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the cytoplasm in both hypoxia and irradiated condi-
tions. Of note, the expression levels of vimentin, one 
of the major EMT markers, was enhanced in irradi-
ated cells, while it decreased under hypoxia condi-
tion. Importantly, LW6 significantly blocked EMT-
related malignant phenotypes in both Hypo-EMT 
cells and R-EMT cells with concomitant re-location 
of E-cadherin onto the cell membrane. Moreover, 
LW6 deflected stress responsive signalling, JNK, ac-
tivated sustainably under hypoxic condition, and the 
blockage of JNK impaired EMT phenotypes. To-
gether, this work demonstrated the molecular events 
underlying Hypo-EMT and R-EMT, and highlighted 
HIF-1α as a therapeutic target not only in Hypo-
EMT, but also in R-EMT.

Introduction
Hypoxic conditions are known to be closely associ-

ated with cancer metastasis and recurrence (El Guerrab 
et al., 2017; Zhang et al., 2017). Moreover, the surviving 
cells that have developed radioresistance reportedly ac-
quire cell migratory and invasive capabilities through 
the epithelial-mesenchymal transition (EMT) induced 
by radiation in glioblastoma cells (Zhai et al., 2006). 

Recent reports suggest that radiotherapy further pro-
motes the cell migratory and invasive potential of can-
cer cells in which the EMT has occurred, and this may 
lead to a vicious cycle. The local control rate after ste-
reotactic body radiotherapy (SBRT) for oligometastatic 
lung tumours from colorectal cancer was significantly 
worse than that of oligometastatic lung tumours from 
other primitive tumours (Takeda et al., 2011). Moreover, 
the study also showed that local recurrence might occur 

Abstract. Hypoxia leads to post-treatment metasta-
sis and recurrences of cancer via the epithelial-mes-
enchymal transition (EMT). Radiotherapy itself may 
also contribute to the acquisition of EMT phenotypes. 
Despite extensive studies on the EMT driven by either 
hypoxia or radiation stimuli, the molecular mecha-
nisms characterizing these EMT events remain un-
clear. Thus, we aimed to evaluate the differences in 
the molecular pathways between hypoxia-induced 
EMT (Hypo-EMT) and radiation-induced EMT 
(R-EMT). Further, we investigated the therapeutic 
effects of HIF-1α inhibitor (LW6) on Hypo-EMT and 
R-EMT cells. A549 cells, lung adenocarcinoma cell 
line, acquired enhanced wound-healing activity un-
der both hypoxia and irradiation. Localization of 
E-cadherin was altered from the cell membrane to 
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even in cases with a negative margin after the resection 
of pulmonary or hepatic colorectal metastases. In con-
trast, the invasive spread around the main tumour and 
the number of satellite lesions are reportedly associated 
with the local or surgical margin recurrence rate (Nuzzo 
et al., 2008). Recently, Appelt et al. (2014) showed a 
trend toward worse locoregional control in patients 
treated with preoperative external chemoradiotherapy 
with 50.4 Gy in 28 fractions followed by a brachythera-
py boost with 10 Gy in two fractions than in those treat-
ed with external chemoradiotherapy alone.

The induction of EMT is suggested to occur through 
hypoxia-inducible factor 1α (HIF-1α), which is accumu-
lated under the hypoxic environment formed in necrotic 
marginal areas of the tumour and upregulates EMT-
related proteins such as Twist and Snail, enhancing me-
tastasis and invasiveness (Cho et al., 2015). Therefore, 
suppression of the mechanisms that are promoted by 
radiotherapy appears to be a new strategy.

Thus far, no report has compared the mechanisms of 
hypoxia-induced EMT (Hypo-EMT) and radiation-in-
duced EMT (R-EMT); moreover, evidence showing dif-
ferences and similarities remains unclear. If there is a 
common universal stream for both the mechanisms, a 
blockade of this pathway may enhance the efficacy of 
radiotherapy, which is limited by hypoxic radioresistant 
cells. In this study, we aimed to evaluate the differences 
in the molecular pathways between Hypo-EMT and 
R-EMT and to elucidate the effectiveness of pathway-
blocking agents, such as HIF-1α inhibitors, depending 
on the induction type.

Material and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was 
obtained from Sigma-Aldrich (St. Louis, MO). Penicillin 
and streptomycin were obtained from Gibco-Invitrogen 
Corp (Grand Island, NY). Foetal bovine serum (FBS) 
was obtained from PAA (Pasching, Austria). LW6 was 
purchased from Merck (Darmstadt, Germany), and c-Jun 
N-terminal kinase (JNK) inhibitor SP600125 was pur-
chased from Wako (Osaka, Japan). LW6 and SP600125 
were diluted in dimethyl sulphoxide (DMSO). Rabbit 
monoclonal antibodies against E-cadherin (#3195), 
N-cadherin (#4061), vimentin (#5741), JNK (#9258), 
phosphorylated JNK (p-JNK) (#4668) were purchased 
from Cell Signaling Technology (Beverly, MA). Goat 
polyclonal anti-actin antibody (C-11, sc-1615), HRP-con-
jugated anti-rabbit IgG (sc-2313), and HRP-conjugated 
anti-goat IgG (sc-2056) were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA). FITC-conjugated an-
ti-E-cadherin antibody (612131) and mouse anti-human 
HIF-1α antibody (610959) were purchased from BD 
Biosciences (San Jose, CA), and DAPI (H-1200) was 
obtained from Vector Laboratories (Burlingame, CA).

Cell culture and growth conditions

Human lung adenocarcinoma cell line A549 was ob-
tained from the RIKEN BRC Cell Bank (Kovadai, 
Tsukuba, Ibaraki, Japan). Cells were grown in DMEM 
supplemented with penicillin, streptomycin, and 10% 
heat-inactivated FBS at 37 °C under a humidified atmos-
phere containing 5% CO2. Hypoxia was defined as 1% 
oxygen. This environment was achieved by culturing 
cells in modular incubator chambers (Billups-Rothen-
berg, Del Mar, CA), which were flushed with gas mix-
tures (95% nitrogen/5% carbon dioxide) and sealed to 
maintain hypoxia after checking oxygen concentrations 
using an oxygen monitor (JKO-02 Ver.III; JIKCO, To-
kyo, Japan).

Irradiation
Cells were exposed to radiation (150 kVp, 5 mA; 

0.5-mm Al filter) using an X-ray generator (MBR-
1505R2; Hitachi Medial Co., Tokyo, Japan). Radiation 
doses of 0 to 10 Gy were administered at a dose-rate of 
approximately 1 Gy/min at room temperature.

Wound-healing assay
The cells were seeded in a 35-mm dish (Iwaki Cell 

Biology, Japan) and incubated for 12 h under normoxia. 
Subsequently, the cells were pre-treated with DMSO, 
20 μM LW6 for 2 h. The cells were irradiated with 0 or 
10 Gy after incubation under normoxia or hypoxia for 
6 h and scratched just after irradiation. A 200-μl pipette 
tip was used to draw three straight lines in each well, and 
the medium was abandoned. Cells were rinsed gently 
once with PBS and incubated under normoxia. Images 
were taken at the same point of the wounding area at 0 h 
and 24 h after the scratch. The data are presented as 
mean ± standard error of mean (SE) values. The experi-
ment was repeated three times independently.

Invasion assay 
An invasion assay was conducted using Coster Trans-

well 24-well plates with an 8.0-μm polycarbonate mem-
brane (Corning, Corning, NY). Cells irradiated with 0 or 
10 Gy were seeded into each well of the Matrigel pre-
coated upper chambers and treated with DMSO, 20 μM 
LW6 or 5 μM SP600125. The lower chambers were 
filled with FBS-free medium and the cells were incu-
bated under normoxia or hypoxia. After 24 h, the non-
invading cells were removed from the upper surface of 
the membrane with a swab stick. The invading cells 
were fixed with methanol, stained with 0.5% crystal vi-
olet, and counted in five random 100× power fields un-
der a microscope. The data are presented as mean ± SE 
values. The experiment was repeated three times inde-
pendently.

Immunofluorescence microscopy
A cover glass was placed in each 35-mm dish (Iwaki), 

and the cells were seeded in the dishes for 12 h. There-
after, the cells were pre-treated with DMSO, 20 μM 
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LW6 for 2 h and exposed to hypoxia or 10 Gy irradia-
tion. After 24 h, the cells were fixed with 4% paraform-
aldehyde, permeabilized with Triton X-100, and gently 
rinsed three times with PBS. The cells were then stained 
with FITC-conjugated anti-E-cadherin antibody (1 : 100) 
and DAPI. The cells were seeded in chamber slides 
(Matsunami, Osaka, Japan) and treated with DMSO, 
20 μM LW6 or 5 μM SP600125 for 2 h. Fluorescent im-
ages were taken using a BIOREVO BZ-9000 fluores-
cence microscope (KEYENCE, Osaka, Japan).

Western blot analysis
The cells were pre-treated with DMSO, 20 μM LW6 

for 2 h and exposed to hypoxia or 10 Gy irradiation. 
After 6 h, the cells were lysed and Western blot analysis 
was performed as described previously (Sato et al., 2015) 
with some modifications. The PVDF membranes were 
incubated with 4% Block Ace solution (DS Pharma 

Biomedical, Osaka, Japan) overnight and incubated 
with corresponding primary antibody diluted to 1 : 1000 
in Can Get SignalTM solution 1 (TOYOBO, Tokyo, Ja-
pan) for 1 h. After washing and incubation with second-
ary antibody diluted to 1 : 10,000 in Can Get SignalTM 
solution 2, the protein bands were visualized using en-
hanced chemiluminescence reagents (GE Healthcare 
UK Ltd, Buckinghamshire, UK). Images were acquired 
using a ChemiDocTM XRS plus system and analysed 
with ImageLabTM (Bio-Rad). The protein expression 
levels were quantified using the imageJ software (ver-
sion 1.53a) (National Institutes of Health, Bethesda, 
USA). 

Statistical analyses
The significance of differences was determined using 

the two-sided Student’s t-test and Welch’s t-test depend-
ing on data distribution. The significance level was set 

Fig. 1. Hypoxia and irradiation both increase wound-healing activity.
(A to D) Effects of hypoxia and irradiation in the wound-healing assay. (A) Cells were incubated under normoxia or hy-
poxia. (B) Cells were incubated under normoxia and irradiated with 10 Gy. (C and D) The relative distance of the wound-
ing area at 24 h after the scratch. The distance of the wounding at 24 h was normalized by the wound at 0 h at the same 
point. The pictures were taken using a 100× power field. (E) E-cadherin displacement was determined with immunofluo-
rescence. The pictures were taken using a 1000× power field.
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at P < 0.05. Statistically significant differences are indi-
cated as *** P < 0.001, ** P < 0.01, * P < 0.05. The 
GraphPad Prism 7 software (GraphPad Software Inc., 
La Jolla, CA) was used for statistical analyses.

Results

Hypoxia and irradiation both increased the 
wound-healing activity in A549 cells

The EMT activity was evaluated with the wound-
healing assay. Both 1% hypoxia and X-irradiation with 
10 Gy accelerated the wound-healing activity in A549 
cells (Fig. 1A-D). E-cadherin is known to play a role in 
cell adhesion and intercellular cell communication. The 
decrease in E-cadherin expression on the cell membrane 
induces acquisition of the EMT potential. Both hypoxia 
and irradiation partially displaced E-cadherin to the cy-

toplasm (Fig. 1E). These results suggest that the surviv-
ing irradiated cells acquire the potential of EMT via hy-
poxia as well as irradiation through different effects on 
the expression and displacement of E-cadherin. 

HIF-1α inhibitor suppressed vimentin 
expression induced by irradiation and altered 
the distribution of E-cadherin

Our previous study confirmed the absence of cytotox-
icity at different concentrations of LW6 up to 50 µM in 
A549 cells and the potential of HIF-1α inhibition (Sato 
et al., 2015). In EMT progression, vimentin and repres-
sion of E-cadherin are believed to be EMT markers. In 
the present study, hypoxia had a decreasing effect on the 
expression of vimentin (Fig. 2A). However, vimentin 
expression was enhanced by X-irradiation with 10 Gy 
(Fig. 2B). Treatment with LW6 resulted in considerable 

Fig. 2. HIF-1 inhibitor suppresses vimentin expression induced by irradiation and changes the distribution of E-cadherin.
(A and B) EMT marker expression was detected by Western blot analysis. The numbers represent the relative protein 
expression levels/actin expression levels. (C and D) Alterations of E-cadherin localization. Cells were pre-treated with 
LW6 and exposed to hypoxia or 10 Gy irradiation. The pictures were taken using a 1000× power field.
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reduction of vimentin expression induced by irradiation 
(Fig. 2B). Although LW6 did not change the E-cadherin 
expression (Fig. 2A), the E-cadherin displacement onto 
the cell membrane appeared to increase after LW6 treat-
ment in hypoxic conditions (Fig. 2C). These results sug-
gest that LW6 can inhibit the Hypo-EMT and R-EMT 
progression via changes in E-cadherin localization and 
inhibition of vimentin over-expression at differing lev-
els. Next, we investigated the inhibitory ability of LW6, 
a HIF-1α inhibitor, on EMT. LW6 inhibited both Hypo-
EMT and R-EMT in the invasion assay and wound heal-
ing assay (Fig. 3A-D). Cell migration and cell invasion 
are affected by cell proliferation; thus, we performed the 
trypan blue dye viability assay. LW6 did not significant-
ly suppress cell proliferation in both hypoxic and irradi-
ated cells (data not shown).

Prevention of JNK phosphorylation by HIF-1α 
inhibitors delays wound healing in hypoxic 
conditions

Recent studies suggest that in cultured cells under hy-
poxic conditions, signalling cascades through the MAPK 

pathway are involved in the specific adaptation to the 
state of hypoxia (Poomthavorn et al., 2009). We exam-
ined the effects of hypoxia and irradiation on the expres-
sion of extracellular signal-regulated kinase (ERK)1/2, 
p38, JNK, and these phosphorylated proteins were ex-
amined. Hypoxia significantly increased the expression 
of p-JNK (Fig. 4A), and the expression of the others was 
modulated to degrees moderately differing from each 
other (data not shown). The JNK signalling pathway is 
reported to be involved in EMT progression (Desai et 
al., 2013; Cai et al., 2017); therefore, we investigated 
whether LW6 contributes to the modulation of JNK sig-
nalling. The phosphorylation of JNK induced by hypox-
ia was inhibited by LW6, and the wound-healing activ-
ity was decreased in correlation to p-JNK expression 
(Fig 4A and 3A). SP600125, as a JNK-specific inhibitor, 
also attenuated the wound-healing activity (Fig. 4C). 
These results suggest that LW6 has the ability to sup-
press JNK signalling that contributes to the activation of 
Hypo-EMT. However, in the irradiated cells, phospho-
rylation of JNK was unchanged in the experimental con-
ditions (Fig. 4B). Nevertheless, the inhibition of the 
JNK pathway with SP600125 modulated irradiation-in-

M. Sato et al.

Fig. 3. HIF-1 inhibitor suppressed both Hypo-EMT and R-EMT.
Effects of LW6 on wound healing in (A) hypoxic cells and (B) irradiated cells. Cells were pre-treated with 20 µM LW6, 
incubated under hypoxia, then re-oxygenated and scratched. Alternatively, the cells were irradiated with 10 Gy and 
scratched just after irradiation. After 24 h, the distance of the wounding area was measured. (C and D) Effect of LW6 in 
the invasion assay. Cells were seeded in the upper chamber with 20 µM LW6 and incubated under normoxia or hypoxia. 
After 24 h, the invading cells at the lower surface of the membrane were counted. The pictures were taken using a 40× 
power field.
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duced wound-healing activation, similarly as under hy-
poxia (Fig. 4D). The phosphorylation of JNK induced 
by X-irradiation is reported to reach its peak level with-
in 15 to 30 min of irradiation, and then it rapidly de-
creases and disappears (Yoshino et al., 2017). Therefore, 
based on the fact that SP600125 administration, which 
inhibits the phosphorylation of c-Jun by activated JNK-
1, 2, and 3, decreased the expression level of JNK that 
was increased with 10 Gy irradiation, it was speculated 
that this agent might inhibit some positive feedback of 
JNK expression via the JNK pathway. The inhibition of 
the expression of JNK induced by irradiation was also 
observed with the administration of LW6 (Fig. 4B); 
therefore, LW6 might have an impact on the JNK path-
way. 

Discussion
To our knowledge, this is the first study that shows 

the similarities and differences between Hypo-EMT and 
R-EMT. Importantly, LW6 significantly blocked EMT-
related malignant phenotypes in both Hypo-EMT cells 

and R-EMT cells with concomitant re-location of E-cad-
herin onto the cell membrane. The findings of these 
EMTs are summarized in Fig. 5 and Table 1. The displa-
cement of E-cadherin into the cytoplasm was the main 
change related to EMT. The expression of vimentin was 
decreased by hypoxia in this study, although many re-

LW6 Prevents Both Hypoxia- and Radiation-Induced EMT

Fig. 4. HIF-1 inhibitor prevents phosphorylation of JNK and delays wound healing under hypoxia.
(A) Effects of LW6 on JNK and p-JNK expression in hypoxic cells. (B) Effect of LW6 on JNK and p-JNK expression in 
irradiated cells. The numbers represent the relative protein expression levels/actin expression levels. Effects of SP600125 
on wound healing in (C) hypoxic cells and (D) irradiated cells.

Fig. 5. LW6 blocks EMT-related malignant phenotypes in 
both Hypo-EMT cells and R-EMT cells with concomitant 
re-location of E-cadherin onto the cell membrane.
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Table 1. Similarities and differences between Hypo-EMT 
and R-EMT

Findings Hypo-EMT R-EMT
Localization of E-cadherin Cytoplasm Cytoplasm
Vimentin expression level No change Up-regulated
Phosphorylation of JNK Detected Not detected

M. Sato et al.

ports show that the vimentin expression is increased by 
hypoxia. According to Kang et al. (2019), the vimentin 
expression levels differed according to the length of ex-
posure to hypoxia in some lung cancer cell lines. 
Moreover, the over-expression of vimentin was a prom-
inent change related to EMT induction by irradiation. 

In the tumour tissue, HIF-1α, which is accumulated 
when the cells become hypoxic due to rapid growth and 
increased tumour oxygen consumption, enables adjust-
ment to the hypoxic state via promoting expression of 
the genes related to tumour angiogenesis, invasion, and 
DNA repair (Carmeliet et al., 1998). HIF-1α accumula-
tion promotes tumour invasiveness in the cells, which is 
affected by repression of E-cadherin depending on NF-κB 
(Cheng et al., 2011). Furthermore, the PI3 kinase/Akt/
HIF-1α and JNK-mediated pathways are suggested to 
be involved in EMT induction (An et al., 2013). In 
breast cancer cells, secretion of TGF-β1 from mesen-
chymal stem cells induced by hypoxia leads to tumour 
progression (Hung et al., 2013). Therefore, the loss of 
the invasive potential of cancers, such as lower cell in-
filtration and cell migration, may be induced by deple-
tion of HIF-1α.

For R-EMT, there are several reports of differences 
from the Hypo-EMT. In normal cells, X-irradiation of 2 
Gy predisposes to EMT induced by TGF-β (Andarawewa 
et al., 2007), and ERK/GSK3/Snail signalling mediates 
EMT induction in alveolar cells (Nagarajan et al., 2012). 
In cancer cells, a few reports have shown that X-irra dia-
tion promotes over-expression of vimentin via TGF-β, 
resulting in EMT (Zhou et al., 2011). However, whether 
HIF-1α accumulation, previously reported to be induced 
by X-irradiation in a few studies (Singh-Gupta et al., 
2009; Harada et al., 2012), influences EMT induction 
remains unknown.

In this study, it appeared that both stimuli for EMT 
induction were mediated through the activation of the 
JNK pathway, although there are some elemental dif-
ferences in EMT expression under the two types of con-
ditions. Moreover, LW6 deflected stress responsive 
signalling, JNK, activated sustainably under hypoxic 
condition, and the blockage of JNK impaired EMT phe-
notypes. Depletion of the protein product of VHL 
(pVHL) reportedly enhances phosphorylation of JNK, 
HIF-1α independent (An et al., 2013). Therefore, con-
sidering that LW6 is potentially effective under both 
types of conditions, and that hypoxia and irradiation 
conditioning will occur simultaneously in the surviving 

cells in actual radiotherapy, it appears that HIF-1α in-
hibitors possess a larger potential in combination with 
irradiation than previously thought.

This work demonstrated the molecular events under-
lying Hypo-EMT and R-EMT, and highlighted HIF-1α 
as a therapeutic target not only in Hypo-EMT, but also 
in R-EMT. 
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