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Blocking c‑Raf alleviated high‑dose 
small‑volume radiation‑induced 
epithelial mesenchymal transition 
in mice lung
Zhen‑Yu Hong1,2,6, Sanke Li3,6, Xiaomei Liu1, Xiao‑Min Leng4, Zhanhui Miao1, 
Xiaohong Kang1, Hongrui Niu1, Ming‑Qing Gao5* & Ping Lu1*

the goal of this study was to develop a potential druggable target for lung injury after SABR through 
the small animal model. Utilising the model, a radiation dose of 70 Gy or 90 Gy was focally (small 
volume) delivered to the left lung of mice. the highly expressed phosphorylation form of c‑Raf was 
discovered through a protein array experiment, with the protein being extracted from the area of 
radiated mouse lung tissue, and was confirmed by IHC and western blot. C‑Raf activation, along 
with morphological change and EMT (Epithelial to Mesenchymal Transition) marker expression, was 
observed after radiation to the mouse type II alveolar cell line MLE‑12. C‑Raf inhibitor GW5074 was 
able to reverse the EMT in cells effectively, and was found to be dependent on Twist1 expression. In 
the animal experiment, pretreatment of GW5074 alleviated EMT and lung injury after 70 Gy radiation 
was focally delivered to the lung of mice. Conclusively, these results demonstrate that C‑Raf inhibitor 
GW5074 inhibits high‑dose small‑volume radiation‑induced EMT via the C‑Raf/Twist1 signalling 
pathway in mice. Therefore, pharmacological C‑Raf inhibitors may be used effectively as inhibitors of 
SABR‑induced lung fibrosis.

Stereotactic ablative radiotherapy (SABR) is a newly emerging radiotherapy treatment that, compared with 
conventionally fractionated radiation therapy (CFRT), allows an ablative dose of radiation to be delivered to a 
confined area around a  tumour1. Unfortunately, during CFRT or SABR, lung complications such as pneumonitis 
and fibrosis can cause significant morbidity in cancer survivors. Radiation-induced pulmonary fibrosis (RIPF) 
develops 1 year to several years after lung radiation, and is characterised by fibroblast proliferation with excessive 
extracellular matrix (ECM)  deposition2. Meanwhile, recent studies have concentrated on epithelial cells that are 
able to transverse themselves into myofibroblasts through an approach of “epithelial–mesenchymal transition 
(EMT)”, which has been demonstrated in  RIPF3,4. During EMT, an epithelial cell gradually gains mesenchymal 
characteristics and loses its polarity with increased migratory  feasibility5. The exact molecular mechanisms 
leading to the development of SABR-induced pulmonary fibrosis have yet to be fully identified. In a previous 
 study6, we established an experimental model and an image-guided animal radiation system in order to study 
high-dose-per-fraction radiation such as SABR at volumes analogous to those used in human beings. With this 
animal model we observed that the lung complications induced by SABR are remarkably different from  CFRT7. 
In this study, we tried to explore the possible target of inhibiting SABR-induced EMT; thus, experiments were 
conducted under the condition of high-dose small-volume (HDSV) radiation, which represents the SABR system.

C-Raf (or Raf1) is a member of the Raf serine/threonine kinase family that can be activated by a variety of 
extracellular stimuli, including TGFβ1 (transforming growth factor beta 1)8,9, fibroblast growth factor (FGF)10, 
etc. Early studies indicated that C-Raf can partially mediate fibrosis in several organs through a network of 
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signalling and transcriptional  events11,12. It was recently shown that EMT occurring in peritoneal, kidney and 
lung fibrosis, as well as in breast cancer stem cells, was associated with increased p–C-Raf  expression13–15, whereby 
suggesting a rationale for the development of C-Raf inhibitors in fibrosis treatment. Besides C-Raf, Twist pro-
teins are highly conserved basic helix-loop-helix (bHLH) transcription factors that have important regulatory 
functions during  EMT16. Exogenous overexpression of Twist1 increases the invasive and metastatic abilities of 
human cancer cells by promoting the downregulation of E-cadherin and the induction of epithelial–mesenchymal 
transition (EMT)17–19. However, as far as we know, the role of Twist1 or C-Raf in radiation (especially HDSV)-
induced lung fibrosis is unknown.

The compound GW5074 (5-Iodo-3-[(3,5-dibromo-4-hydroxyphenyl)methy-lene]-2-indolinone) is a synthetic 
drug and C-Raf kinase inhibitor (IC50 for cRaf-1 = 9 nM). Furthermore, GW5074 is a highly specific inhibitor 
of C-Raf kinase and has minimal effects on other kinases dysregulated in neurodegenerative conditions such as 
Jun kinase (JNK), cyclin-dependent kinases (CDKs), MEK, and glycogen synthase kinase 3 (GSK3) α/β kinases. 
GW5074 is neuroprotective in vitro and does not show toxic effects in  mice20. We hypothesised that as a fibrosis 
modulator, C-Raf may play an important role in SABR-induced lung fibrosis. In the present study, we tried to 
(i) understand the role of C-Raf in SABR-induced EMT in mice, and (ii) analyse cell signalling events involved 
in the inhibitory effect of GW5074 on high-dose-induced EMT.

Results
Selection of differentially expressed proteins in mouse lung tissues after high‑dose small‑vol‑
ume lung radiation. In order to explore potential druggable targets of HDSV-radiation-induced lung fibro-
sis, the changes in protein expression were first identified. Proteins were subtracted from mouse lung tissue with 
or without HDSV radiation (70 Gy) and a protein antibody assay was performed. As shown in Fig. 1, there were 
noticeable changes in protein expression between control and radiated lung tissues (the expression of a predomi-
nant number of proteins was downregulated or upregulated). Interestingly, the protein level of phosphorylated 
C-Raf scored highly at both time points in log 2 (fold change), which constituted 2.028 (in 2 weeks) and 1.325 
(in 4 weeks) compared to the non-radiated control mice. It is suggested that C-Raf might play an important 
role in HDSV-radiation-induced lung injury. C-Raf phosphorylation was further confirmed by a western blot-
ting experiment, with the protein being extracted from mice lung tissues of the radiated area (Fig. 2A). We can 
observe that the phosphorylated form of C-Raf can be detected significantly high in comparison to the control 
at 2 weeks and 4 weeks after radiation. Collectively, these findings suggest that constitutive activation of C-Raf is 
associated with HDSV-radiation-induced lung injury.

According to our previous work, the lung injury induced by HDSV radiation (90 Gy) occurs within 2 weeks, 
which is much earlier than that induced by  CFRT7, 21. Therefore, in order to investigate the sequential alteration 
of the C-Raf activation level at earlier time points, lung tissues were prepared 1, 3, 5, 7, 9, 11 and 14 days after 
90 Gy radiation, and an IHC analysis was conducted using an antibody against phosphor-C-Raf. As shown in 
Fig. 2B, phosphor-C-Raf was detected significantly high after 7 days, and increased gradually thereafter until 
day 14. Collectively, these findings suggest the physiologically important role of C-Raf in early and relatively late 
time periods after HDSV radiation.

Radiation caused MLE‑12 cells to transform into a mesenchymal phenotype. Before further 
investigating the possible role of C-Raf in EMT, radiation-induced alveolar epithelial–mesenchymal transition 
should be demonstrated. MLE-12 cells (mouse type II alveolar epithelial) were radiated with a single dose of an 
8 Gy X-ray, and cell morphology was observed at 72 h post-radiation. It was found that the morphology of 75% 
of cells transformed from that of a cuboidal appearance into a turgid or prolonged one with outspread pseudo-
pods after radiation (Fig. 3A). To monitor whether these alterations were in accordance with EMT-related pro-
teins, a western blot was used for detecting the expression of E-cadherin (epithelial marker) and α-SMA (mesen-
chymal marker). As shown in Fig. 3B, a reduction in the level of E-cadherin and an enhancement in α-SMA were 
detected in cells 24, 48 and 72 h after radiation in comparison with the non-radiated control. Altogether, these 
results indicate that radiation causes EMT in MLE-12 cells after radiation with an X-ray dose of 8 Gy.

GW5074 alleviated EMT in radiated mouse alveolar epithelial cells. To investigate the role of 
C-Raf in EMT in MLE-12 cells, we first determined the radiation-responsive property of C-Raf. We subjected 
MLE-12 cells to a single dose of 8 Gy and found a time-dependent increase in the phospho-C-Raf protein level, 
with the highest time point being 48 h (Fig. 4A). Thereafter, we confirmed whether C-Raf inhibitor GW5074 
has a C-Raf inactivation effect in MLE-12 cells. As shown in Fig. 4B, 100 nM GW5074 dramatically reduced the 
phosphorylation form of C-Raf compared to control and DMSO (solvent)-treated groups.

We then investigated the role of C-Raf in the protein expression level of epithelial marker E-cadherin and 
mesenchymal marker α-SMA in MLE-12 cells. The western blot was performed on the protein extracted from 
cells harvested 72 h after radiation. Densitometric analysis of the western blotting results obtained from three 
independent experiments (Fig. 4C) showed that 8 Gy of radiation markedly reduced the protein expression level 
of E-cadherin and enhanced α-SMA compared to the control. GW5074 treatment alone (without radiation) 
induced little changes in the protein of E-cadherin and α-SMA when compared to those from the untreated 
control cells. However, in comparison with the cells radiated by 8 Gy, pretreatment of GW5074 recovered the level 
of E-cadherin up to 85% of the control and the α-SMA level to near the control. Thus, morphological observa-
tions (together with alteration in the epithelial and mesenchymal markers) suggested that GW5074 treatment 
effectively inhibited the epithelial cells to undergo a transition into a mesenchymal phenotype when exposed to 
radiation at a dose of 8 Gy.
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GW5074 inhibited a radiation‑induced mesenchymal transformation via the C‑Raf /twist1 sig‑
nalling pathway. Previous studies have demonstrated that twist1 plays a crucial role in EMT regulation 
in  fibrosis16. Accordingly, we hypothesised that twist1 might be a key downstream regulator in the GW5074-
mediated reversion of radiation-induced EMT. To investigate the potential role of Twist1, we first need to test 
whether sh-Twist1 lentivirus is able to downregulate twist1 expression. As a result, it is verified that sh-Twist1 
lentivirus can inhibit the protein expression level of twist1 efficiently (Fig. 5A). Thereafter, GW5074 and sh-
Twist1 are applied to radiated MLE-12 cells in order to observe the possible relations between Twist1 and C-Raf. 
Our results indicate that pretreating MLE-12 cells with GW5074 reduced Twist1 expression and reversed EMT. 
Meanwhile, pretreatment of sh-Twist1 alone is not able to reverse radiation-induced EMT, which demonstrates 
that Twist1 possesses an essential downstream of the C-Raf signalling pathway in radiation-induced EMT 
(Fig. 5B). Therefore, these results reveal that GW5074 can block radiation-induced EMT via the C-Raf/Twist1 
signalling pathway.

GW5074 alleviated radiation‑induced pulmonary injury and fibrosis. To elucidate whether small-
molecule GW5074 inhibits radiation-mediated lung fibrosis in mice, we compared the changes in left lung sur-
face morphology in the control and radiation groups. In contrast to the brown-coloured lungs in the control 
mice, the lungs of the radiated mice exhibited a definite white area, which is correlated with the field of radiation 
(Fig. 6A, lower panel). An intraperitoneal injection of GW5074 resulted in less injury than was apparent in the 
radiation-only mice. H&E staining slides confirmed that GW5074-treated mice exhibited reduced tissue dam-
age (Fig. 6A, upper panel). Masson’s trichrome staining revealed a marked increase in collagen deposition in the 

Figure 1.  Protein expressions in mouse lung tissues after high-dose radiation (70 Gy). Protein expression 
patterns in focal high-dose radiation (70 Gy) at indicated time points. The expression ratio colour scale ranges 
from red (high) to blue (low), as indicated by the scale bar with log 2 units. (A) List of top 20 candidate proteins 
that experienced upregulation 2 weeks after radiation. (B) List of top 20 candidate proteins that experienced 
downregulation 2 weeks after radiation. (C) List of top 20 candidate proteins that experienced upregulation 
4 weeks after radiation. (D) List of top 20 candidate proteins that experienced downregulation 4 weeks after 
radiation.



4

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11158  | https://doi.org/10.1038/s41598-020-68175-z

www.nature.com/scientificreports/

Figure 2.  C-Raf phosphorylation was further confirmed by IHC and western blot experiments at different 
time points. (A) Expression of C-Raf and phosphor-C-Raf proteins was confirmed by western blotting, using 
three individual mouse lung tissue samples after 70 Gy radiation. *P < 0.05 vs. control-2w and control-4w. 
Full unedited gels were shown in Supplementary Fig. S1. (B) Representative images of immunohistochemical 
staining for phosphor-C-Raf in radiated lung tissue at each indicated time point after 90 Gy radiation 
(magnification 200 × 3). Average percentage of p–C-Raf positive cells per microscopic. For quantification, the 
number of all cells in each microscopic was counted. Difference was evaluated by two- tailed student’s t-test. 
*P < 0.05 vs. non-radiated control.

Figure 3.  Radiation induces changes in cell morphology and EMT-associated protein expression in MLE-12 
cells. (A) Representative images of cell morphology (photographed 48 h after 8 Gy radiation or non-radiation). 
Cells suffering morphological changes were counted in random microscope fields according to whether the 
cells became swollen (red outline), elongated (green outline) or exhibited extended pseudopodia (blue outline) 
compared with a cuboidal appearance, and the percentage was calculated. Scale bar represents 100 μm. The 
data are presented as the mean ± SEM (n = 10). *P < 0.05 vs. non-radiated control. (B) Cells were radiated with a 
single dose of 8 Gy X-rays, and cell morphology and EMT-associated protein markers were observed 24, 48 and 
72 h post-radiation. Representative western blots and densitometric quantification of E-cadherin and α-SMA 
protein levels. GAPDH was used as the loading control. Full unedited gels were shown in Supplementary Fig. S2. 
The data are presented as the mean ± SEM (n = 3). *P < 0.05 vs. non-radiated control.
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radiation group in comparison with the control group, which was significantly reversed by GW5074 treatment 
(Fig. 6B).

GW5074 inhibited EMT in lung tissues after radiation. To examine the role of C-Raf in radiation-
induced EMT in  vivo, we assessed the expression of EMT-related markers in different groups of mice after 
radiation (Fig.  6C). Our data shows that local lung radiation resulted in obvious EMT changes such as the 
downregulation of E-cadherin and the upregulation of α-SMA, and was assessed by the extent of co-localisation 
of a-SMA and E-cadherin in the alveolar epithelium. Decreased co-staining of E-cadherin/α-SMA after radia-
tion was restored by treatment with GW5074, indicating that the radiation-induced EMT process was blocked 
by GW5074 treatment.

Discussion
RIPF is a common side effect in lung cancer radiotherapy. Pulmonary fibrosis usually develops within 6 to 
24 months after radiotherapy, and stabilises after 2 years. In recent years, high-dose-per-fraction hypofraction-
ated radiotherapy, such as SBRT, has become an effective way to treat various cancers. This new radiotherapy 
method has been proved to be very effective in the control of various cancers, including early-stage non-small cell 
lung cancer. Although this technique is highly confirmative and, thus, minimises normal tissue complications, 
serious complications have appeared  nonetheless22. However, there is no effectively therapeutic target has been 
developed thus far. Therefore, at the beginning of this study, we conducted an exploratory experiment in order 
to look for an underlying target for SABR-induced lung injury. Fortunately, we found that C-Raf is a potential 
target according to the protein array experiment at late time points. Furthermore, the phosphorylation of C-Raf 
was confirmed by a western blot at the same time points, as well as by IHC at earlier time points, indicating that 
the activation of C-Raf contributes to the pathogenesis of lung fibrosis during the entire process.

Figure 4.  GW5074 can reverse EMT after 8 Gy radiation in MLE-12 cells. (A) Representative western blots 
and densitometric quantification of phosphor-C-Raf protein levels at different times and after 8 Gy radiation 
(*P < 0.05 vs. non-radiated control). (B) The inhibitory efficiency of GW5074 was evaluated by western blots 
with the p–C-Raf expression level (*P < 0.05 vs. 8 Gy and DMSO + 8 Gy). (C) The protein levels of E-cadherin 
and α-SMA were determined using western blot analysis at 72 h post-treatment with radiation and/or GW5074. 
Full unedited gels were shown in Supplementary Figs. S3–S5. The data are presented as the mean ± SEM (n = 3). 
*P < 0.05 vs. non-radiated control and GW5074 alone and 8 Gy + GW5074.
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In the current study, the progress of RIPF in mice induced by two radiation doses (90 or 70 Gy) was explored 
through the use of a microbeam collimator (3 mm in diameter) to the left lung. Under radiation conditions, it 
is common that EMT accompanying phenotypic changes occurs during the development of  RIPF3,23. Thus, we 
advise that minimising the EMT may be practical in ameliorating RIPF developing after various radiotherapies. 
EMT is an approach in which epithelial cells lose their cell-to-cell contact and gradually lose their epithelial 
constituents and raise the expression of the mesenchymal  marker24. According to the morphological analysis, we 
found that radiation to type II alveolar epithelial cells resulted in the cells losing their cuboidal nature, exhibiting 
a spindle appearance in respect of their mesenchymal morphology. On the other hand, this transformation was 
efficiently inhibited by the treatment of GW5074 in radiated alveolar epithelial cells, indicating the prohibitive 
feasibility of GW5074. Following the morphological investigation, we detected the expression of both E-cadherin 
and α-SMA in MLE-12 cells and the results indicate that GW5074 could ameliorate EMT efficiently by conserving 
the expression of E-cadherin and prohibiting α-SMA.

C-Raf occurs in many cellular processes including cell differentiation, cell cycle progression, and 
 proliferation25–27. Moreover, TGFβ1-influenced EMT in normal murine mammary gland epithelial cells was 
regulated by C-Raf via the activation of  ERK28. Nowadays, C-Raf inhibitors draw the attention of many research-
ers due to their anti-fibrotic and anti-cancer potential, and the availability of C-Raf inhibitors for the treatment 
of fibrosis has been explored in recent  years11,12,29. Raf kinase activity can be prohibited by small-molecule 
drugs, as well as by disturbance of the Ras–Raf  interaction30–32. Chen et al. interpreted that sorafenib, which is a 
multi-kinase inhibitor with activity against VEGFR, PDGFR and RAF kinases, attenuated bleomycin-induced 
pulmonary fibrosis via prohibition of fibroblast proliferation and  EMT33. Interestingly, with potent tumour-killing 
properties, bleomycin and radiation have similar mechanisms with respect to killing cancer cells and inducing 
lung fibrosis as well. Inducing DNA damage is the main theory behind them with regard to killing cancer cells, 
and both of them cause lung fibrosis through  EMT34,35. Such evidence might imply the similar mechanisms of 
sorafenib and GW5074 in respect of their anti-fibrotic effect. Nevertheless, in their study they did not disclose 

Figure 5.  Western blotting analysis to evaluate possible signalling pathway in GW5074-mediated reversion 
of EMT after radiation. (A) Representative western blot and densitometric quantification of Twist1 following 
infection with Twist1-specific shRNA lentivirus to confirm target suppression. (B) Western blotting analysis 
and densitometric quantification to evaluate the protein expression level of p–C-Raf, Twist1 and EMT-related 
markers with or without 8 Gy radiation in MLE-12 cells. Cells were pretreated with or without GW5074 or 
shTwist1. Full unedited gels were shown in Supplementary Figs. S6 and S7. The data are presented as the 
mean ± SEM (n = 3) (* or #P < 0.05 vs. indicated groups).
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whether or not the effect of sorafenib was via prohibition of C-Raf. Prohibition of VEGFR/PDGFR has been well 
known to diminish fibrotic responses via the prohibition of fibrocyte  activity36; thus, the anti-fibrotic efficacy of 
sorafenib might also be caused by the prohibition of receptor tyrosine kinases. GW5074 is a potential and selec-
tive inhibitor of C-Raf with IC50 of 9 nM and is invalid for CDKs, p38 MAP kinase, MKK6 and MKK7 in vitro37. 
On account of the high selectivity for Raf kinases, GW5074 was widely utilised as a C-Raf inhibitor in order 
to investigate its  function38. In the current study, the prohibition of C-Raf by GW5074 revealed a remarkable 
decrease of C-Raf phosphorylation, which led to prominent attenuation of EMT after HDSV radiation in vitro 
and in vivo. As far as we know, however, because the toxic dose is slightly higher than the therapeutic dose, 
GW5074 has not yet been examined in humans.

Twist1 is upregulated in human and murine skin fibrosis and the overexpression of Twist1 is mediated 
by TGFβ  signalling39. In addition to activating fibroblasts, Twist1 has been found to promote epithelial–mes-
enchymal  transition39. During embryonic development, Twist1 proteins play a pivotal role in mesenchymal 
 differentiation40. Furthermore, Twist1 induces EMT on the basis of injury and can mediate mesenchymal tis-
sue responses in an  adult41,42. Abnormal Twist1 signalling, nonetheless, may result in pathological EMT and, 
thus, lead to cancer development and fibrotic  disorders23,43,44. Escaping from premature senescence regulated by 
Twist1/Twist2 is associated with complete EMT in human epithelial  cells16. Nonetheless, Twist1 has never been 
investigated in RIPF and its mechanism has been hardly unveiled. In our study, we have first demonstrated that 
Twist1 is an important participant in the C-Raf downstream signalling pathway in HDSV-radiation-induced 
EMT.

Even though currently approved therapies for lung fibrosis, such as Pirfenidone and Nintedanib, are clinically 
available, an alternate strategy with which to address the unmet therapeutic need for SABR-induced lung fibrosis 
is needed. Our results, for the first time, demonstrate that C-Raf inhibitor GW5074 inhibits HDSV-radiation-
induced EMT via the C-Raf/Twist1 signalling pathway in mice. Therefore, pharmacological C-Raf inhibitors 
may be used effectively as inhibitors of SABR-induced lung fibrosis.

Figure 6.  GW5074 can partially reverse EMT in HDSV radiation mouse model. C57BL/6 mice (n = 3/group) 
were pretreated with GW5074 (2 mg/kg) or a vehicle and the thoracic part of the left lung was radiated (70 Gy) 
with a 3 mm collimator. After radiation, GW5074 treatment was continued on 3 days per week for 2 weeks, and 
lung samples were then obtained 6 weeks after radiation. (A) The images show representative gross observation 
data (top) and H&E staining slides with the injury area indicated by a red circle (down). (B) Evaluation of 
collagen deposition. Lung sections were stained with Masson’s trichrome stain to visualise collagen deposition. 
Representative micrographs of stained lung tissue are shown as indicated treatment (magnification 400 × 3). 
(C) Co-localisation (yellow pixels) of E-cadherin and a-SMA. *P < 0.01 vs. non-radiated control. #P < 0.05 vs. 
70 Gy-radiated groups.
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Materials and methods
Mice and radiation. All procedures were approved by the Institutional Animal Care and Use Committee 
of the First Affiliated Hospital of Xinxiang Medical University. C57BL/6 mice were housed at the Institute of 
Experimental Animal Sciences (Xinxiang Medical University) in accordance with guidelines approved by the 
Institutional Animal Care and Use Committee of Xinxiang Medical University. Radiation was delivered using 
the X-RAD 225 platform (Precision X-Ray) as described  previously6. The left lungs of 8-week-old male mice 
were radiated using a 3 mm-diameter field and the mice were maintained for certain days and weeks according 
to the experimental design. GW5074 (MedChemExpress, Monmouth Junction, USA) was dissolved in DMSO, 
further diluted in saline (0.9% NaCl), and administered i.p. (2 mg/kg).

tissue histology and immunohistochemical staining. Tissue histology and IHC staining were per-
formed as described  previously7,21. Briefly, the mice were sacrificed and lung tissues extracted and fixed in 10% 
(v/v) neutral buffered formalin before the preparation of paraffin sections. Paraffin-embedded sections were 
deparaffinised and stained with haematoxylin and eosin (H&E; Sigma-Aldrich), or Masson’s trichrome stain kit 
(Sigma-Aldrich) was utilised in order to detect collagen.

Before immunohistochemistry, deparaffinised sections were boiled in 0.1 mol/L of citrate buffer (pH 6.0) for 
30 min and then incubated with 0.3% (v/v) hydrogen peroxide in methanol for 15 min. Sections were blocked 
in normal horse serum at room temperature for 30 min and immunostained overnight at 4 °C with primary 
antibodies against phospho-C-Raf (1:100; Abcam, ab60985). The target proteins were visualised using ABC 
and DAB kits (Vector Laboratories) and counterstained with haematoxylin. For immunofluorescence stain-
ing, sections stained with primary antibodies were incubated with appropriate fluorescently labelled secondary 
antibodies (1:250; Molecular Probes) and counterstained with 4,6-diamidino-2-phenylindole dihydrochloride 
(DAPI; 3 mmol/L). Images were obtained using a Zeiss microscope.

Hybridisation of protein antibody array. The protein antibody array, i.e. Explorer Antibody Array, was 
purchased from FullMoon Biosystems, Inc. (Sunnyvale, CA, USA) and was performed according to the protocol 
suggested by the manufacturer. An Explorer Antibody Array comprising 656 antibodies was used to quantify a 
range of proteins. Proteins were extracted from the radiated area of mice lung tissues. Three individual mice lung 
tissues for each experimental group were prepared and used for the antibody array experiments.

cell culture. Type II alveolar epithelial cell lines (MLE-12) were purchased from ATCC (Manassas, VA, 
USA) and cultured as described  previously7. These were routinely maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) containing 10% foetal bovine serum, 2 mM of l-glutamine, 100 IU/mL of penicillin, and 
100 μg/ML of streptomycin (purchased from Invitrogen, Carlsbad, CA) at 37 °C and with 5%  CO2 in the air.

Cell radiation and GW5074 treatment. Once cells reached > 80% confluence, DMEM was replaced by 
serum-free medium for 24 h prior to radiation. Thereafter, cells were radiated with a single dose of 8 Gy X-rays. 
(An X-RAD 225 radiator was utilised at a dose rate of 19.7 cGy/s.) All radiation was performed at room tem-
perature. To analyse the effect of GW5074 (MedChemExpress, Monmouth Junction, USA), GW5074 (at a final 
concentration of 100 nM) was added to the culture and incubated for 2 h prior to radiation at a dose of 8 Gy.

Western blot analysis. Western blot analysis was conducted as described  previously45. Briefly, MLE-12 
cells were lysed using RIPA buffer containing 1 mM of PMSF, 1 μg/mL of aprotinin, 1 μg/mL of leupeptin, 1 mM 
of  Na3VO4, and 1 mM of NaF, and then stored in aliquots at − 80 °C until further analysis. The lysate (20 μg) was 
mixed with an equal volume of sample buffer, denatured by boiling, and then separated on 10–15% polyacryla-
mide mini-gel. The proteins were transferred to nitrocellulose membranes (Amersham, Arlington Heights, IL), 
blocked with 5% milk, and incubated overnight with E-cadherin (Abcam, Cambridge, MA, ab11512), C-Raf 
(Abcam, ab137435), phospho-C-Raf (Abcam, ab60985), Twist1 (Abcam, ab49254), and ɑ-SMA (Abcam, 
ab21027).

Immunofluorescence staining. Immunofluorescence staining was performed as described  previously46. 
Briefly, cells grown on eight-well chamber slides were pretreated with GW5074 (followed by 8 Gy radiation) 
and then fixed with 4% neutral formalin for 30 min. After being washed three times with 1 × PBS, the cells were 
blocked with 3% BSA for 1 h. Thereafter, the cells were incubated with the antibody of E-cadherin (Abcam, 
ab11512) and ɑ-SMA (Abcam, ab21027) at 4˚C overnight. After being washed with PBS, the sections were 
incubated with the corresponding conjugated second antibody (Vector Laboratories, Burlingame, CA) at room 
temperature for 30 min. Nuclei were counterstained with 4′-6-diamidino-2-phenylindole (DAPI), and the slides 
were analysed using a fluorescence microscope.

Statistical analysis. Statistical analysis was conducted using a one-sample Student t-test in order to com-
pare differences between the groups. A p-value of ≤ 0.05 was considered to be significant.
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