP kinase and MAPKAPK-2 activation by IL-1b and EGFR phosphorylation. (A) A549 cells were treated with
1 nM IL-1b for the indicated periods. Cell extracts (58lg) were subjected to SDS-PAGE on 10% (wt/vol) acrylamide gels for p38 MAP kin-
ase and MAPKAPK-2 or 7.5% (wt/vol) acrylamide gel for EGFR. Immunoblotting analysis of p38 MAP kinase and MAPKAPK-2 was per-
formed as described in the legend of Fig. 1. Immunoblotting analysis of EGFR was performed with anti-P-Ser1047 EGFR antibody (1:100)
and anti-EGFR antibody (1:600). (B) A549 cells were treated with IL-1b at the indicated concentrations for 10min. Then cell extracts
(38.4lg) were subjected to SDS-PAGE on 7.5% (wt/vol) acrylamide gel and immunoblotting was performed with anti-P-Ser1047 EGFR
antibody (1:100) and anti-P-Tyr1173 EGFR antibody (1:300) as described above. After the anti-P-Tyr1173 EGFR antibody was stripped, im-
munoblotting was performed with anti-EGFR antibody (1:600). Bands for p38 MAP kinase (P-p38MAPK and p38MAPK), MAPKAPK-2
(P-Thr334 MAPKAPK-2 and MAPKAPK-2) and EGFR (P-Ser1047 EGFR, P-Tyr1173 EGFR and EGFR) are indicated. We quantified the
phosphorylation level of each protein as described in the legend of Fig. 1. The phosphorylation level of p38 MAP kinase and MAPKAPK-2
of the control was taken as 1, and from this value, each value was calculated. We repeated the same experiments three times with reprodu-
cible results and representative results are shown.
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(Fig. 1). Phosphorylation of Thr222 was increased by
4.5-, 6.3- and 5.4-fold following incubation with IL-1b
at 0.4, 1 and 5 nM, respectively, while Thr334 showed
a 9.3-, 11.8- and 15.5-fold increment of phosphoryl-
ation at 0.4, 1 and 5 nM, respectively. An anti-
MAPKAPK-2 antibody detected two bands in the ab-
sence of IL-1b (Fig. 1). In contrast, a single
MAPKAPK-2 band was detected after IL-1b treat-
ment of cells and this band was located at a higher
molecular weight than the two bands in the control

culture. These results suggested that phosphorylation
of MAPKAPK-2 decreased its electrophoretic mobil-
ity. Because the other bands were not detected, it
seems that MAPKAPK-2 was almost completely
activated by IL-1b.

Time course of p38 MAP kinase and MAPKAPK-2
activation and EGFR phosphorylation by IL-1b

Figure 2A compares the time course of p38 MAP kin-
ase with MAPKAPK-2 activation by 1 nM IL-1b.

Fig. 3. Effects of rhIL-1Ra and U0126 on MAPKAPK-2 activation and EGFR phosphorylation at Ser1047 by IL-1b. (A) A549 cells were pre-
treated with or without 200 ng/ml rhIL-1Ra for 30min and incubated with or without 1 nM IL-1b for 10min in the presence or absence of
rhIL-1Ra. Cell extracts (26.6lg) were subjected to SDS-PAGE on 10% (wt/vol) acrylamide gels for p38 MAP kinase and MAPKAPK-2 or
7.5% (wt/vol) acrylamide gel for EGFR, and immunoblotting was performed as described in the legends of Figs 1 and 2. (B) A549 cells
were pre-treated with or without 10lM U0126 for 30min and incubated with or without 1 nM IL-1b for 10min in the presence or absence
of U0126. Then the cell extracts (114lg) were subjected to SDS-PAGE on 7.5% (wt/vol) acrylamide gel and immunoblotting analysis of
EGFR was performed as described in the legend of Fig. 2. We quantified the phosphorylation levels of p38 MAP kinase and MAPKAPK-2
as described in the legend of Fig. 1. Because the phosphorylation level of the control was 0, that in the presence of IL-1b alone was taken as
1, and each value was calculated. Bands for p38 MAP kinase (P-p38MAPK and p38MAPK), MAPKAPK-2 (P-Thr334 MAPKAPK-2 and
MAPKAPK-2) and EGFR (P-Ser1047 EGFR and EGFR) are indicated. We repeated the same experiments three times with reproducible
results and representative results are shown.
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Activation of both p38 MAP kinase and MAPKAPK-2
was maximal at 15min, when both showed an ap-
proximately 15-fold increase of activation. Then acti-
vation of both protein kinases declined from 30min,
but p38 MAP kinase activation was still observed at
120min. Phosphorylation of Thr334 of MAPKAPK-2
was slight at 60min and the MAPKAPK-2 protein
remained at the high molecular weight position at
120min.
We previously reported that stimulation of TLR5

induced EGFR phosphorylation at Ser1047 by
MAPKAPK-2 in A549 cells (14). After detecting
marked activation of MAPKAPK-2 by IL-1b, we next
examined the influence on EGFR phosphorylation
(Fig. 2A). At 0min, EGFR phosphorylation at
Ser1047 was undetectable under our experimental
conditions. In contrast, Ser1047 phosphorylation was
prominent after 15min of IL-1b treatment. While
Ser1047 phosphorylation decreased from 60min, it
was still observed at 120min. When EGFR protein
was examined, there were no significant changes in re-
sponse to IL-1b. We previously reported that the

electrophoretic mobility of EGFR decreased in re-
sponse to treatment with flagellin and TNFa (14). In
this study, the electrophoretic mobility of EGFR was
also decreased by treatment with IL-1b (Fig. 2A).
When cells were incubated with various IL-1b concen-
trations for 10min, both Ser1047 phosphorylation
and gel shift of EGFR were observed from 0.4 nM
(Fig. 2B). However, Tyr1173 phosphorylation was not
observed, indicating that IL-1b did not cause EGFR
activation. When EGFR protein levels were examined,
there were no significant changes in response to IL-1b.

Investigation of signalling pathways leading to
EGFR phosphorylation at Ser1047

Involvement of the IL-1b receptor in EGFR phosphorylation by IL-
1b
Next, we examined the signalling pathways that
caused EGFR phosphorylation after IL-1b treatment.
We first investigated whether the IL-1R had a role in
the effects of IL-1b (Fig. 3A). Recombinant human
interleukin-1 receptor antagonist (rhIL-1Ra) is a nat-
ural IL-1R antagonist. We found that rhIL-1Ra

Fig. 4. Effects of SB203580 and MK2ai on p38 MAP kinase and MAPKAPK-2 activation, and EGFR phosphorylation at Ser1047 by IL-1b.
(A) A549 cells were pre-treated with or without 5 lM SB203580 for 30min and incubated with or without 1 nM IL-1b for 10min in the pres-
ence or absence of SB203580. Cell extracts (26.3lg) were subjected to SDS-PAGE on 10% (wt/vol) acrylamide gels for p38 MAP kinase
and MAPKAPK-2 or 7.5% (wt/vol) acrylamide gel for EGFR, and immunoblotting was performed as described in the legends of Figs 1
and 2. (B) A549 cells were pre-treated with or without 20lM MK2ai for 30min and incubated with or without 1 nM IL-1b for 10min in the
presence or absence of MK2ai. Then the cell extracts (39.5lg) were subjected to SDS-PAGE on 10% (wt/vol) acrylamide gel for
MAPKAPK-2 or 7.5% (wt/vol) acrylamide gel for EGFR, and immunoblotting was performed as described above. We quantified the phos-
phorylation levels of p38 MAP kinase and MAPKAPK-2 as described in the legend of Fig. 1. Because the phosphorylation level of
MAPKAPK-2 of the control was 0, that in the presence of IL-1b alone was taken as 1, and each value was calculated. Bands for p38 MAP
kinase (P-p38MAPK and p38MAPK), MAPKAPK-2 (P-Thr222 MAPKAPK-2, P-Thr334 MAPKAPK-2 and MAPKAPK-2) and EGFR (P-
Ser1047 EGFR and EGFR) are indicated. We repeated the same experiments three times with reproducible results and representative results
are shown.
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almost completely inhibited the activation of p38
MAP kinase and MAPKAPK-2 induced by IL-1b, as
well as EGFR phosphorylation at Ser1047. Gel shift
of MAPKAPK-2 and EGFR was inhibited by IL-1R,
although MAPKAPK-2 and EGFR protein levels
were unchanged. These findings suggested that p38
MAP kinase and MAPKAPK-2 activation, as well as
EGFR phosphorylation, by IL-1b were receptor-
mediated processes.
Role of ERK in EGFR phosphorylation by IL-1b
Because ERK was activated by IL-1b, we examined
whether ERK had a role in EGFR phosphorylation
at Ser1047 (Fig. 3B). We found that a MEK inhibitor
(U0126) reduced IL-1b-induced phosphorylation of
Ser1047 by about 30%. This result suggested that
ERK was not important for EGFR phosphorylation
at Ser1047.
Role of p38 MAP kinase in EGFR phosphorylation by IL-1b
We also investigated the possible role of p38 MAP kin-
ase in MAPKAPK-2 activation and EGFR phosphor-
ylation (Fig. 4A). SB203580 is an ATP-competitive
inhibitor of p38 MAP kinase; we found that it inhib-
ited IL-1b-induced activation of p38 MAP kinase by
about 30% via an unknown mechanism. In addition,

SB203580 almost completely inhibited MAPKAPK-2
activation and EGFR phosphorylation. Gel shift of
both MAPKAPK-2 and EGFR was strongly inhibited
by SB203580, although MAPKAPK-2 and EGFR pro-
tein levels were unchanged. These findings strongly
suggested that p38 MAP kinase was mainly involved in
MAPKAPK-2 activation and EGFR phosphorylation
after stimulation with IL-1b.
Role of MAPKAPK-2 in EGFR phosphorylation by IL-1b
We previously reported that MAPKAPK-2 phosphor-
ylates EGFR at Ser1047 in A549 cells treated with
flagellin and TNFa (14). Therefore, we examined
whether MAPKAPK-2 was involved in IL-1b-induced
EGFR phosphorylation. MK2a inhibitor binds
MAPKAPK-2 and prevents activation by p38 MAP
kinase. We found that MK2a inhibitor reduced
MAPKAPK-2 phosphorylation at Thr334 by about
60%, indicating that it partially inhibited the activa-
tion of MAPKAPK-2 (Fig. 4B). In contrast, MK2a
inhibitor strongly inhibited EGFR phosphorylation at
Ser1047. MAPKAPK-2 and EGFR protein levels
were not altered by any of the treatments tested.
Taken together, IL-1b induced EGFR

Fig. 5. Reduction of biotinylated cell surface EGFR by incubation with IL-1b. (A) A549 cells were incubated with or without 1 nM IL-1b for
30min and then were cultured at 4�C for 30min with PBS containing sulpho–NHS–SS–biotin as described in Materials and Methods. After
the cells were lysed, biotinylated proteins were isolated with NeutrAvidin agarose. Isolated proteins were released by incubation for 60min
at room temperature with 1�SDS-PAGE sample buffer containing dithiothreitol. Non-biotinylated (19.6lg) and biotinylated (12lg) pro-
teins were subjected to SDS-PAGE on 7.5% (wt/vol) acrylamide gel, and immunoblotting was performed with anti-EGFR antibody (1:600)
or anti-E-cadherin antibody (1:750). We repeated the same experiments five times (EGFR) and four times (E-cadherin) with reproducible
results, and representative results are shown. (B) A549 cells were treated with 1 nM IL-1b for the indicated periods. Biotinylated proteins
(12lg) were subjected to immunoblotting analysis for EGFR and E-cadherin. Bands for EGFR and E-cadherin are indicated. We repeated
the same experiments three times with reproducible results and representative results are shown.
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phosphorylation at Ser1047 by activating the p38
MAP kinase/MAPKAPK-2 pathway.

EGFR internalization in response to IL-1b

EGFR phosphorylation at Ser1047 by TNFa was
reported to induce internalization of this receptor (2,
6). We previously confirmed that EGFR phosphoryl-
ation by flagellin induced receptor internalization (15).
Therefore, we assessed whether IL-1b induced intern-
alization of the EGFR. After incubation of A549 cells
with IL-1b for 30min, the cells were cooled to 4�C
and then incubated for 30min with sulpho–NHS–SS–
biotin. We found that treatment with IL-1b reduced
biotinylated EGFR protein, but non-biotinylated
EGFR protein increased slightly (Fig. 5A). In con-
trast, biotinylated E-cadherin protein was unchanged
by treatment with IL-1b. When the EGFR protein
level was divided by the E-cadherin protein level, non-
biotinylated EGFR protein was increased to 331 6

30% (n¼ 3, P< 0.05) of the control level, whereas
biotinylated EGFR protein was decreased to 51 6

12% (n¼ 3, P< 0.05) of the control level. These data
showed that EGFR was internalized after treatment
with IL-1b. When the time course of EGFR internal-
ization was examined (Fig. 5B), we confirmed that the
biotinylated EGFR protein level was reduced at

30min, but was elevated from 60min. When the
EGFR protein level was divided by the E-cadherin
protein level, the ratio was 32, 72 and 51% of the con-
trol at 30, 60 and 120min, respectively. These findings
suggest that recycling of internalized EGFR was
occurring at 60min.

Morphological changes of A549 cells during long-
term treatment with IL-1b

We previously reported that 24 h of treatment with
flagellin augmented the EMT induced by TGF-b1
(13). Accordingly, we examined whether long-term
treatment of A549 cells with IL-1b induced morpho-
logical changes by incubating A549 cells with TGF-b1
and IL-1b for 30 h (Fig. 6). Control A549 cells had a
cobblestone appearance, whereas cells treated with
TGF-b1 or IL-1b showed enlargement with loss of
cell–cell contact. Combined TGF-b1 and IL-1b treat-
ment induced more pronounced morphological
changes and the cells became spindle-shaped.

Changes of fibronectin and E-cadherin associated
with IL-1b

These morphological changes suggested that IL-1b
might induce the EMT in A549 cells, so we examined
whether early biochemical signs of the EMT could be

Fig. 6. Morphological changes of A549 cells after treatment with IL-1b and/or TGF-b1 for 30 h. A549 cells were treated with or without 1 nM
IL-1b and/or 10 ng/ml TGF-b1 for 30 h in the presence of 10% FCS. Scale bars indicate 400lm. We repeated the same experiments four
times with reproducible results and representative results are shown.
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detected. It has been reported that increase of fibro-
nectin and reduction of E-cadherin are early bio-
chemical signs of EMT (22). Therefore, we examined
the changes in the protein levels of fibronectin and
E-cadherin after IL-1b and TGF-b1 treatments
(Fig. 7). We found that treatment with TGF-b1 for
30 h increased fibronectin protein levels in A549 cells,
but decreased E-cadherin protein levels (Fig. 7A).
On the other hand, IL-1b did not increase fibronec-
tin protein levels or reduce E-cadherin protein levels
(Fig. 7A). However, IL-1b augmented the effect of
TGF-b1 on fibronectin and E-cadherin. GAPDH
protein was not changed by any of the treatments
(Fig. 7A). Results from three independent experi-
ments are summarized in Fig. 7B. Fibronectin
increased significantly to 315.6 6 37.4% (P< 0.05)
of the control value in the presence of both TGF-b1
and IL-1b. In contrast, E-cadherin was reduced to
67.3 6 1.9% (P< 0.01) and 49.7 6 6.6% (P< 0.01)
of the control level by treatment with TGF-b1 or
TGF-b1 plus IL-1b, respectively. IL-1b significantly
augmented the suppression of E-cadherin by TGF-b1
(Fig. 7B). These findings indicated that IL-1b aug-
mented the effects of TGF-b1 on biochemical indica-
tors of the EMT in A549 cells.

Discussion

Gefinitib, an EGFR tyrosine kinase inhibitor, is useful
for the treatment of lung cancer, indicating a crucial
role of the EGFR in lung cancer progression. It has
been reported that resistance to these inhibitors devel-
ops during cancer treatment (23) and there have been
reports indicate that ligand-independent EGFR in-
ternalization is involved in this resistance (24). In add-
ition to lung cancer, there is accumulating evidence
that overexpression and/or hyperactivation of EGFR
is involved in adult respiratory distress syndrome and
pulmonary fibrosis (25, 26). Therefore, understanding
the mechanisms that regulate EGFR residence on the
plasma membrane is important for identifying the mo-
lecular pathways involved in these pathological
changes and therapies. It has also been reported that
the inactive EGFR after ligand-independent internal-
ization is involved in various cellular functions, such
as induction of autophagy, expression of proteins,
DNA replication and regulating the intracellular glu-
cose concentration, although the molecular mecha-
nisms of these effects have not been studied precisely
(8, 27, 28).

We have examined EGFR phosphorylation in re-
sponse to various endogenous substances that are

Fig. 7. Changes of fibronectin and E-cadherin expression after treatment with IL-1b and/or TGF-b1. (A) A549 cells were treated with or with-
out 1 nM IL-1b and/or 10 ng/ml TGF-b1 for 30 h in the presence of 10% FCS. Cell extracts (57.1lg) were subjected to SDS-PAGE on
7.5% (wt/vol) acrylamide gels for fibronectin and E-cadherin or 10% (wt/vol) acrylamide gel for GAPDH, and immunoblotting was per-
formed with anti-fibronectin antibody (1:500), anti-E-cadherin antibody (1:750) or anti-GAPDH antibody (1:3,000). We repeated the same
experiments four times (fibronectin and E-cadherin) and three times (GAPDH) with reproducible results and representative results are
shown. (B) Results from three independent experiments are summarized. The bars present fibronectin and E-cadherin protein levels as the
mean 6 SE (n¼ 3), expressed as a percentage of the corresponding control. *P< 0.05; **P< 0.01 (versus control). Significant difference of
the E-cadherin protein level between cells treated with TGF-b1 alone and cells treated with IL-1b plus TGF-b1 (#P< 0.05).
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reported to be involved in inflammation (14, 15, 29).
In this study, IL-1b caused a marked increase in phos-
phorylation of the EGFR at Ser1047, whereas
Tyr1173 was not phosphorylated, indicating that IL-
1b did not activate the EGFR. TNFa and hydrogen
peroxide phosphorylated both Ser1047 and Tyr1173
(14, 15). Bradykinin did not induce Tyr1173 phos-
phorylation and Ser1047 phosphorylation was much
lower than with IL-1b (29). We found that IL-1b had
the greatest effect on phosphorylation of Ser1047
among TNFa, hydrogen peroxide, bradykinin and
flagellin, which suggests that IL-1b is crucial for
EGFR functions related to inflammation.
In this study, the EGFR underwent internalization

after IL-1b treatment and the time course of internal-
ization was similar to that of Ser1047 phosphorylation
(Figs 2A and 5B). These findings suggested that
Ser1047 phosphorylation induced internalization of
the EGFR. To our knowledge, this is the first report
about EGFR phosphorylation and internalization by
IL-1b. Our data indicated that IL-1b induced the in-
ternalization of EGFR without the activation of
EGFR. Therefore, the present data suggested that the
EGFR activation was suppressed by IL-1b. It has
been reported that phosphorylation of Ser1047
induced the internalization of EGFR, while EGFR
did not undergo lysosomal degradation (6). Therefore,
IL-1b may inhibit the EGF-induced degradation of
EGFR. In the present study, we found that the
amount of EGFR was not increased after IL-1b treat-
ment. These results may suggest that culture medium
did not contain EGF under our assay conditions. The
effects of IL-1b on the amount of EGFR in the pres-
ence of EGF should be examined for the future study.
The physiological phenomena after the internaliza-

tion of EGFR are not clear at present. Because the
long-term treatment of A549 cells with IL-1b and
TGF-b1 induced EMT-like morphological changes,
the internalization of EGFR may be involved in the
induction of EMT. The molecular mechanisms of re-
ceptor internalization and its pathophysiological sig-
nificance warrant further investigation.
IL-1b is one of the first pro-inflammatory cytokines

to be activated at sites of injury. In addition to its
early effects, IL-1b is involved in tissue repair in the
late phase, such as remodelling and scarring (30–32).
There have been many reports that IL-1b is implicated
in pulmonary fibrosis (33, 34). Long-term IL-1b treat-
ment of human umbilical vein endothelial cells was
reported to induce the EMT (35). The present study
demonstrated that long-term IL-1b treatment of A549
cells caused morphological changes. However, we
could not confirm that the morphological changes
were due to the EMT because expression of E-cad-
herin and fibronectin did not change after treatment
with IL-1b alone. Accordingly, the molecular mecha-
nisms of the morphological changes caused by IL-1b
should be examined precisely in the future.
In conclusion, short-term IL-1b treatment of A549

cells induced EGFR phosphorylation at Ser1047 via
the IL-1R/p38 MAP kinase/MAPKAPK-2 pathway,
resulting in transient EGFR internalization. In add-
ition, long-term treatment with IL-1b induced

morphological changes of the cells. Our results sug-
gested that IL-1b is deeply involved in ligand-
independent EGFR desensitization, and may play an
important role in pulmonary fibrosis and inflamma-
tory conditions.

Acknowledgements

We thank Dr Y.I. (Tokyo University of Science) for providing
A549 cells. We also thank the Research Laboratory Center,
Faculty of Medicine, University of the Ryukyus for providing
technical support.

Funding
This work was supported by Japan Society for the Promotion of
Science KAKENHI Grant numbers 16K07058, and 17K07112.

Conflict of Interest
None declared.

Data availability statement

Research data are not shared.

References

1. Carpenter, G. (2003) ErbB-4: mechanism of action and
biology. Exp. Cell Res. 284, 66–77

2. Nishimura, M., Shin, M.S., Singhirunnusorn, P.,
Suzuki, S., Kawanishi, M., Koizumi, K., Saiki, I., and
Sakurai, H. (2009) TAK1-mediated serine/threonine
phosphorylation of epidermal growth factor receptor
via p38/extracellular signal-regulated kinase:
NF-jB-independent survival pathways in tumor necro-
sis factor alpha signaling. Mol. Cell Biol.. 29,
5529–5539

3. Yamamoto, H., Higa-Nakamine, S., Noguchi, N.,
Maeda, N., Kondo, Y., Toku, S., Kukita, I., and
Sugahara, K. (2014) Desensitization by different strat-
egies of epidermal growth factor receptor and ErbB4.
J. Pharmacol. Sci. 124, 287–293

4. Wiley, H.S. (2003) Trafficking of the ErbB receptors
and its influence on signaling. Exp. Cell Res. 284,
78–88

5. Argast, G.M., Campbell, J.S., Brooling, J.T., and
Fausto, N. (2004) Epidermal growth factor receptor
transactivation mediates tumor necrosis factor-induced
hepatocyte replication. J. Biol. Chem. 279, 34530–34536

6. Singhirunnusorn, P., Ueno, Y., Matsuo, M., Suzuki,
S., Saiki, I., and Sakurai, H. (2007) Transient suppres-
sion of ligand-mediated activation of epidermal growth
factor receptor by tumor necrosis factor-a through the
TAK1-p38 signaling pathway. J. Biol. Chem. 282,
12698–12706

7. Zwang, Y. and Yarden, Y. (2006) p38 MAP kinase
mediates stress-induced internalization of EGFR: impli-
cations for cancer chemotherapy. EMBO J. 25,
4195–4206

8. Tan, X., Thapa, N., Sun, Y., and Anderson, R.A.
(2015) A kinase-independent role for EGF receptor in
autophagy initiation. Cell 160, 145–160

9. Tan, X., Lambert, P.F., Rapraeger, A.C., and
Anderson, R.A., (2016) Stress-induced EGFR traffick-
ing: mechanisms, functions, and therapeutic implica-
tions. Trends. Cell. Biol. 26, 352–366

I. Nakayama et al.

122

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/168/2/113/5722206 by U

niversity of the R
yukyus Library user on 07 D

ecem
ber 2020



10. Kuwahara, I., Lillehoj, E.P., Lu, W., Singh, I.S.,
Isohama, Y., Miyata, T., and Kim, K.C. (2006)
Neutrophil elastase induces IL-8 gene transcription and
protein release through p38/NF-jB activation via
EGFR transactivation in a lung epithelial cell line. Am.
J. Physiol. Lung Cell. Mol. Physiol. 291, L407–L416

11. Mizutani, A., Maeda, N., Toku, S., Isohama, Y.,
Sugahara, K., and Yamamoto, H. (2010) Inhibition by
ethyl pyruvate of the nuclear translocation of nuclear
factor-jB in cultured lung epithelial cells. Pulm.
Pharmacol. Ther. 23, 308–315

12. Hayashi, F., Smith, K.D., Ozinsky, A., Hawn, T.R.,
Yi, E.C., Goodlett, D.R., Eng, J.K., Akira, S.,
Underhill, D.M., and Aderem, A. (2001) The innate
immune response to bacterial flagellin is mediated by
Toll-like receptor 5. Nature 410, 1099–1103

13. Kondo, Y., Higa-Nakamine, S., Noguchi, N., Maeda,
N., Toku, S., Isohama, Y., Sugahara, K., Kukita, I.,
and Yamamoto, H. (2012) Induction of
epithelial-mesenchymal transition by flagellin in cul-
tured lung epithelial cells. Am. J. Physiol. Lung Cell.
Mol. Physiol. 303, L1057–L1069

14. Noguchi, N., Kondo, Y., Maeda, N., Higa-Nakamine,
S., Toku, S., Maruyama, J., Isohama, Y., Kukita, I.,
Sugahara, K., and Yamamoto, H. (2013)
Phosphorylation of epidermal growth factor receptor at
serine 1047 by MAP kinase-activated protein kinase-2
in cultured lung epithelial cells treated with flagellin.
Arch. Biochem. Biophys. 529, 75–85

15. Nishi, H., Maeda, N., Izumi, S., Higa-Nakamine, S.,
Toku, S., Kakinohana, M., Sugahara, K., and
Yamamoto, H. (2015) Differential regulation of epider-
mal growth factor receptor by hydrogen peroxide and
flagellin in cultured lung alveolar epithelial cells. Eur.
J. Pharmacol. 748, 133–142

16. Dinarello, C.A. (2011) A clinical perspective of IL-1b
as the gatekeeper of inflammation. Eur. J. Immunol. 41,
1203–1217

17. Dunne, A. and O’Neill, L.A.J. (2003) The interleukin-1
receptor/Toll-like receptor superfamily: signal transduc-
tion during inflammation and host defense. Sci. STKE
171, re3

18. Laemmli, U.K. (1970) Cleavage of structural proteins
during the assembly of the head of 24 bacteriophage
T4. Nature 227, 680–685.

19. Towbin, H., Staehelin, T., and Gordon, J. (1979)
Electrophoretic transfer of proteins from
poly-acrylamide gels to nitrocellulose sheets: procedure
and some applications. Proc. Natl. Acad. Sci. USA. 76,
4350–4354. https://doi.org/10.1073/pnas.76.9.4350

20. Higa-Nakamine, S., Maeda, N., Toku, S., Yamamoto,
T., Yingyuenyong, M., Kawahara, M., and
Yamamoto, H. (2012) Selective cleavage of ErbB4 by
G-protein-coupled gonadotropin-releasing hormone re-
ceptor in cultured hypothalamic neurons. J. Cell.
Physiol. 227, 2492–2501.

21. Ben-Levy, R., Leighton, I.A., Doza, Y.N., Attwood,
P., Morrice, N., Marshall, C.J., and Cohen, P. (1995)
Identification of novel phosphorylation sites required

for activation of MAPKAP kinase-2. EMBO J. 14,
5920–5930

22. Kolosova, I., Nethery, D., and Kern, J.A. (2011) Role
of Smad2/3 and p38 MAP kinase in TGF-b1-induced
epithelial-mesenchymal transition of pulmonary epithe-
lial cells. J. Cell. Physiol. 226, 1248–1254

23. Sharma, S.V., Bell, D.W., Settleman, J., and Haber,
D.A. (2007) Epidermal growth factor receptor muta-
tions in lung cancer. Nat. Rev. Cancer 7, 169–181

24. Jo, U., Park, K.H., Whang, Y.M., Sung, J.S., Won,
N.H., Park, J.K., and Kim, Y.H. (2014) EGFR endo-
cytosis is a novel therapeutic target in lung cancer with
wild-type EGFR. Oncotarget 5, 1265–1278

25. Finigan, J.H., Downey, G.P., and Kern, J.A. (2012)
Human epidermal growth factor receptor signaling in
acute lung injury. Am. J. Respir. Cell Mol. Biol. 47,
395–404

26. Sugahara, K., Tokumine, J., Teruya, K., and Oshiro,
T. (2006) Alveolar epithelial cells: differentiation and
lung injury. Respirology 11, S28–S31

27. Coker, K.J., Staros, J.V., and Guyer, C.A. (1994) A
kinase-negative epidermal growth factor receptor that
retains the capacity to stimulate DNA synthesis. Proc.
Natl. Acad. Sci. USA 91, 6967–6971

28. Weihua, Z., Tsan, R., Huang, W.C., Wu, Q., Chiu,
C.H., Fidler, I.J., and Hung, M.C. (2008) Survival of
cancer cells is maintained by EGFR independent of its
kinase activity. Cancer Cell 13, 385–393

29. Izumi, S., Higa-Nakamine, S., Nishi, H., Torihara, H.,
Uehara, A., Sugahara, K., Kakinohana, M., and
Yamamoto, H. (2018) Phosphorylation of epidermal
growth factor receptor at serine 1047 in cultured lung
alveolar epithelial cells by bradykinin B2 receptor
stimulation. Pulm. Pharmacol. Ther. 48, 53–61

30. Gasse, P., Mary, C., Guenon, I., Noulin, N., Charron,
S., Schnyder-Candrian, S., Schnyder, B., Akira, S.,
Quesniaux, V.F.J., Lagente, V., Ryffel, B., and
Couillin, I. (2007) IL-1R1/MyD88 signaling and the
inflammasome are essential pulmonary inflammation
and fibrosis in mice. J. Clin. Invest. 117, 3786–3799

31. Bujak, M., Dobaczewski, M., Chatila, K., Mendoza,
L.H., Li, N., Reddy, A., and Frangogiannis, N.G.
(2008) Interleukin-1 receptor type I signaling critically
regulates infarct healing and cardiac remodeling. Am.
J. Pathol. 173, 57–67

32. Bujak, M. and Frangogiannis, N.G. (2009) The role of
IL-1 in the pathogenesis of heart disease. Arch.
Immunol. Ther. Exp. (Warsz). 57, 165–176

33. Borthwick, L.A. (2016) The IL-1 cytokine family and
its role in inflammation and fibrosis in the lung. Semin.
Immunopathol. 38, 517–534

34. Kolb, M., Margetts, P.J., Anthony, D.C., Pitossi, F.,
and Gauldie, J. (2001) Transient expression of IL-1b
induces acute lung injury and chronic repair leading to
pulmonary fibrosis. J. Clin. Invest.107, 1529–1536

35. Maleszewska, M., Mo onen, J.R., Huijkman, N., van
de Sluis, B., Krenning, G., and Harmsen, M.C. (2013)
IL-1b and TGFb2 synergistically induce endothelial to
mesenchymal transition in an NFjB-dependent man-
ner. Immunobiology 218, 443–454

Endocytosis of EGFR by IL-1b

123

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/168/2/113/5722206 by U

niversity of the R
yukyus Library user on 07 D

ecem
ber 2020

https://doi.org/10.1073/pnas.76.9.4350


D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/168/2/113/5722206 by U

niversity of the R
yukyus Library user on 07 D

ecem
ber 2020


