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cell lines via regulation of Notch1 expression

Wei Zhao1*, Ling Li1*, Xiaodong Zhu1, Long Chen1, Xianwei Mo2, Ke Nie3, Yuan Lin2

Departments of 1Radiation Oncology, 2Gastrointestinal Surgery, Affiliated Tumor Hospital of Guangxi Medical 
University, Nanning, Guangxi Autonomous Region, China; 3Department of Radiation Oncology, Rutgers Cancer In-
stitute of New Jersey, Rutgers Robert Wood Johnson Medical School, Rutgers The State University of New Jersey, 
New Brunswick, NJ, USA. *Co-first authors.

Received December 25, 2016; Accepted January 15, 2017; Epub February 1, 2017; Published February 15, 2017

Abstract: In this study, we generated a radioresistant subclone of non-small cell lung cancer A549 cells by treat-
ing them with fractionated X-rays. A clonogenic assay showed that 6 Gy per fraction resulted in the selection of 
a radioresistant population within five fractions. We further found that ionizing radiation not only increased the 
expression of vascular endothelial growth factor (VEGF), but also induced Notch1 expression, both in a radiation 
dose-dependent manner. Inhibition of VEGF or Notch1 by antibodies or siRNA demonstrated that VEGF acted up-
stream of Notch1, and together they were responsible for formation of the radioresistant A549 cell subclone. The 
cell cycle checkpoint of the radioresistant subclone differed from the non-irradiated parental population and the 
isolated non-radioresistant subclones. In addition, we found that the extent of apoptosis was an important factor in 
determining radioresistance of A549 cells. Taken together, these findings suggest that VEGF is responsible for the 
formation of radioresistant A549 cells by inducing the expression of Notch1 to regulate the cell cycle checkpointand 
to decrease apoptosis. 

Keywords: VEGF, Notch1, NSCLC, cell cycle, radioresistance

Introduction

Radiation therapy is a cornerstone of NSCLC 
treating non-small cell lung cancer. Radiation 
therapy is used either alone or in combination 
with chemotherapeutic drugs [1]. Unfortuna- 
tely, series of evidences show that local cancer 
radioresistance remains a major obstacle to 
recovery in many lung cancer cases [2, 3]. 
Establishment of radioresistant model system 
is the accepted measure to study radioresis-
tance in vitro. Presently, there are conflicting 
views as what dose and fraction is feasible to 
isolate radioresistant population in vitro tumor 
cells. Pearce et al described an in vitro system 
that used 2-6 Gy per fraction and resulted in 
the rapid selection of radioresistant popula-
tions, within three to five fractions [4, 5]. How- 
ever, there are conflicting views as to what radi-
ation dose and fraction are feasible to isolate a 
radioresistant population of tumor cells in vitro.

Studies in vitro assay reveal that tumor tissues 
with high expression of vascular endothelial 
growth factor (VEGF) are more resistant to  
the cytotoxic effects of ionizing radiation than 
those with low or null VEGF expression, and 
combining antiangiogenic therapy with radia-
tion may enhance tumor response. Irradiation 
of lung carcinoma cells with carbon ions 
induced VEGF mRNA expression and increased 
protein levels. Induction of VEGF by ionizing 
radiation is proposed to favor tumor survival by 
increasing the radioresistance of tumor vascu-
lar endothelium [6-10]. Although data regarding 
the role of the Notch pathway in cancer cell 
radiosensitivity are still limited, studies suggest 
that Notch signaling plays a critical role in the 
development of non-small cell lung cancer [11]. 
In addition, new evidence shows that Notch sig-
naling from tumor cells is able to trigger tumor 
angiogenesis in vitro and in a xenograft mouse 
tumor modle [12, 13]. Overall, interaction of 
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mL). Cells were cultured at 37°C in a 5% CO2 
atmosphere humidified to 95-100%.

The VEGF monoclonal antibody (Mab) and puri-
fied anti-Notch1 Mab A6 were purchased from 
Novus-Biologicals (Littleton, COUSA). Antibodi- 
es for western blotting against Notch1, VEGF, 
caspase-3, and tubulin were obtained from 
eBiosciences (San Diego, CA, USA). Mouse anti-
poly-ADP-ribose polymerase was purchased 
from Trevigen (Gaithersburg, MD, USA). The 
secondary antibodies (horseradish peroxidase-
conjugated goat anti-mouse IgG and rabbit 
anti-goat IgG) were obtained from Thermo 
Scientific (Rockford, IL, USA).

Irradiation

A high-energy linear accelerator (Precise 1120, 
Elekta Instrument AB, Stockholm, Sweden), 
was used to provide 6 MV X-ray exposures to 
two groups. A549 cells in the first group were 
irradiated five times with a 6 Gy fractionated 
dose. The second group was irradiated 15 
times with a 2 Gy fractionated dose. After irra-
diation, surviving cells yielded two monoclon- 
es: subclones A549-S1 (from group 1) and 
A549-S2 (from group 2). 

After determination of the protocol that induced 
radioresistant subclones, six flasks of A549 
cells were divided equally into 3 groups: 
Irradiation alone, irradiation combined with the 
anti-VEGF Mab, and irradiation combined with 
the anti-Notch1 Mab. The final concentrations 
of the anti-VEGF and anti-Notch1 Mabs were 
0.1 and 0.2 μg/mL, respectively. Expression of 
Notch1 and VEGF proteins was detected by 
western blot 24 h after each time of irradiation. 
The remaining flasks of cells were trypsinized 
and subcultured into two new flasks when they 
became confluent or the medium was depleted 
of nutrients. The cells were then irradiated 
again until the total dose reached 30 Gy. Three 
monoclones were obtained from surviving cells: 
subclones A549-S1, -S3, and -S4.

siRNA

Scrambled RNAi oligonucleotides and siRNAs 
targeting VEGF and Notch1 (ON-TARGETplus 
SMARTpool RNAi reagents) were obtained from 
Dharmacon (Lafayette, CO, USA). All siRNAs 
were transfected into cells using the Dharma- 
FECT 4 transfection reagent (Dharmacon) 

Notch with conventional VEGF pathways is 
important in tumor angiogenesis and cancer 
development. Recently, it has been demon-
strated that the proposed VEGF-Notch feed-
back loop is sufficient to dynamically select  
tip and stalk cells under VEGF stimulation. 
VEGF is able to induce the expression of DLL4, 
Notch1, and Notch4 in human umbilical vein 
endothelial cells, and Notch1, Notch4, and 
Hey1 can downregulate VEGFR expression [14-
16]. Moreover, series of previous studies have 
indicated that Notch activation can induces 
tumor and endothelial cell cycle arrest in lung 
cancer [17-19].

The radioresistant phenotype is often correlat-
ed with some factors, such as alterations of the 
cell cycle checkpoints, decreased apoptosis 
and slow growth [20-23]. It is well known that 
large numbers of tumor cells are killed after 
irradiation by a form of apoptosis. Radiation 
can induce apoptosis through damage to the 
DNA or the plasma membrane [20, 21]. In 
response to irradiation, cancer cells can tempo-
rarily arrest their progression through the cell 
cycle to repair the DNA damage [22]. These cell 
cycle checkpoint control mechanisms are 
thought to be significant way for cell survival 
[22]. 

In the current study, we show that the formation 
of radioresistance subclone is due at least in 
part to the upregulation of VEGF, and over 
expression of VEGF could induce expression of 
Notch1. Finally, the cell cycle distribution adapt-
ed correspondingly to promote the repair of 
DNA damage so that the cell apoptosis induced 
by irradiation was decreased. Thus, we provide 
direct evidence for the hypothesis that VEGF 
acts upstream of the Notch1 receptor and 
cooperation between VEGF and Notch1 is 
responsible for the formation of the radioresis-
tant A549 subclone.

Materials and methods

Reagents and cell lines

The non-small cell lung cancer A549 cell line 
was purchased from the Cancer Hospital of 
Shanghai Fudan University (Shanghai, China). 
Cells were maintained in RPMI 1640 medium 
supplemented with 10% fetal bovine serum 
(Hyclone, Logan, UT, USA) and a combination of 
penicillin (50 U/mL) and streptomycin (50 μg/
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teinase inhibitor cocktail). Equal amounts of 
protein were resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and 
transferred onto a polyvinylidene fluoride mem-
brane (Bio-Rad, Hercules, CA, USA). After block-
ing with 5% non-fat milk, the membrane was 
probed with primary and secondary antibodies, 
developed with the enhanced chemilumines-
cence method (Thermo Scientific), and visual-
ized with the Kodak Image Station 440CF 
(Kodak, Rochester, NY, USA). 

according to the manufacturer’s protocol. 
siRNA effectiveness was validated by western 
blotting.

Western blot

After each designated treatment, cells were 
lysed in M2 lysis buffer (20 mM Tris, pH 7.0, 
containing 0.5% NP-40, 250 mM NaCl, 3 mM 
EDTA, 3 mM EGTA, 2 mM dithiothreitol, 0.5 mM 
phenylmethylsulfonyl fluoride, 20 mM glycerol 
phosphate, 1 mM sodium vanadate, and pro-

Figure 1. Comparison of survival curves of subclone cells A549-S1, A549-S2, A549-S3, A549-S4, A549-S5, A549-
S6 and parental A549 cells. Survival curves were obtained and radiosensitivity parameters were calculated using 
the multi-target single-hit model. The surviving fractions of all cells at different radiation doses were determined by 
using the clonogenic formation assay to construct survival curves and calculate D0 (mean lethal dose), Dq (quasi-
threshold dose), and N (target number) values. A. A549-S1 cells were derived by irradiating A549 cells five times 
with a 6 Gy fractionated dose. These cells were more radioresistant than the parental A549 cells or A549-S2 cells 
derived by irradiating A549 cells 15 times with a 2 Gy fractionated dose. A549-S1 cells had higher DO, Dq, and 
N values and a broader initial shoulder than those of the parental A549 or A549-S2 cells. There was a 1.38-fold 
increase in radioresistance with SF2 (cell survival fraction at 2 Gy). B, C. The sensitivity of subclones derived by 
exposure of A549 cells to 6 Gy X-ray irradiation 5 time in which VEGF or Notch1 was inhibited by a monoclonal anti-
body (A549-S3 and -S4, respectively) or siRNA knockdown (A549-S5 and -S6, respectively). There were no marked 
changes compared with parental A549 cells.
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were analyzed by CellQuest software (BD 
Bioscience, San Jose, CA, USA). Experiments 
were repeated three times.  

Statistical analysis

All experiments were done in triplicate. Data 
are presented as means ± standard deviation 
(SD). Data were analyzed using the one-way 
analysis of variance and least significant differ-
ence tests with SPSS 22 software (SPSS, Inc., 
Chicago, IL, USA) to determine statistical signifi-
cance. P<0.05 was considered to indicate a 
statistically significant difference between 
values.

Result

The A549-S1 cell population surviving after 
irradiation 5 times with 6 Gy per fraction was 
significantly more radioresistant than the 
parental A549 cell population

Subclone A549-S1, derived from irradiation 5 
times with 6 Gy per fraction, was 1.38-fold 
more radioresistant (SF2) than the parental 
A549 cells. However, the sensitivity of A549-S2 
cells, derived from irradiation 15 times with 2 
Gy, was unchanged; the SF2 value of these 
cells was similar to the A549 parental cells 
(Figure 1A).

Radioresistant and radiosensitive cell popula-
tions exhibited different cellular responses to 
ionizing radiation

The effect of ionizing radiation on cell death 
and the cell cycle was studied by western blot 

Clonogenic assay

Cells were trypsinized and counted using a 
hemacytometer. In a typical experiment, 50 to 
5000 cells were plated per well in a six-well 
plate for irradiation with dosages of 0, 2, 4, 6, 
8, and 10 Gy. The plates were then incubated 
at 37°C for 10 to 14 days. The cells were 
stained with Giemsa and colonies with more 
than 50 cells were scored under a light micro-
scope. The surviving fraction at each dose was 
calculated based on the number of colonies. 
Using the simple multi-target model, survival 
curves were constructed by plotting colony-
forming ability on a logarithmic scale as a func-
tion of the radiation dose administered on a 
linear scale. The radiation biology values D0 
(mean lethal dose), Dq (quasi-threshold dose), 
N (target number), and SF2 (cell survival frac-
tion at 2 Gy) were thencalculated. All experi-
ments were repeated three times. 

Flow cytometry assay

Before or after all irradiation exposures, cells 
were trypsinized, made into a single-cell sus-
pension in PBS and pelleted by centrifugation. 
Pelleted cells were washed twice in cold phos-
phate-buffered saline and fixed in 70% ethanol 
for at least 24 h at -20°C. Ethanol was removed 
by centrifugation and the cells (5 × 105 cells/
mL) were resuspended in 0.5 mL propidium 
iodide staining solution (0.1% sodium citrate, 
0.3% Triton X-100, 100 mg/mL RNase A, 100 
mg/mL propidium iodide) at 37°C for 30 min. 
Cellular fluorescence was measured by FACSort 
flow cytometry (Becton Dickinson, USA). Data 

Figure 2. Apoptosis is induced by X-ray irradiation in the radioresistant subclone, A549-S1, but not in the non-
radioresistant subclones or the parental A549 cells. A549-S1 cells were derived by irradiating A549 cells five times 
with a 6 Gy fractionated dose. A549-S2 cells were derived by irradiating A549 cells 15 times with a 2 Gy fractionated 
dose. A549-S3, -S4, -S5, and -S6 subclones were treated with the VEGF Mab, Notch1 Mab, VEGF siRNA, and Notch1 
siRNA, respectively. Poly-ADP-ribose polymerase and caspase-3 cleavage occurred in A549 and A549-S2, -S3, -S4, 
-S5, and -S6 cells but not in A549-S1 cells 24 h after exposure to 6 Gy X-ray irradiation. Cell lysates were prepared 
and analyzed by western blot with the indicated antibodies.
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cumulative X-ray irradiation dose (Figure 4A). 
To examine the whether VEGF induced Notch1, 
Notch1 induced VEGF, or their induction was 
independent of each other, VEGF and Notch1 
were knocked down separately with siRNA and 
changes in the other assessed. Knockdown of 
VEGF blocked the increased expression of 
Notch1 induced by irradiation. However, the 
expression of VEGF was not influenced by the 
knockdown of Notch1 (Figure 4B). These re- 
sults indicate that X-ray irradiation can induce 
the expression of VEGF, which then promotes 
the expression of Notch1. In other words, VEGF 
acts upstream of Notch1 in the signaling path-
way during the formation of radioresistant 
A549 subclones. 

The functional effects of VEGF and Notch1 
were responsible for the formation of A549 
radioresistant subclones and changing the cell 
cycle checkpoint

We showed that the elevated expression of 
VEGF and Notch1 proteins depended on the 
cumulative dose of ionizing radiationduring the 
formation of radioresistant subclones. To deter-
mine whether VEGF and Notch1 were responsi-
ble for the radioresistance, VEGF and Notch1 
were inhibited by Mabs or siRNA knockdown 
and changes in the radiosensitivity of each sub-
clone were determined. A549-S3, -S4, -S5, and 
-S6 subclones were treated with the VEGF Mab, 

and flow cytometry. Cells were confirmed to be 
apoptotic by analysis of poly-ADP-ribose poly-
merase, a known caspase substrate cleaved  
in apoptosis, and caspase-3 cleavage. These 
results showed that A549 parental and 
A549-S2 subclone cells underwent apoptosis 
in response to 6 Gy X-ray irradiation whereas 
the radioresistant A549-S1 subclone did not 
(Figure 2A). Additionally, the cell cycle distribu-
tion of the radioresistant subclone differed 
from the non-irradiated parental population 
and the isolated non-radioresistant subclone. 
Figure 3 shows the cell cycle distribution 24 h 
after 6 Gy irradiation. For exponentially growing 
A549-S1 cells, the fractions of cells in the G0/
G1, S, and G2/M phases were 7.73 ± 2.78%, 
22.8 ± 1.54%, and 10.0 ± 0.79% respectively. 
Corresponding fractions for A549 and A549-S2 
cells were, respectively, 82.5 ± 3.74%, 10.5 ± 
1.19%, 7.11 ± 0.81%, and 56.6 ± 2.53%, 7.92 
± 0.87%, and 35.8 ± 2.04%. Overall, A549-S1 
cells showed a higher fraction of cells in the S 
phase and a lower fraction in the G1 phase 
than parental A549 cells (Figure 3A and 3B).

The expression of Notch1 and VEGF proteins 
was upregulated with increasing radiation 
dose

The western blot results showed that the ex- 
pression of VEGF and Notch1 proteins was ele-
vated during the course of irradiation and that 
the extent of expression was dependent on the 

Figure 3. Comparisons between the cell cycle distribution of A549 parental and subclone cells. A549-S1 cells were 
derived by irradiating A549 cells five times with a 6 Gy fractionated dose. A549-S2 cells were derived by irradiating 
A549 cells 15 times with a 2 Gy fractionated dose. A549-S3, -S4, -S5, and -S6 subclones were treated with the VEGF 
Mab, Notch1 Mab, VEGF siRNA, and Notch1 siRNA, respectively. A. The radioresistant A549-S1 subclone showed 
more S-phase cells in response to ionizing radiation. The non-irradiated parental A549 cell population and non-ra-
dioresistant subclones showed more cells in G1- and G2-phase. These cells were irradiated with 6 Gy and incubated 
for 24 h before being fixed in ethanol and stained with propidium iodide. The DNA content was analyzed using flow 
cytometer. B. Parental A549 cells and subclones A549-S3, -S4, -S5, and -S6 had a similar cell cycle distribution after 
irradiation with 6 Gy. This distribution differed from radioresistant A549-S1 cells. All results are expressed as means 
± SD of three independent experiments.



VEGF and Notch1 in A549

1632	 Int J Clin Exp Pathol 2017;10(2):1627-1634

an increased ability to survive exposure to ion-
izing radiation; there was a higher and broader 
initial shoulder on the survival curve. In terms 
of SF2, A549-S1 cells were 1.38-fold more 
radioresistant than the parental cells. The char-
acteristics of A549-S1 cells suggest that radio-
resistant subclones might be selected by 
repeated high dose irradiation. Some recent 
papers have reported similar findings [4, 23]. 
However, at present, the mechanism underly-
ing the radioresistance induced by ionizing radi-
ation is unclear. 

There are two different types of cell death 
induced by ionizing radiation: Necrosis and 
apoptosis. Apoptosis is usually significant in 
determining cellular radiosensitivity [20, 21]. In 
the present study, radioresistant A549-S1 sub-
clone cells exhibited much less apoptosis when 
exposed to ionizing radiation than the parental 
A549 cells and other non-radioresistant sub-
clones. Therefore, differences in radiosensitivi-
ty between radioresistant and non-radioresis-
tant cells can, at least in part, be explained by 
differences in the extent of apoptosis.

The phase of the cell cycle is another factor 
that affects the radiosensitivity of cells [22-25]. 
Generally, cells in the G2-M phase tend to be 
more sensitive than cells in the S and G1 phas-
es, with cells in the S phase being the most 
resistant. Our data show that the radioresistant 
A549 subclone has more cells in the S phase 
than the parental A549 cells and non-radiore-
sistant subclones. This supports the concept 

Notch1 Mab, VEGF siRNA, and Notch1 siRNA, 
respectively. After inhibiting the expression of 
VEGF and Notch1 by anti-VEGF or anti-Notch1 
Mabs, respectively, 5 treatments with 6 Gy 
X-ray irradiation could not generate a radiore-
sistant A549 subclone. The radiosensitivity of 
A549-S3 and -S4 was similar to the A549 
parental cells. The results derived from knock-
down of VEGF or Notch1 with siRNA were simi-
lar (Figure 1B and 1C). Correspondingly, apop-
tosis induced by irradiation of these radio- 
sensitive subclone cells was much more appar-
ent than with the radioresistant A549-S1 cells 
(Figure 2B). Moreover, the cell cycle checkpoint 
of subclones A549-S3, -S4, -S5, and -S6 was 
different after irradiation compared to the 
radioresistant A549-S1 subclone. These non-
radioresistant subclones did not exhibit the 
same cell cycle distribution change as the 
radioresistant A549-S1 subclone that showed 
a higher fraction of cells in the S phase and a 
lower fraction in the G1 phase compared to 
parental A549 cells (Figure 3C).

Discussion

The current study was conducted with the goal 
of determining whether fractioned radiation 
could select radioresistant subclones and, if 
so, what mechanisms would allow these cells 
to survive after irradiation. The radioresistant 
subclone, A549-S1, was obtained initially by 
exposing parental A549 cells 5 times to 6  
Gy. The clonogenic assay showed that the 
A549-S1 subclone obtained through this pro-
cess differed from the parental A549 cells with 

Figure 4. Expression of VEGF and Notch1 during the development of radioresistance. A. The expression of VEGF and 
Notch1 was increased during the process of radioresistant A549 cell subclone formation. Cells were irradiated with 
6 Gy X-rays then incubated for 24 h. Cell lysates were prepared and analyzed by western blots with the indicated 
antibodies. B. VEGF promotes the expression of Notch1 in response to X-ray irradiation. After transfection with VEGF 
or Notch1 siRNA for 48 h, cells were treated with 6 Gy X-ray irradiation. After incubation for 24 h, cells lysed and 
proteins detected by western blots. Knockdown VEGF blocked the expression of Notch1 while knockdown of Notch1 
had no effect on the expression of VEGF.
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ulate cell death and the cell cycle distribution  
to regulate the radiosensitivity of A549 cells. 
Further research is neededin a mouse tumor 
model to investigate the mechanism by which 
enhanced Notch1 expression regulates the cell 
cycle to decrease apoptosis of radioresistant 
cells in vivo, and confirm the relationship 
between and functions of VEGF and Notch1. 
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