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a b s t r a c t
Insulin-like growth factor 1 receptor (IGF1R) is expressed in many types of solid tumors including nonsmall cell lung cancer (NSCLC), and enhanced activation of IGF1R is thought to reﬂect cancer progression.
Epithelial–mesenchymal transition (EMT) has been established as one of the mechanisms responsible for
cancer progression and metastasis, and microenvironment conditions, such as hypoxia, have been shown
to induce EMT. The purposes of this study were to address the role of IGF1R activation in hypoxia-induced
EMT in NSCLC and to determine whether inhibition of IGF1R might reverse hypoxia-induced EMT. Human
NSCLC cell lines A549 and HCC2935 were exposed to hypoxia to investigate the expression of EMTrelated genes and phenotypes. Gene expression analysis was performed by quantitative real-time PCR
and cell phenotypes were studied by morphology assessment, scratch wound assay, and immunoﬂuorescence. Hypoxia-exposed cells exhibited a spindle-shaped morphology with increased cell motility
reminiscent of EMT, and demonstrated the loss of E-cadherin and increased expression of ﬁbronectin
and vimentin. Hypoxia also led to increased expression of IGF1, IGF binding protein-3 (IGFBP3), and
IGF1R, but not transforming growth factor b1 (TGFb1). Inhibition of hypoxia-inducible factor 1a (HIF1a)
with YC-1 abrogated activation of IGF1R, and reduced IGF1 and IGFBP3 expression in hypoxic cells.
Furthermore, inhibition of IGF1R using AEW541 in hypoxic condition restored E-cadherin expression,
and reduced expression of ﬁbronectin and vimentin. Finally, IGF1 stimulation of normoxic cells induced
EMT. Our ﬁndings indicated that hypoxia induced EMT in NSCLC cells through activation of IGF1R, and
that IGF1R inhibition reversed these phenomena. These results suggest a potential role for targeting
IGF1R in the prevention of hypoxia-induced cancer progression and metastasis mediated by EMT.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Insulin-like growth factor 1 receptor (IGF1R) is a transmembrane
receptor tyrosine kinase, and is expressed in many types of cancer
Abbreviations: DAPI, 40 ,6-diamidino-2-phenylindole; YC-1, 5-[1-(phenylmethyl)-1H-indazol-3-yl]-2-furanmethanol; IGF1R, insulin-like growth factor 1
receptor; IGFBP3, insulin-like growth factor-binding protein 3; phospho-IGF1R,
phospho-insulin-like growth factor 1; HIF1a, hypoxia-inducible factor 1a; DMSO,
dimethyl sulfoxide; qPCR, quantitative real-time PCR.
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cells, including non-small cell lung cancer (NSCLC) [1]. IGF1R is
activated by binding of its ligand, IGF1, leading to phosphorylation
of phosphatidylinositol 3-kinase (PI3K) and phospholipase C
gamma (PLCc) that produces inositol 1,4,5-trisphosphate (IP3)
followed by Ca2+ release [2]. Cell signaling via IGF1R is essential in
a variety of cellular processes including cancer progression [1].
Advanced NSCLC is the leading cause of cancer-related deaths
worldwide [3]. Drug-resistance, metastasis, and invasion are some
of the features of fatal cancer, and accumulating evidence has
shown that metastasis and invasion are associated with an
epithelial–mesenchymal transition (EMT) [4,5].
EMT is characterized by the dissolution of cell–cell junctions and
loss of apico-basolateral polarity, resulting in the formation of
migratory mesenchymal cells with invasive properties [6]. During
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A549 and HCC2935 cells were seeded in 6-well plate and
allowed to attach to the plate surface for 24 h. A scratch was made
in the center of the culture well using a sterile 200-lL micropipette
tip and images were captured immediately after the scratch at 0 h
and again after 24 h incubation at 37 °C in both normoxia and
hypoxic conditions.

Relave E-cadherin mRNA

A

2.3. Wound healing scratch assay

Relave Fibronecn mRNA

NSCLC cell lines, A549 and HCC2935, were purchased from the
American Type Culture Collection (Rockville, MD, USA). HCC2935

Cells were visualized at 200 magniﬁcation with an Olympus
light microscope (Olympus, Tokyo, Japan). Digital images of the
A549 and HCC2935, in both normoxic and hypoxic conditions were
randomly captured and examined for morphologic characteristics
consistent with EMT. Spindle-shaped cells were counted and
divided by the total cell number from each image to obtain the
spindle-shaped cell percentage. Results were displayed as the
means of spindle-shaped cell percentages from 5 images.

48 hours

2.1. Cell culture and reagents

2.2. Morphological analysis

24 hours

2. Materials and methods

cells were cultured in RPMI-1640 medium (Wako Pure Chemical
Industries, Osaka, Japan), while A549 was maintained in DMEM
medium (Invitrogen, Carlsbad, CA, USA); both media were supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and
100 lg/mL streptomycin. Cell lines were veriﬁed to be mycoplasma-free using the MycoAlert Kit (Lonza, Amagazaki, Japan).
Cells were grown in a humidiﬁed 5% CO2 atmosphere at 37 °C in
an incubator, in which the oxygen tension was held at either 21%
(normoxia) or 1% (hypoxia). AEW541 was purchased from Selleck
Chemicals (Houston, TX, USA) and YC-1 was purchased from
Sigma–Aldrich (St. Louis, MO, USA).

Normoxia

EMT, cells loose expression of the epithelial marker E-cadherin, and
gain the mesenchymal markers vimentin and ﬁbronectin. The mesenchymal state is associated with the capacity of cells to migrate to
distant organs during the initiation of metastasis [7]. Several factors
have been found to be capable of inducing EMT, including transforming growth factor b (TGFb) [8] and tumor necrosis factor a
(TNFa) [9]. Solid tumors often contain regions with insufﬁcient oxygen delivery, a condition known as hypoxia, and several recent
reports have suggested that hypoxia might also induce EMT [10].
Hypoxia-induced EMT has been investigated in various cancers,
including gastric cancer [11], hepatocellular [12] and renal cell carcinomas [13]. The stabilization of hypoxia-inducible factor 1a (HIF1a) by hypoxia allows for activation of EMT-inducer. It has been
reported that under hypoxic conditions, pancreatic carcinoma cells
lost cell–cell adhesion due to down-regulation of E-cadherin and
concomitant up-regulation of vimentin [14]. In another study, hypoxic stress induced EMT in colon cancer cells, through b1-integrins
and chemokine receptor type 4 (CXCR4) [15].
It has been reported that IGF1R is implicated in EMT-mediated
invasiveness in gastric cancer [16]. However, a direct linkage of
IGF1R activation with hypoxia and EMT has not been clariﬁed. In
the present study, we aimed to investigate whether activation of
IGF1R is involved in hypoxia-induced EMT in NSCLC cells and to
elucidate whether inhibition of IGF1R could reverse such
hypoxia-induced EMT.

*

Hypoxia

Fig. 1. Hypoxia induced EMT in A549 cells. (A) Hypoxia altered cell morphology to irregular and spindle-shaped. (B) Scratch was generated in the center of the culture well at 0
and after 24 h in normoxic or hypoxic conditions. (C) Quantitative real-time PCR was performed with primers speciﬁc for E-cadherin, ﬁbronectin, and vimentin in A549 parental
and hypoxic cells (24 and 48 h), and data were normalized to actin expression. (D–F) A549 cells, grown on Lab-Tek chamber slides, were exposed to normoxia or hypoxia for 24 h,
ﬁxed, and incubated with primary antibodies against E-cadherin (D), ﬁbronectin (E), or vimentin (F) followed by secondary antibodies labeled with Alexa Fluor 488 anti-rabbit
IgG (red). Cell nuclei were stained with DAPI (blue). Images were obtained using Axioplan 2 system. Five images were captured from each group and E-cadherin+, vimentin+, and
ﬁbronectin+ cells numbers were divided by the corresponding DAPI numbers. Data are expressed as the means ± standard deviation. ⁄P < 0.05 indicates a signiﬁcant difference
from control group. Scale bar indicates 200 lM. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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2.4. Quantitative real-time PCR (qPCR)

IGF1R
Forward, 50 -CCATTCTCATGCCTTGGTCT-30
Reverse, 50 -TGCAAGTTCTGGTTGTCGAG-30
Actin
Forward, 50 -CTCTTCCAGCCTTCCTTCCT-30
Reverse, 50 -AGCACTGTGTTGGCGTACAG-30

Total RNA was extracted from cell lines using miRvana miRNA
Isolation kit (Ambion, Austin, TX, USA) according to the manufacturer’s instructions. Five hundred nanograms of total RNA was
reverse-transcribed to cDNA using Revertra cDNA synthesis kit
(Toyobo, Osaka, Japan). qPCR was performed using SYBR Green
Master Mix (Toyobo). Cycling conditions were as follows: denaturation hold at 95 °C for 20 s, 40 cycles ampliﬁcation (denaturation at
95 °C for 3 s, annealing and extension at 60 °C for 30 s), and
melting-curve analysis. qPCR was performed in triplicate and
expression levels of b-actin were used as internal controls. The
primers that were speciﬁc for the genes were as follows:

2.5. Immunoﬂuorescence
A549 and HCC2935 cells were seeded on Lab-Tek chamber II
slides (Nunc, Rochester, NY, USA) under normoxia or hypoxia for
24 h, ﬁxed with 8% paraformaldehyde for 20 min, and permeabilized with 0.1% TritonÒ X-100 for 3 min. After blocking with 10%
goat serum in PBS for 30 min at room temperature, cells were
incubated at 4 °C overnight with primary antibodies, followed by
incubation with secondary antibody labeled with Alexa FluorÒ
488 goat anti-rabbit IgG or Alexa FluorÒ 594 goat anti-mouse IgG
(Invitrogen, Carlsbad, CA, USA). Slides were mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were captured on an Axioplan-2 imaging
system (ZEISS, Oberkochen, Germany) with AxioVision software
(ZEISS). Images used for comparisons of different cells and/or
treatments were acquired with the same instrument settings and
exposure times and were processed equivalently. The percentage
of E-cadherin+, vimentin+, ﬁbronectin+, IGF1+, IGF binding protein
3 (IGFBP3)+, and phopho-IGF1R+ cells to DAPI were calculated in
every captured ﬁeld, and mean was obtained from ﬁve ﬁelds. We
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Fig. 2. Hypoxia increased expression of IGFIR-related genes and proteins. Quantitative real-time PCR was performed with primers speciﬁc for IGF1 (A), IGFBP3 (B), and IGF1R
(C) in A549 parental and hypoxic cells (24 and 48 h); data were normalized to actin expression. (D–F) A549 cells, grown on Lab-Tek chamber slides exposed to normoxia or
hypoxia for 24 h, ﬁxed, and incubated with primary antibodies against IGF1 (D), IGFBP3 (E), or phopho-IGF1R (F) followed by secondary antibodies labeled with Alexa Fluor
488 anti-rabbit IgG (red) or Alexa Fluor 594 anti-mouse IgG (green). Cell nuclei were stained with DAPI (blue). Five images were captured from each group and IGF1+, IGFBP3+,
and phopho-IGF1R+ cell numbers were divided by the corresponding DAPI numbers. Data are expressed as the means ± standard deviation. ⁄P < 0.05 indicates a signiﬁcant
difference from control group. Scale bar indicates 200 lM. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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3. Results
3.1. Hypoxic A549 and HCC2935 cells underwent morphological
changes and increased motility reminiscent of EMT
We ﬁrst examined the effect of hypoxia on cell morphology of
NSCLC cells. Following hypoxia exposure, the morphology of
A549 and HCC2935 cells had a markedly different appearance from
the parental cell line under light microscopy. Hypoxic A549 cells
lost their polarity, and had spindle shape and reduced cell-to-cell
contact (Fig. 1A). The same ﬁndings were observed in HCC2935
(data not shown). To determine whether hypoxia increased
motility of NSCLC cells, we performed scratch wound assay. The
image of the scratch taken after 24 h normoxia or hypoxia
exposure showed that hypoxic A549 cells ﬁlled in the scratch more
efﬁciently than did the normoxic controls (Fig. 1B). These ﬁndings
suggested that hypoxia induced morphological changes and
increased motility and invasiveness that were reminiscent of EMT.
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We next investigated the expression of IGF1R-related factors
such as IGF1, IGFBP3, and IGF1R in hypoxic NSCLC cells by qPCR.
Hypoxic A549 cells expressed high levels of IGF1 (Fig. 2A), IGFBP3
(Fig. 2B), and IGF1R (Fig. 2C) in a time-dependent manner.
Furthermore, results from immunoﬂuorescence analyses also
conﬁrmed increased levels of IGF1 (Fig. 2D) and IGFBP3 protein

D
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3.3. Hypoxia increased expression of IGF1 and IGFBP3 and activated
IGF1R in an HIF1a-dependent manner
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Differences between two groups were statistically analyzed
using unpaired Student’s t-test. Differences were considered
signiﬁcant when P < 0.05.

The hallmarks of EMT were reduced epithelial marker such as Ecadherin and increased mesenchymal marker such as vimentin and
ﬁbronectin [6]. We analyzed whether the EMT could occur in our
hypoxic in vitro model using qPCR and immunoﬂuorescence. As
shown in Fig. 1C, E-cadherin mRNA expression in A549 cells was
reduced after exposure to hypoxia in a time-dependent manner.
In contrast, the expression of the mesenchymal markers ﬁbronectin
and vimentin among hypoxic A549 cells increased (Fig. 1C). Furthermore, reduced E-cadherin+ cell population under hypoxia
was also evident, as shown in Fig. 1D. Meanwhile, population of
ﬁbronectin+ cells (Fig. 1E) as well as of vimentin+ cells (Fig. 1F)
were dramatically increased following hypoxia. Similar results
were observed in hypoxic HCC2935 cells (Supp. Fig. S1).
It has been reported that EMT could be induced by several
factors, including TGFb. In our hypoxic model, however, TGFb
mRNA expression was not upregulated (Supp. Fig. S2). Other
known EMT-inducing factors such as epidermal growth factor
(EGF), hepatocyte growth factor (HGF), and MET were also not
upregulated (data not shown).
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2.6. Statistical analysis

3.2. Exposure to hypoxia induced molecular changes that are
associated with EMT
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utilized the following antibodies: E-cadherin, vimentin, HIF1a (BD
Biosciences, Franklin Lakes, NJ, USA), ﬁbronectin (Thermo
Scientiﬁc, Freemont, CA, USA), IGFBP3 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), phopho-IGF1R (Sigma–Aldrich), and IGF1
antibody (Abcam, Cambridge, England).
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Fig. 3. HIF1a inhibition reduced IGF1R-related factors and inhibition of IGF1R reversed hypoxia-induced EMT. (A–C) A549 cells were exposed to hypoxia and treated with YC1 (50 lM) or DMSO for 24 h in Lab-Tek chamber slides, followed by immunoﬂuorescence analyses for IGF1 (A), IGFBP3 (B), and phopho-IGF1R (C). IGF1+, IGFBP3+, and
phopho-IGF1R+ cell numbers were divided by the corresponding DAPI numbers in ﬁve ﬁelds in each experiment. (D–F) A549 cells were exposed to hypoxia and treated with
AEW541 (0.1 lM) or DMSO for 24 h in Lab-Tek chamber slides followed by immunoﬂuorescence analyses for E-cadherin (D), ﬁbronectin (E), and vimentin (F). E-cadherin+,
ﬁbronectin+, and vimentin+ cell numbers were divided by the corresponding DAPI numbers in ﬁve ﬁelds in each experiment. Data are expressed as the means ± standard
deviation. ⁄P < 0.05 indicates a signiﬁcant difference from the control group. Scale bar indicates 200 lM.
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3.4. Inhibition of IGF1R by AEW541 reversed EMT in hypoxic cells
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Finally, we tested whether IGF1R stimulation by its ligand IGF1
could induce EMT in NSCLC cells under normoxic condition. We
found that treatment with IGF1 increased the spindle-shaped cell
population fraction (Fig. 4A), dramatically reduced E-cadherin
expression (Fig. 4B), and increased expression of ﬁbronectin
(Fig. 4C) as well as vimentin (Fig. 4D). We further conﬁrmed the
activation of phopho-IGF1R by IGF1 stimulation as shown in
Fig. 4E. Similar results were observed in HCC2935 cells as well
(Supp. Fig. S8). These ﬁndings strongly suggested that activation
of IGF1R might induce EMT in NSCLC cells.
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To investigate whether activation of IGF1R was involved in
hypoxia-induced EMT, we treated the A549 and HCC2935 cells

with AEW541, an IGF1R tyrosine kinase inhibitor, and exposed
these cells to hypoxic conditions. AEW541 markedly reduced
activation of IGF1R in A549 cells (Supp. Fig. S6A). Furthermore,
treatment with AEW541 increased E-cadherin+ cells in hypoxic
condition (P < 0.05), as shown in Fig. 3D. IGF1R inhibition also
reduced ﬁbronectin+ and vimentin+ cell population as measured
by immunoﬂuorescence (Fig. 3E and F). Similar results were
observed in HCC2935 cells (Supp. Fig. S7). In addition, the motility
of hypoxic A549 cells was also reduced with treatment with
AEW541 (Supp. Fig. S6B). Taken together, these results indicate
that IGF1R activation is involved in hypoxia-induced EMT, and that
treatment with IGF1R kinase inhibitor AEW541 would effectively
prevent hypoxia-induced EMT in NSCLC cells.

% of E-cadherin+ cells to DAPI

expression (Fig. 2E) in hypoxia-exposed A549 cells. Similar results
were obtained in HCC2935 cells (Supp. Fig. S3). Due to the
increased expression of IGF1 under hypoxia, we performed further
immunoﬂuorescence analyses using a phospho-IG1R antibody in
hypoxic A549 and HCC2935 cells (Fig. 2F and Supp. Fig. S3,
respectively). We found that hypoxia activated IGF1R in both
A549 and HCC2935 cells. In addition, we identiﬁed an accumulation of hypoxia-inducible factor 1a (HIF1a) in both hypoxic A549
and HCC2935 cells (Supp. Fig. S4), and therefore investigated
whether the upregulation of IGF1 in hypoxia was regulated by
HIF1a. We inhibited HIF1a in A549 and HCC2935 cells by
treatment with YC-1 and exposed these cells to hypoxia. HIF1a
inhibition using YC-1 effectively prevented the accumulation of
HIF1a in hypoxic A549 and HCC2935 cells (data not shown).
HIF1a inhibition also reduced protein expression of IGF1
(Fig. 3A) and IGFBP3 (Fig. 3B) and prevented activation of IGF1R
(Fig. 3C) in A549 cells; similar results were observed in
HCC2935 cells (Supp. Fig. S5). These results demonstrated that
expression of IGF1 and IGFBP3 was upregulated in NSCLC cells
exposed to hypoxia, and that IGF1R was subsequently activated
in an HIF1a-dependent manner.
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Fig. 4. Stimulation with IGF1 induced EMT in normoxic cells. (A) A549 cells were starved for 24 h followed by stimulation with IGF1 (100 ng/mL) for 24 h and then digital
images were taken at 200 magniﬁcation by light microscopy. IGF1-stimulated A549 cells were subject to immunoﬂuorescence for E-cadherin (B), ﬁbronectin (C), vimentin
(D), and phospho-IGF1R (E) protein expression. Five images were captured from each group and E-cadherin+, vimentin+ and ﬁbronectin+ cell numbers were divided by the
corresponding DAPI numbers. Data are expressed as the means ± standard deviation. ⁄P < 0.05 indicates a signiﬁcant difference from the control group. Scale bar indicates
200 lM. (F) Pathway model: hypoxia induces HIF1a accumulation causing increased expression of IGF1 and subsequent IGF1R activation, resulting in reduced E-cadherin
expression and upregulation of the mesenchymal markers vimentin and ﬁbronectin. EMT: epithelial–mesenchymal transition.
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4. Discussion

Acknowledgments

In this study, we demonstrated that hypoxia induced EMT in
NSCLC cells and activation of IGF1R was involved in the hypoxiainduced EMT. Polarized and cubical-shaped lung cancer cells were
cultured under hypoxic environment, and showed changes in morphology and motility following hypoxia that were reminiscent of
EMT. In accordance, qPCR and immunoﬂuorescence showed
reduced expression of epithelial- and an increased expression of
mesenchymal cell markers in A549 and HCC2935 cells exposed
to hypoxia.
Several studies have reported the involvement of TGFb1 in
hypoxia-induced EMT [11]. However in hypoxic A549 and
HCC2935 cells, TGFb1 expression was not signiﬁcantly increased
in either line (Supp. Fig. S2). These data suggested that hypoxia
could induce EMT through an alternative pathway independent
from TGFb1 in our NSCLC model. Therefore, we focused on the possible role of IGF1R pathway. Hypoxic A549 and HCC2935 cells
expressed high levels of IGF1R-related factors, such as IGF1, IGF1R,
and IGFBP3. In addition, hypoxic condition also induced phosphorylation of IGF1R. Kim et al. [17] showed that IGF1R was activated in
hypoxic lung cancer cells. However, there have been no previous
reports that investigated the role of IGF1R activation in hypoxiainduced EMT in NSCLC cells.
It has been reported that IGFBP3, a hypoxia-inducible gene, regulates a variety of cellular processes including cell proliferation,
senescence, apoptosis, and EMT [18]. Our results showed high
IGFBP3 expression at both mRNA and protein levels in hypoxic
cells. These ﬁndings suggest a possible role for IGFBP3 in the
hypoxia-induced EMT mediated by IGF1R activation.
Various methods have been developed to interfere with IGF1R
signaling, including antisense strategies, monoclonal antibodies,
and small-molecule tyrosine kinase inhibitors, some of which
are being tested in Phase I or Phase II clinical trials [19]. A
systems-based approach has been used to classify IGF1R inhibitors into the following groups: IGF1 antagonists, IGF1R antagonists, IGF1R antibodies, and IGF1R tyrosine kinase inhibitors
including AEW541 [20]. Most recent studies have only provided
evidence of the use of AEW541 to reduce cell proliferation,
induce apoptosis, and reverse cancer treatment resistance in
lung cancer. In the present study, we evaluated the possible
therapeutic efﬁcacy of AEW541 to reverse hypoxia-induced
EMT in NSCLC cells. We demonstrated that IGF1R inhibition
rescued E-cadherin expression in hypoxic lung cancer cells.
Administration of AEW541 in hypoxic A549 and HCC2935 cells
also reduced expression of ﬁbronectin and vimentin, two of the
most important mesenchymal markers. These data suggest a
potential use of AEW541 to reverse hypoxia-induced EMT
phenotypes in NSCLC cells.
To the best of our knowledge, our study is the ﬁrst to demonstrate a direct linkage between IGF1R activation, hypoxia, and
EMT in NSCLC (Fig. 4F). Accumulation of HIF1a upregulates IGF1
expression, resulting in phosphorylation of IGF1R under the hypoxic environment. Activation of IGF1R serves as an alternative
pathway to TGFb1 in promoting hypoxia-induced EMT in NSCLC
cells by increasing cell motility, and suppressing the expression
of E-cadherin while increasing mesenchymal markers. Our results
provide insight into the mechanisms underlying metastasis in
NSCLC, and support the proposition that IGF1R inhibition might
be considered as one of the methods for future utilization to prevent cancer progression and metastasis.
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