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Abstract

Background To determine the effects of endostatin on
vascular growth factor receptor 2 (VEGFR2) expression in
non-small cell lung cancer (NSCLC) cells and the mech-
anisms underlying its radiosensitizing effect.

Methods VEGFR2 mRNA levels were determined in
different NSCLC cell lines using qRT-PCR. RT-PCR and
Western blot assays were used to assess the expression of
mRNA and proteins. The radiosensitivity of the cells was
determined by colony-formation assays; and cell apoptosis
and cell cycle distribution were determined by flow
cytometry.

Results VEGFR2 mRNA levels differed among the five
NSCLC cell lines (P < 0.01), with the highest expression
in Calu-1 cells and lowest in A549 cells. Endostatin sig-
nificantly inhibited the growth of Calu-1 cells (P < 0.01)
(IC20 = 296.5 ng/ml), and the expression of VEGFR?2 and
HIF-1a (P < 0.05). Phosphorylation of protein kinase B
(Akt), extracellular signal-regulated kinases 1/2 (ERK1/2),
and p38 were significantly lower in endostatin-treated cells
than control (P < 0.05). Endostatin enhanced the
radiosensitivity of Calu-1 cells to SER = 1.38 and induced
apoptosis (P < 0.01) and G2/M blockage (P < 0.01).
However, endostatin had limited effects on AS549 cells.
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Compared with Calu-1 cells, there was not significantly
effects on cell radiosensitivity (SER = 1.09).

Conclusions Endostatin induces apoptosis and enhances
radiosensitivity of the VEGFR2 high-expressing cell line
Calu-1, but it has a limited effect on the VEGFR2 low-
expressing cell line A549.

Keywords Endostatin - NSCLC - VEGFR2 - HIF-1a -
Radiosensitivity

Introduction

Lung cancer has the highest prevalence and mortality of
any malignancy in China. Some 80 % of lung cancer cases
are non-small cell lung cancer (NSCLC), with 60-70 % of
patients at stages IIIB and IV at the time of diagnosis.
Currently the standard treatment for localized late stage
cancer is radiation therapy [1], but this therapy has limited
effectiveness when used alone. Tumor relapse and distant
metastasis are the main causes of radiation therapy failure
[2]. For this reason, current research has focused on
enhancing the radiosensitivity of tumors. Research on
radiosensitizers began in the 1950s, when Langendorff first
discovered that iodoacetic acid increased the death rate of
mice receiving radiation [3]. Currently the major types of
radiosensitizers under investigation are electrophilic
radiosensitizers, biological reducers, chemodrugs, natural
drugs, and molecular targeting drugs. Endostatin is one of
the most frequently studied radiosensitizers. Our research
group discovered that endostatin can stabilize tumor blood
vessels and reduce the rate of tumor hypoxia. When it was
combined with radiation therapy in the treatment of
hypoxia NSCLC, it improved short-term efficacy and local
control [4]. However, the mechanism by which endostatin
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enhances the radiosensitivity of tumors is still not fully
understood.

In one of our previous studies, “Endostatin and radiation
combination therapy of NSCLC brain metastasis phase 11
clinical study (NCT01410370),” we discovered that this
combination therapy had good short-term efficacy, espe-
cially in patients whose primary lesions were VEGFR2-
positive [S]. Recent studies have reported that VEGFR?2 is
expressed not only in endothelial cells but also in malignant
tumor cells, such as NSCLC and breast cancer cells [6, 7].
Patients with tumors expressing high levels of VEGFR2 had
shorter progression-free survival (PFS) and overall survival
(OS) than those with tumors expressing little VEGFR2 [5].
This collectively suggests that poor prognosis may be caused
by high levels of VEGFR?2 in the tumor cells.

Previous studies have demonstrated that hypoxia-in-
ducible factor 1o (HIF-1o) can induce radioresistance by
activating related signaling pathways [8]. Yang et al. used
siRNA to knock down the KDR gene in vitro and HIF-1a
expression was significantly decreased [9]. However, the
manner in which VEGFR2 regulates HIF-1a is still not
known. Gregg et al. have shown that, under normoxic
conditions, HIF-1a expression was controlled by PI3 K/
Akt and MAPK/ERK pathways [10]. However, it is still not
clear whether VEGFR2 regulates HIF-la expression
through these two pathways.

Here we hypothesize that tumor cells expressing
VEGFR?2 become resistant to radiation, probably because
when VEGFR?2 is activated by VEGF, it activates PI3 K/
Akt and MAPK pathways, which upregulate HIF-1a
expression under normoxic conditions. To test this
hypothesis, we treated tumor cells in vitro with endostatin
to study the role of VEGFR?2 in the regulation of tumor cell
radiosensitivity and the associated mechanisms.

Methods
Cell lines

The human pulmonary mucoepidermoid carcinoma (lymph
node metastasis) cell line NCI-H292, human lung adeno-
carcinoma (lymph node metastasis) cell line NCI-H1299,
human lung adenocarcinoma cell line A549, human giant-
cell lung carcinoma high metastatic cell line 95D, and
human lung squamous cell carcinoma cell line Calu-1 were
all purchased from the Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

Major reagents and equipment

Recombinant human endostatin (Endostar) was provided by
Simcere Maidejin (Shandong, China). McCoy’s 5a and RPMI-

1640 media were purchased from Sigma (US), and fetal
bovine serum (FBS) was obtained from Hangzhou Sijiqing
(Zhejiang, China). The RNA extraction reagent Trizol and the
SYBR Green Kit were obtained from Invitrogen (US). The
reverse transcription kit was obtained from Fermentas (US).
The nucleic acid and protein analyzer was purchased from
Eppendorf (Germany), and the real-time fluorescence PCR
system was obtained from Applied Biosystems (US). Primers
were designed and synthesized by Sangon Biotech (Shanghai,
China). The following primers were used: B-actin: forward 5'-
GTGGACATCCGCAAAGAC-3, reverse 5-AAAGGGTG
TAACGCAACTA-3/, and the amplification product was
302 bp; VEGFR2: forward 5-CCGTCAAGGGAAA
GACTACG-3, reverse 5'-AGATGCTCCAAGGTCAG-
GAA-3', and the amplification product was 180 bp. Anti-
bodies to VEGFR2, HIF-1a, Akt, ERK1/2, p38, P-VEGFR2,
P-Akt, P-ERK1/2, and P-p38 were all purchased from Cell
Signaling Technology (US). Protein electrophoresis and
electrophoretic transferring systems were from Bio-Rad (US).
Cell apoptosis and cell cycle distribution analysis kits were
from Nanjing KeyGEN Biotech (Jiangsu, China). The flow
cytometer was from Beckman-Coulter (US). The linear
accelerator was from Siemens Primus (Germany).

Cell culture

Calu-1 cells were grown in McCoy’s 5a medium supple-
mented with 10 % FBS. The 95D, NCI-H292, NCI-H1299,
and A549 cells were grown in RPMI-1640 medium sup-
plemented with 10 % FBS. All cells were cultured at 37 °C
in a humidified incubator with 5 % CO,.

Real-time fluorescence quantitative PCR to measure
VEGFR2 mRNA levels in cells

Cells were harvested in the log phase of growth. RNA
was extracted according to the manufacturer’s instructions
and then reverse-transcribed into cDNA, which was sub-
jected to fluorescence quantitative PCR analysis. Total
volume for each reaction was 20 pl, and the PCR pro-
gram was as follows: 95 °C for 30 s followed by 40
cycles of 95 °C for 5s and 57 °C (57 °C for B-actin,
53 °C for VEGFR?2) for 10 s, and a final 72 °C for 30 s.
This was followed by melt curve analysis. Relative
expression of VEGFR2 was calculated using the 2-AACt
method with B-actin as the internal reference, and the
assays were repeated three times.

Cytotoxicity of endostatin on Calu-1 cells
determined by CCKS8 assays

Calu-1 cells were resuspended to 1 x 10° cells/ml, then
plated at 100 pl/well into 96-well plates. Endostatin was
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added into the wells at a final concentration of 0, 200, 500,
1000, 2000, and 2500 pg/ml. Each contained six replicate
wells. After 24 or 48 h of incubation, 10 pl of CCKS
solution was added into each well and further cultured for
2 h. A plate reader was used to measure the results. Tumor
cell growth inhibition rate (IR) was calculated as follows:
IR = (1—absorbance of treated group/absorbance of con-
trol group) x 100 %. We chose the inhibition concentra-
tion of 20 % (IC20) for the after experiments, and the assay
was repeated three times.

RT-PCR and Western blot assays

Total RNA was extracted from cells according to manufac-
turer’s instructions and reverse-transcribed into cDNA. Primers
used for PCR were as follows: VEGFR2: forward 5'-CAC-
CACTCAAACGCTGACAT-3, reverse 5'-CCTCTCTCCTC
TCCCGACTT-3', and the product was 310 bp; HIF-1o: for-
ward 5'-CCCTTCAACAAACAGAATGTG-3, reverse 5'-
AGCGGTGGGTAATGGAGAC-3, and the product was
311 bp; Akt: forward 5'-GGCACCTTCATTGGCTACAA-3,
reverse 5'-GGGACACCTCCATCTCTTCA-3', and the pro-
duct was 316 bp; ERK1: forward 5'-GGGAGGTGGAGATG
GTGAAG-3', reverse 5'-AGCAGGTTGGAGGGCTTTA
G-3/, and the product was 422 bp; ERK2: forward 5'-ATTC
CAAGGGCTACACCAAG-3, reverse 5-GCCTGTTCTA
CTTCAATCCTCTT-3, and the product was 319 bp; p38:
forward 5-GACCATTTCAGTCCATCATTCA-3', reverse
5'-GCTCACAGTCTTCATTCACAGC-3, and the product
was 321 bp in size; GAPDH: forward 5'-AGAAGGCTGGGG
CTCATTTG-3, reverse 5-AGGGGCCATCCACAGTCT
TC-3/, and the product was 258 bp in size. The PCR program
was as follows: 94 °C for 10 min followed by 35 cycles of
94 °C for 30 s and 58 °C for 30 s, and a final 72 °C for 30 s.

For Western blot analysis, total protein was extracted
from cells with RIPA buffer (supplemented with PMSF
protease inhibitors and phosphatase inhibitors), denatured
by boiling, and separated by electrophoresis. Proteins were
then transferred onto membranes by the immersion
method. Membranes were blocked with 5 % BSA for 1 h,
and then incubated with the primary antibodies (1:1000)
overnight at 4 °C. The membranes were then washed three
times with PBST (10 min each), incubated with secondary
antibodies (1:1000) for 1 h at room temperature, and
washed again with PBS. DAB was used for color devel-
opment. The assays were repeated three times.

Flow cytometry analysis of cell apoptosis
24 h after treatment, cells were washed twice with cold
PBS, dissociated with EDTA-free trypsin solution, and re-

washed twice with PBS (cells were centrifuged at
1500 rpm for 5 min after each wash). The supernatant was
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removed after the final wash, and cells were resuspended in
100 pl Annexin V-FITC binding buffer, and then 5 pl of
Annexin V-FITC and PI were added to stain the cells at
4 °C in the dark for 30 min, after which 400 pl of binding
buffer was added and cells were analyzed by flow
cytometry.

Cell cycle analysis

Treatment as before, cells were dissociated with trypsin,
washed twice with PBS, and fixed with cold 70 % ethanol
at 4 °C for 24 h. Fixed cells were washed with PBS once,
treated with 100 pul RNase at 37 °C for 30 min, and col-
lected by centrifugation. Cells were incubated with 400 pl
of PI solution at 4 °C for 30 min in the dark and then
analyzed by flow cytometry. This experiment was per-
formed three times.

Colony-formation assay

A pre-designated number of Calu-1 cells (10°-10° cells/
well) were plated into 6-well plates and were divided into
three groups: control, radiotherapy, and combination ther-
apy. Each group was evaluated in three identical wells. Cells
in the combination therapy group were treated with endo-
statin at [C20 for 24 h and then irradiated with X-ray at room
temperature at a dose of 0, 2, 4, 6, or 8 Gy. Cells were further
cultured for 10-14 days. Cells were fixed and stained briefly
with Giemsa according to the manufacturer’s instructions.
The number of cell colonies with a diameter >0.2 mm was
determined. The colony forming rate was calculated as the
number of colonies/number of plated cells x 100 %. This
experiment was performed three times.

Statistical analysis

Statistical analysis was performed with SPSS 16.0. All data
are represented as mean =+ standard deviation (x = s).
Comparison of the means of multiple samples was per-
formed with single factor analysis of variance; comparison
between two groups was conducted with the two sample
t test; correlation analysis was conducted with two-factor
correlation analysis. P < 0.05 was designated as statisti-
cally significant.

Results

VEGFR2 mRNA expression differed
among different NSCLC cell lines

VEGFR2 mRNA levels were significantly different among
these cell lines (P < 0.01). Relative mRNA expression of
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Fig. 1 Differential expression of VEGFR2 mRNA in different non-
small cell lung cancer (NSCLC) cell lines. a VEGFR2 mRNA level
was detected by RT-PCR. Various NSCLC cell lines expressed
VEGFR?2 at different levels (F = 592.056, P < 0.01). b Quantitative
analysis of VEGFR2 mRNA by real-time PCR confirmed the

VEGFR2 in Calu-1, NCI-H292, 95D, NCI-H1129, and
A549 cells were, respectively, 1.213 + 0.134,
1.008 + 0.164, 0.754 £ 0.088, 0.582 £ 0.171, and
0.121 £ 0.026 (Fig. la, b). Calu-1 cells expressed the
highest level of VEGFR2, and A549 cells expressed the
lowest level of VEGFR2. The mRNA levels of VEGFR2
were not significantly different between Calu-1 and NCI-
H292 cells (P > 0.05) or between NCI-H1299 and 95D
cells (P > 0.05).

Endostatin promoted the death rate of Calu-1 cell

When cells were treated with different concentrations of
endostatin for 24 h, the number of cell death was found
increased in a dose-dependent manner (Fig. 1d). When
calculated, the IC20 of endostatin after 24 and 48 h were,
respectively, 296.5 and 300.5 pg/ml, between which, there
was little difference. So we chose the 296.5 ug/ml con-
centration for 24 h in the following experiments.

Endostatin inhibited the expression of VEGFR2
and its downstream target genes

VEGFR2 and HIF-1ao mRNA expression was inhibited by
endostatin (Fig. 2a), and inhibition peaked after 9 h of
endostatin treatment (P < 0.01). VEGFR2 and HIF-1a
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differential expression of VEGFR2 in different cell lines
(F = 31.875, P < 0.01). The level of expression was the highest in
Calu-1 cells and lowest in A549 cells. ¢ Calu-1 and A549 cells under
normal culture conditions. d The death rate of Calu-1 cell by
endostatin

protein levels were also downregulated by endostatin
(Fig. 2b), and they reached their lowest levels after 24 h of
endostatin treatment (P < 0.01).

Molecules associated with relevant signaling pathways
were evaluated. Endostatin also inhibited the expression of
ERK1 and ERK2 (P < 0.01) but not that of Akt or p38
(P > 0.05) (Fig. 2c). However, endostatin did not signifi-
cantly alter the total protein levels of Akt, ERK1/2, or p38
(Fig. 2d, P > 0.05). The level of phosphorylation of these

Fig. 2 Endostatin inhibited VEGFR2 gene expression and proteinp
synthesis, and blocked the phosphorylation of its downstream
signaling pathway proteins. Calu-1 cells were pre-treated with
296.5 pg/ml endostatin for 6, 9, or 24 h, and then stimulated with
20 ng/ml of VEGF for 6 h. Cells were then collected for RT-PCR and
Western blot assays. a RT-PCR results showed that VEGFR2 mRNA
expression increased significantly upon VEGF stimulation (P < 0.01)
and that endostatin inhibited the VEGF-induced expression of
VEGFR2 mRNA (F = 66.728, P < 0.01) and of HIF-lo. mRNA.
The greatest inhibition occurred with 9 h of endostatin pre-treatment
(P < 0.01). b Western blot analysis showed that VEGFR2 protein
levels increased upon VEGF stimulation (P = 0.012), but endostatin
pre-treatment decreased protein levels of VEGFR2 and HIF-la
(P < 0.05). The most significant inhibitory effect was seen after 24 h
of endostatin pre-treatment (P < 0.01). ¢ Blocking VEGFR2 did not
significantly alter gene expression of Akt, ERK1/2, or p38 (P > 0.05).
d Similarly, endostatin did not significantly change the total protein
levels of Akt, ERK1/2, or p38 (P > 0.05). e Endostatin inhibited the
phosphorylation of Akt, ERK1/2, and p38 (P < 0.05) (*P < 0.05,
**P < 0.01, compared with control)
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Fig. 3 Endostatin promoted apoptosis, enhanced radiosensitivity, and
changed the cell cycle distribution of Calu-1 cells. Cells were divided
into control, drug only, radiation only, and combined treatment
groups. The control cells were left untreated; drug-only cells were
treated with 296.5 png/ml of endostatin, and radiation-only cells were
irradiated by 2 Gy. All treated groups were then cultured for 24 h.
Combined treatment cells were then pre-treated with endostatin for
24 h, irradiated by 2 Gy, and then cultured for a further 24 h.
Apoptosis and cell cycle distribution were analyzed by flow

proteins was then assessed. Endostatin inhibited the phos-
phorylation of VEGFR2, Akt, ERK1/2, and p38 to various
degrees (Fig. 2e). This inhibitory effect peaked after 24 h
of endostatin treatment (P < 0.01).

Endostatin and radiation combination therapy
affected apoptosis, cell cycle progression,
and radiosensitivity of Calu-1 cells

24 h of endostatin treatment induced cell apoptosis in
Calu-1 cells (P < 0.01). With 2 Gy irradiation, apoptosis
was increased in the combination therapy group than the
radiation-only group (P < 0.01) (Fig. 3a). Cell cycle
analysis showed that, with endostatin treatment, more

w

Cell cycle of Calu-1 cell

Control

1600

Number
1200
1

800

400

120 120 150

60 40
Channels (PI-A)

ES-RT

60
Channels (PI-A)

RT

[0 oebris

O Acgregates
W owor

Movoz
Nows

[0 Debris

[ Aogregetes
MW opo!
Moo
Hoes

500

400

Number
300
1

200

100

120 150 150

60 90 60 90
Channels (PI-A) Channels (PI-A)

801 Il Control
- ES
5 60 BERT
© CJES-RT
(&}
)
o 401 *
©
>
o
= 204
(&}

cytometry. For the colony-formation assay, cells were divided into
control, radiation only, and combined treatment groups. Cells in each
group were treated as described above. a Endostatin-induced apop-
tosis of Calu-1 cells, and further enhanced radiation-induced Calu-1
cell apoptosis (F = 44.153, P < 0.01). b, d The number of Calu-1
cells in the G2/M phase were increased with endostatin treatment
(P < 0.01). ¢ Endostatin enhanced radiosensitivity of Calu-1 cells
(SER = 1.38) (*P < 0.05, **P < 0.01, compared with control)

Calu-1 cells appeared in G2/M phase (Fig. 3b, P < 0.05).
The combined treatment group showed the greatest
increase of cells in the G2/M phase and was significantly
different from the control group (P < 0.01). The cell sur-
vival curve of the combined treatment group was lower
than that of the group treated with radiation alone, with a
sensitivity enhancement ratio (SER) of 1.38.

Endostatin enhanced the radiosensitivity of Calu-1
cells, but not A549 cells

To determine whether endostatin is effective on VEGFR2-

low-expressing cells, the responses of A549 cells to
endostatin were compared to those of Calu-1 cells.
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VEGFR2 mRNA levels were nearly undetectable in A549
cells (Fig. 4a), and a very low protein level was detected by
Western blot analysis (Fig. 4b). Unlike Calu-1 cells,
endostatin treatment did not affect HIF-1a protein levels in
A549 cells (P > 0.05). In addition, endostatin treatment
did not affect either apoptosis or cell cycle progression in
A549 cells (P > 0.05). Cell survival curves of A549 cells
of the combination therapy group were not significantly
different from those of the radiation-alone group, with a
SER of 1.09 (Fig. 4e).

Discussion

Radiation therapy alone is not very effective in NSCLC
patients, largely due to the radioresistance of the cancer
cells. Radiosensitizers have been widely used clinically to
improve the effectiveness of radiation therapy. Endostatin
is one such radiosensitizer. This study demonstrates that
endostatin enhances the radiosensitivity of the VEGFR2
high-expressing Calu-1 cells. The mechanism of this effect
probably involves downregulation of VEGFR2 expression,
which in turn downregulates HIF-1a expression through
two non-hypoxia pathways, the PI3 K/Akt and MAPK
pathways.

Many studies have shown that VEGF-A is an important
growth factor that promotes angiogenesis. VEGFR2 is the
main functional receptor of VEGF-A on endothelial cells,
playing pivotal roles in transducing VEGF-A signaling.
When activated by VEGF, VEGFR2 enhances blood vessel
permeability and induces endothelial cell proliferation and
migration [11]. Recent studies have indicated that
VEGFR?2 is expressed not only in endothelial cells, but also
on tumor cells [6, 7]. It has been proposed that VEGFR2
expression may be an independent malignant phenotype of
NSCLC [9]. Kim et al. used an enzyme-linked
immunoabsorption assay and showed that endostatin did
not neutralize VEGF but rather bound directly to the
extracellular domain of VEGFR2 on the surface of
endothelial cells, so preventing the binding of VEGF to
VEGFR2 and the subsequent formation of VEGFR2
homodimers and their autophosphorylation [12]. Our study
showed that VEGFR2 mRNA was expressed in human
NSCLC cells cultured in vitro, but its levels varied sig-
nificantly across different cell lines. And endostatin treat-
ment was associated with decreases in VEGFR2 expression
at both the mRNA and protein levels, and its protein
phosphorylation level was also reduced, suggesting that
endostatin acts by directly inhibiting VEGFR2 expression
and activation. When VEGFR2 expression was reduced,
Calu-1 cells exhibited increased apoptosis and disrupted
cell cycle progression with cells accumulating in the G2/M
phase and increased radiosensitivity (SER = 1.38).
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However, A549 cells, which express low levels of
VEGFR2, did not show enhanced radiosensitivity upon
endostatin treatment (SER = 1.09), suggesting that endo-
statin has limited radiosensitizing effect on tumors
expressing low levels of VEGFR2. The heterogeneous
effect of endostatin observed clinically may be due to
variable levels of VEGFR2 in patients’ tumors. In this way,
the current study provides a theoretical basis for improving
the therapeutic effects of endostatin, suggesting that
endostatin should be primarily used in patients whose
tumors express high levels of VEGFR2.

There is some question regarding the mechanism that
mediates the radiosensitizing effect of endostatin down-
stream of its inhibition of VEGFR2 expression. Earlier
studies have shown that HIF-1a is a transcription factor
that is widely expressed in mammalian and human tissues
under hypoxic conditions. It binds to hypoxia-inducible
elements to activate the transcription of many downstream
genes, including VEGF, erythropoietin (EPO), and gly-
colytic enzymes, thereby promoting tumor invasion and
radioresistance [13]. Meijer et al. found that inhibiting
HIF-1a. expression in tumor cells enhanced their
radiosensitivity [14]. The connection between VEGFR2
and HIF-1a was also examined. Here we found that when
VEGFR2 was downregulated by endostatin, HIF-1lo
expression was inhibited at both the mRNA and protein
levels, and this inhibition was positively correlated with the
changes in VEGFR2 expression (r, = 0.779, P = 0.001),
suggesting that VEGFR2 signaling regulates HIF-1a
expression. Agani et al. found that, under normoxic con-
ditions, HIF-la expression in tumors was induced by
insulin, insulin-like growth factors (IGFs), epithelial
growth factor (EGF), and interlukin (IL)-1 through the
PI3 K pathway [15]. These ligands bind to and activate
their respective tyrosine kinase receptors, which in turn
activate PI3 K, Akt, and mTOR, and subsequently mTOR
upregulates HIF-1a protein levels in cells. The mitogen-
activated protein kinase (MAPK) family includes three
main categories: ERK1/2, p38 MAPK, and c-Jun N-ter-
minal kinases/stress-activated protein kinases. In vivo and
in vitro studies have found that ERK1/2 and p38 MAPK
can directly phosphorylate HIF-1o, augmenting its tran-
scriptional activity [16, 17]. Results also showed that
ERK1/2 promotes the phosphorylation of p300/CBP and its
binding to HIF-1a, thus indirectly inducing HIF-1a acti-
vation [18]. Our results showed that VEGF stimulation
phosphorylated and activated VEGFR2 and its downstream
signaling molecules Akt, ERK1/2, and p38; endostatin
treatment blocked VEGFR2 activation, leading to deacti-
vation of Akt, ERK1/2, and p38. These data suggest that
activated VEGFR2 promotes HIF-1a expression through
PI3 K/Akt and MAPK/ERK pathways. However, in A549
cells that express low levels of VEGFR2, HIF-1a is still
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<«Fig. 4 Endostatin had no effect on apoptosis, cell cycle progression,
or radiosensitivity in A549 cells. A549 cells were compared to Calu-1
cells in their responses to endostatin. Cells in control and drug-only
groups (as in Fig. 3) were used in RT-PCR and Western blot assays.
Cells in control and combined treatment groups (as in Fig. 3) were
used in flow cytometric analysis of apoptosis and cell cycle
distribution. Colony-formation assays were performed as in Fig. 3.
a VEGFR2 mRNA level in A549 cells was nearly undetectable by
RT-PCR. b The inhibitory effect of endostatin on the protein levels of
VEGFR2 and HIF-1a was not significant (P = 0.315, P = 0.628).
¢ The apoptosis-inducing effect of endostatin was more pronounced in
Calu-1 cells than in A549 cells. d Endostatin had a more pronounced
effect on G2/M phase cell accumulation in Calu-1 cells than in A549
cells. e Endostatin enhanced radiosensitivity of Calu-1 cells but not
that of A549 cells (SER = 1.09) (*P < 0.05, **P < 0.01, compared
with control)

expressed at high levels, presumably through VEGFR2-
independent pathways. As mentioned earlier, IGFs, EGF,
IL-1 can stimulate HIF-1a expression [15]. In addition,
Nilsson et al. reported that, under normoxic conditions,
activation of receptor tyrosine kinases (RTKs), such as
VEGFR1, PDGFR-f, and EGFR increased HIF-1a levels
[19]. In this way, the high levels of expression of HIF-1o in
A549 cells may have been caused by some of these
mechanisms.

In summary, the current work shows that in tumor cells
expressing high levels of VEGFR2 mRNA, and its proba-
ble mechanism is that VEGFR2 activates HIF-1a expres-
sion through PI3 K and MAPK/ERK pathways, leading to
radioresistance. Endostatin inhibits the activation of
VEGFR2, thereby downregulating HIF-1o expression,
enhancing the radiosensitivity of tumor cells, and
improving the efficacy of radiation therapy. This study thus
provides a theoretical basis for the clinical use of endo-
statin in combination with radiotherapy in anti-tumor
therapies.
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