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TRAIL overexpression co-regulated by Egrl and HRE
enhances radiosensitivity of hypoxic A549 cells
depending on its apoptosis inducing role
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Abstract. Ionizing radiation can upregulate the expression
levels of TRAIL and enhance tumor cell apoptosis. While
Early growth response 1 (Egrl) gene promoter has radiation
inducible characteristics, the expression for exogenous gene
controlled by Egrl promoter could be enhanced by ionizing
radiation, butits efficiency is limited by tissue hypoxia. Hypoxia
response elements (HREs) are important hypoxic response
regulatory sequences and sensitivity enhancers. Therefore, we
chose TRAIL as the gene radiotherapy to observe whether it
is regulated by Egrl and HER and its effects on A549 cells
and its mechanism. The pcDNA3.1-Egrl-TRAIL (pc-E-hsT)
and pcDNA3.1-HRE/Egrl-TRAIL (pc-H/E-hsT) plasmids
containing Egrl-hsTRAIL and HRE/Egrl-hsTRAIL were
transfected into A549 cells, the cells were treated by hypoxia
and radiation. The TRAIL mRNA in the cells and protein
concentration in the culture supernatants were measured by
RT-PCR and ELISA, respectively. Mean lethal dose D, value
was evaluated with colony forming assay. The cell apoptotic
rates were analyzed by FCM and TUNEL assay. Expression
of DR4, DR5 and cleaved caspase-3 proteins were analyzed by
western blotting. It showed that TRAIL mRNA expression and
TRAIL concentration all significantly increased under hypoxia
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and/or radiation. D, value of pc-H/E-hsT transfected cells
under hypoxia was lowest, indicating more high radiosensi-
tivity. Hypoxia could not cause the pc-E-hsT transfected cell
apoptotic rate increase, but there were promoting effects in
pc-H/E-hsT transfected cells. DR4 had not obvious change in
pc-E-hsT and pc-H/E-hsT transfected cells under normoxic
and hypoxic condition, otherwise, DR5 and cleaved caspase-3
increased mostly in pc-H/E-hsT transfected cells under
hypoxic condition. TRAIL overexpression was co-regulated
by Egrl and HRE. TRAIL might promote hypoxic A549 cell
radiosensitivity and induce apoptosis depending on DRS to
caspase-3 pathways.

Introduction

Lung cancer is the most common malignancy, its mortality
ranks first, and more than a million of patients die from lung
cancer each year world-wide. Although surgery, radio- and
chemotherapy, and other treatments all were used for lung
cancer, but the therapeutic results are limited. Therefore, the
combined therapy strategy used to kill the tumor cells has
become a hotspot in the field of cancer treatment research.
Cancer treated by genetic means combined with radiotherapy
is a method proposed recently (1). The enhancements of tumor-
killing gene expression and radiotherapy produce synergistic
effects to inhibit tumors.

With the aim to improve the clinical outcomes of locally
advanced cancer, various radiotherapeutic approaches have
been implemented. Tumor gene-radiotherapy is a strategy
proposed for a large quantity of genes inducing tumor cell
apoptosis, inhibiting oncogenic activity, reducing angiogenic
activity to sensitize cells to radiation. Usually, tumor cell
apoptosis resistances is a central hallmark of carcinogenesis,
consequently the efficacy of all anti-tumor treatments is
limited by the presence of cells displaying alterations in their
apoptotic machinery (2). Selective induction of apoptosis in
malignant cells may represent a central therapeutic strategy in
radiation oncology (3). Tumor necrosis factor related apoptosis
inducing ligand (TRAIL) was coloned from human lympho-
cytes and cardiac muscle cDNA by Wiley et al (4). In recent
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years, by virtue of its pro-apoptotic effect on cancer cells, but
not normal cells, TRAIL has been considered a promising
candidate for tumor gene therapy, even tumor gene-radio-
therapy (5-8). Gene-radiotherapy based on TRAIL has
significant synergistic effect, which has improved curative
effect in breast cancer treatment of preclinical experiments
and I-II stage clinical trials (9). Some studies confirm that
ionizing radiation can upregulate the expression levels of
TRAIL and death receptors (DR4 and DRS5) and promote the
enhancement of tumor cell apoptosis. DR4 and DR5 recep-
tors have pro-apoptotic activity, but decoy receptors DcR1
and DcR2, and osteoprotegerin have none (7). DR4 and
DRS5 are the only proapoptotic TRAIL-receptors, that may
regulate apoptosis by caspase-8 or caspase-10 to caspase-3
pathways (10).

Gene expression enhancement mediated radiation induc-
ible promoter became impossible in tumor gene-radiotherapy,
the early growth response 1 (Egrl), also known as NGFI-A,
zif268, TIS8, cef5S and krox24, has been shown to have
the characteristics, it contains 6 serum response elements,
[CC(A/T)¢GG], which are essential for Egrl gene activation
by radiation (11). In 1992, Weichselbaum and his collegues
concluded that Egrl promoter could be linked to encoding
region of exogenous genes to activate the transcription and to
enhance protein expression levels by ionizing radiation (12).
One by one, many studies have confirmed the radiation-
inducible characteristics of Egrl promoter, the exogenous
genes included TNF-a, IFN-vy, endostatin and TRAIL, etc,
gene-radiotherapy based on Egrl promoter became a hotspot
of radiation oncology (8,13-15). It is well known that hypoxia
is a common phenomenon in solid tumor development, it
causes tumor radio- and chemotherapy resistance. In addi-
tion, Egrl promoter inducible activity by radiation was
greatly reduced under hypoxic condition, which was caused
by oxygen-free radical reduction (16,17). Hypoxia response
elements (HREs) are important hypoxic response regulatory
sequences and sensitivity enhancers, and have higher activity
in solid tumor. Some studies constructed HRE and Egrl
dual-sensitive promoter, and gene transcriptional activity
was enhanced significantly under hypoxic conditions, which
might make hypoxia a contributing factor for radiotherapy
treatment (18,19).

In order to achieve the maximum effects of tumor gene-
radiotherapy, in the current study, pro-apoptotic gene human
secreted TRAIL (hsTRAIL) was mediated by dual sensi-
tivity promoter HRE/Egrl to form recombinant expression
plasmid pc-H/E-hsT, and pc-E-hsT was used as a control.
After transient transfection into human lung adenocarcinoma
AS549 cells, the radiosensitivity under normoxic and hypoxic
condition was evaluated, to determine whether pc-H/E-hsT
may serve as a novel gene-radiotherapeutic agent for cancer
treatment.

Materials and methods

Construction of recombinant plasmid. The pshuttle-hsTRAIL
and pMDI9T-Egrl plasmids were constructed and kindly given
by Dr Yan-bo Li, School of Public Health and Family Medicine,
Capital Medical University. Egrl fragment was obtained from
pMDI19T-Egrl vector digested by Xbal and HindIII, hsTRAIL
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fragment was obtained from pshuttle-hsTRAIL vector
digested by Kpnl and BamHI, HRE dual-strand containing
MIlul and Sacl restriction site were by Biochemical synthesis
(Sangon Biotech Co., Ltd., Shanghai, China). The pc-E-shT
and pc-H/E-shT plasmids were constructed by gene recombi-
nation technique as shown in Fig. 1.

Cell culture and transfection. Human lung adenocarcinoma
AS549 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). A549 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
(Invitrogen, Carlsbad, CA, USA). DMEM was supplemented
with 10% fetal bovine serum (FBS) (Invitrogen), penicillin
(Invitrogen) (100 U/ml), streptomycin sulfate (Invitrogen)
(100 pg/ml), at 37°C in a humidified 5% CO, atmosphere.
The cells were transfected with the Lipofectamine™ 2000
(Invitrogen) reagent according to the manufacturer's protocol.
Cells were incubated for 6 h, then the transfection medium
were replaced by fresh complete growth medium.

Cell hypoxia and irradiation. A549 cells were transfected
with pc-E-hsT and pc-H/E-hsT as described above. After 24 h,
CoCl, (Sigma, St. Louis, MO, USA) were added into the wells
of plate at 150 gmol/I final concentration to study hypoxia, after
24 h, cells were exposed to X-rays using an X-ray generator
(model XSZ-720/20, Dandong, Liaoning, China) with 200 kV
and 18 mA. The dose rate of irradiation was 0.342 Gy/min,
4 Gy total dose was used (8).

RT-PCR and ELISA. A549 cells were seeded into 6-well plates
by 5x10° cells/well, after transfection, hypoxia and irradiation
as described above, culture supernatant were collected to
measure TRAIL concentration by enzyme-linked immunosor-
bent assay (ELISA). While total RNA were extracted using
TRIzol reagent (Invitrogen). RNA of each sample (200 ng)
was synthesized into cDNA by RT-PCR kits (Takara, Dalian,
China). Following primers were synthesized by Takara,
GAPDH forward: 5-TATTGGGCGCCTGGTCACCA-3',
reverse: 5'-CCACCTTCTTGATGTCATCA-3'; amplicons
were 187 bp; hsTRAIL forward: 5'-CATCTATTCCCAAAC
ATACTT-3', reverse: 5'-CCCTTGATAGATGGAATAGA-3',
amplicons were 746 bp. The PCR reaction were performed:
94°C for 5 min; 94°C for 30 sec, 62°C for 30 sec, and 72°C for
45 sec, 30 cycles; 72°C for 10 min. Amplified products were
separated in 1% agrose gels and visualized using ethidium
bromide staining. Band intensities were quantified using a gel
imaging instrument and Quantity One software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The hsTRAIL concen-
tration in the culture supernatants were measured by ELISA
kits (R&D Systems, Inc., Minneapolis, MN, USA) according
to the manufacturer's protocol.

Colony forming assay. A549 cells were seeded into
60-mm dish by 5x10°/dish, after transfection and hypoxia as
described above. Cells were digested, then they were seeded
again into 60-mm dish at 1x10%dish (0 Gy), 2x10%/dish (2 Gy),
6x10%/dish (4 Gy), 2x10%/dish (6 Gy), 5x10*/dish (8 Gy) and
5x10%/dish (10 Gy). The DMEM was replaced every 2 days
for 10 days. Cells were fixed with methanol and dyed with
Giemsa, the colonies were counted. The survival fraction (SF)
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Figure 1. Construction of recombinant plasmid pc-E-hsT and pc-H/E-hsT.
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Figure 2. Detection of TRAIL mRNA in cells and protein in culture superna-
tant by hypoxia (H) and irradiation. (A) TRAIL PCR product electrophoresis,
GAPDH was used as an loading control. (B) Upper: Quantification of TRAIL
mRNA levels. Lower: Concentration of secreted TRAIL protein by ELISA.
"P<0.05, “P<0.01 as compared with control group, “P<0.05, *P<0.01 as com-
pared with 4 Gy.

was calculated upon the rate of treated group colony number
to untreated group colony number. Mean lethal dose D, value

was calculated using linear correlation and regression anal-
ysis. A smaller D, value indicates a higher radiosensitivity.

Flow cytometry. Apoptotic rate was measured by Annexin V
staining of externalized phosphatidylserin in apoptotic cells
using FCM (Becton-Dickinson Co., Franklin Lakes, NJ,
USA) with Annexin V/FITC kit (KeyGen Biotech, Nanjing,
China). Briefly, A549 cells were seeded into 24-well plate
by 1x10°%/well, after transfection, hypoxia treatment and
irradiation as described above, cells were harvested and
washed with phosphate-buffered saline (PBS) 3 times, and
stained with Annexin V-FITC and propidium iodide (PI)
(KeyGen Biotech) for 10 min at room temperature according
to the protocol of the manufacturer. The apoptotic cells
were analyzed by FCM, which display Annexin V*/PI (early
apoptosis) or Annexin V*/PI* staining (late apoptosis) (20).
There were 3 replicate wells per group. The experiment was
performed in triplicate.

TUNEL assay. A549 cells were seeded into 24-well plate
with clean coverslip by 5x10%/well, after transfection, hypoxia
treatment and irradiation as described above, the coverslip
were removed and fixed with 4% paraformaldehyde, TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling) (KeyGen Biotech) reaction was performed
according to the manufacturer's protocol. The cells were
stained with diaminobenzidine (DAB) for 10 min and coun-
terstained with Mayrow hematoxylin. TUNEL positive cells
from 100 cells in one visual field under a microscope were
counted, 3 fields were randomly selected for one sample.

Western blotting. A549 cells were seeded into 6-well plates
at 5x10° cells/well, after transfection, hypoxia and irradia-
tion as described above, cells were collected into Eppendorf
tubes, total proteins were extracted with cold lysis buffer
(10 mmol/l1 Tris-HCI, pH 7.4; 1 mmol/l EDTA, pH 8.0;
0.1 mol/l NaCl; 1 pg/ml aprotinin; 100 zxg/ml PMSF), and the
protein concentration was determined by using Coomassie
brilliant blue protein assay from Jiancheng Bioengineering
Institute (Nanjing, China). For western blotting, 25 ug protein
was separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and then transferred to
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Figure 3. Dose-survival curve of A549 cells under normoxic and hypoxic condition. (A) Under normoxic condition; (B) under hypoxic condition.

nitrocellulose membranes. The membrane was blocked in PBS
containing 5% free-fat milk for 1 h, then incubated at 4°C with
anti-DR4, anti-DRS, caspase-3 and [-actin antibody overnight
(1:200, 1:200, 1:150 and 1:500, Santa Cruz Biotechnology, Inc.
Santa Cruz, CA, USA), and then incubated with horseradish
peroxidase-conjugated secondary antibody (1:2000, Pierce,
Rockford, IL, USA) at 37°C for 1 h. Bound antibodies were
visualized by chemiluminescence reagents.

Statistical analysis. All statistical analyses were performed by
SPSS12.0 (statistical package for the social science program
12.0) (SPSS Inc., Chicago, IL, USA). The data are presented
as mean + SD and subjected to one-way ANOVA followed by
Student's t-test, and P<0.05 was considered significant.

Results

Characterization of TRAIL expression following hypoxia
and irradiation. To characterize TRAIL expression
following hypoxia and irradiation, TRAIL mRNA ampli-
cation products were made using DNA electrophoresis
(Fig. 2A). As compared with control, TRAIL mRNA
significantly increased after 4 Gy irradiation (P<0.001),
and recombinant plasmids combined with 4 Gy irradiation
increased TRAIL mRNA expression significantly (P<0.001),
furthermore, after cells were transfected with recombinant
plasmids, they were treated by hypoxia and irradiation,
TRAIL mRNA increased the most (P<0.001), even compared
with 4 Gy (P<0.05, P<0.001) (Fig. 2B). In addition, secreted
TRAIL concentration in culture supernatant was measured
by ELISA, as compared with control group, 4 Gy irradiation
alone increased protein concentration significantly (P<0.05),
the combination with plasmids increased the protein concen-
tration the most (P<0.001), while there were no obvious
difference between the two plasmids. Secreted TRAIL
concentration was increased the most in cells treated by
recombinant plasmids transfection, hypoxia and irradiation
(P<0.001), even compared with 4 Gy (P<0.001) (Fig. 2B).

Difference of radiosensitivity between transfected pc-E-hsT
and pc-H/E-hsT cells under hypoxic and normoxic condition.
In order to compare the difference of radiosensitivity between
transfected pc-E-hsT and pc-H/E-hsT cells under hypoxic
and normoxic condition, cologenic assay was introduced (21).

The survival curves were constructed and D, value were
determined. Under normoxia condition, the survival curve
for cells transfected with pc-E-hsT and pc-H/E-hsT plasmids
had much steeper slopes, and there was no obvious difference
between two plasmids, D, value of control, pc-E-hsT and
pc-H/E-hsT group was 3.26, 1.91 and 1.89 Gy, respectively
(Fig. 3A). In addition, under hypoxia condition, the survival
curve for control cells, cells transfected with pc-E-hsT and
pc-H/E-hsT plasmids gradually became steeper, D, value
of control, pc-E-hsT and pc-H/E-hsT group was 4.81, 2.54
and 1.13 Gy, respectively (Fig. 3B). These results indicated
that hypoxia can cause A549 cell radioresistance, pc-E-hsT
can increase radiosensitivity, even in hypoxia condition,
while pc-H/E-hsT can overcome radioresistance induced by
hypoxia increasing radiosensitivity the most.

Transfection of cell apoptosis rates induced by hypoxia
and irradiation. Cell apoptosis was attributed to the radio-
sensitivity of cancer cells (22), therefore, apoptotic rate was
measured to identify the hypothesis. The cell apoptotic rate
was subsequently calculated based on the combined percent-
ages of early apoptosis (Annexin V*/PI') and late apoptosis
(Annexin V*/PI*) detected by flow cytometry and TUNEL
(Fig. 4A). Quantification of apoptotic rate found that as
compared with control group, 4 Gy irradiation could signifi-
cantly induce apoptosis increase (P<0.001), and the roles of
combination with pc-E-hsT and pc-H/E-hsT plasmid trans-
fection, hypoxia and irradiation was more obvious (P<0.001),
even as compared with 4 Gy (P<0.05, P<0.001), but there
were no obvious difference between the plasmids. Based
on transfection of plasmids, cells treated with hypoxia and
irradiation, hypoxia did not increase pc-E-hsT transfected
cells apoptotic rate, but promoted pc-H/E-hsT transfected
cells. Additionally, apoptotic rate measured by TUNEL was
similar with FCM (Fig. 4B). Taken together, plasmid carrying
Egrl promoter played inducible roles under normoxia and
hypoxia, but promoter HRE only under hypoxia.

DRA4, DRS and caspase-3 expression levels after transfection,
hypoxia and irradiation. TRAIL and DR4, DRS5 receptors
regulated apoptosis upon caspase-8 or caspase-10 to caspase-3
pathways, caspase-3 cleaved fragments, then caused cell apop-
tosis (10). As shown (Fig. 5),4 Gy irradiation caused DR4, DR5
and cleaved caspase-3 increase, DR4 had not obvious change
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Figure 4. Apoptosis in transfected A549 cells induced by hypoxia and irradiation. (A) representative examples of apoptosis measured by FCM and TUNEL.
Apoptotic cells are stained brown by TUNEL (Black arrow, x200). (B) Quantitative analysis of apoptotic rate detected by FCM and TUNEL. "P<0.05
(TUNEL), “P<0.01 (FCM and TUNEL) as compared with control group, “P<0.05 (FCM and TUNEL), #P<0.001 (FCM) as compared with 4 Gy.

in pc-E-hsT and pc-H/E-hsT transfected cells under normoxic
and hypoxic condition. DR5 and cleaved caspase-3 increased
mostly in pc-H/E-hsT transfected cells under hypoxic condi-
tion. These results also indicated TR AIL overexpression could
induce A549 cell apoptosis, and its regulation was by TRAIL
and DRS5 to caspase-3 pathway, but not DR4.

Discussion

Tumor gene-radiotherapy is a method put forward in recent
years to treat tumors. It is used to transfer an exogenous
gene into cells, which can kill tumor cells and enhance
radiosensitivity. It is synergistic on gene and radiation in

local radiotherapy (22). It had been reported that Egrl was
transcriptionally induced by radiation exposure, and the
radiation inducible role was conferred by serum response
or CC(A/T)6GG elements in its promoter region (12,23).
Therefore, the expression for exogenous gene controlled
by Egrl promoter could be enhanced by ionizing radiation
temporally, spatially and dose-dependently (24). However,
Egrl promoter inducible activity by radiation was greatly
reduced under hypoxic condition, which was caused by
oxygen-free radical reduction (16,17). Therefore, some
strategies to enhance Egrl radiation inducible characteristics
were applied. Such as an adenoviral vector carrying Egrl
promoter, more efficient transferring system that controls
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Figure 5. Expression of DR4, DRS5 and cleaved caspase-3 proteins in A549
cells by western blotting. DR4 (44 kD), DR5 (43 kD), cleaved caspase-3
(19 kD and 17 kD) and f-actin (42 kD) expression levels in A549 cells.

the expression of tumor necrosis factor-a (Ad-Egrl-TNF-a)
was shown to enhance anti-tumor response, TNF-a was pref-
erentially activated in tumors by ionizing radiation using the
system (25).

In addition, the presence or absence of molecular oxygen is
known to influence the biological effect of ionizing radiation;
cells obtain radioresistance under hypoxic conditions (26).
Although tumor hypoxia is one of the major obstacles in
radiotherapy, we can take advantage of it as a tumor-specific
therapeutic target to improve tumor radiation resistance, then
significantly promoting tumor killing effects. HRE/Egrl dual
sensitive promoter depending on HRE inducible features under
hypoxic condition could effectively improve Egrl promoter
transcription ability. In the present study, we successfully
constructed TRAIL gene expression system regulated by
HRE/Egrl chimeric promoters.

Adverse side effects that can arise from the non-specific
killing of normal cells with high doses of radiation limits
the clinical application of radiotherapy (27). Consequently,
strategies that sensitize tumor cells to radiation and decrease
the necessary radiation dose, while increasing treatment
specificity, are essential for achieving successful radiotherapy.
Tumor necrosis factor-related apoptosis inducing ligand
(TRAIL) was found coloned from human lymphocytes and
cardiac muscle cDNA by Wiley et al, it is known as apoptosis-2
ligand (Apo-2L), and is a member of TNF superfamily (4). In
recent years, by virtue of its pro-apoptotic effect on cancer
cells, but not normal cells, TRAIL has been considered a
promising candidate for tumor genetherapy, even tumor gene
radiotherapy (5-8). Targeting TRAIL therapy, either alone or
in conjunction with other therapies, has been extensively used
for tumor treatment. In comparison with the soluble recom-
binant TRAIL protein, TRAIL gene therapy may overcome
protein instability and resistance, and neighboring cancer
cells untransfected by TRAIL can be killed via bystander
effect (28,29). In the present study, human secreted TRAIL
(hsTRAIL) was mediated by HRE and Egrl together, nRNA
and ELISA results showed that radiation alone can not induce
increase of TRAIL expression, inducible activity of Egrl has
no obvious difference under normoxic and hypoxic conditions.
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TRAIL expression may increase under hypoxic condition
with additional regulation of HRE, indicated that HRE/Egrl
chimeric promoters can improve the inefficient Egrl under
hypoxic condition.

Cell viability, proliferation and apoptosis rates are all
factors attributed to radiosensitivity of cancer cells (30).
Therefore, we investigated whether overexpression of TRAIL
can sensitize lung cancer cells to radiation using a clonogenic
assay and cell apoptosis by FCM (31). Under normoxic
condition, sensitization ability of pc-E-hsT and pc-H/E-hsT
plasmids on A549 cells was basically similar, but under
hypoxic condition, sensitization ability of pc-H/E-hsT plas-
mids was stronger than that of pc-E-hsT. Furthermore, taking
into account the role of apoptosis on radiosensitivity, changes
induced by radiation was analyzed, and FCM and TUNEL
results showed that radiation induced cell apoptosis, TRAIL
overexpression mediated by Egrl promoter induced more
apoptosis. Moreover, if TRAIL overexpression was medi-
ated by Egrl and HRE together, radiation-induced apoptosis
occurred mostly under hypoxic condition. On the contrary,
hypoxia was beneficial for cancer radiotherapy. In addition,
TRAIL as well as DR4 and DRS5 receptors regulated apop-
tosis upon caspase-8 or caspase-10 to caspase-3 pathways,
caspase-3 was cleaved into active fragments, then caused cell
apoptosis (10). In the present study, DRS5 receptor played pro-
apoptosis role with TRAIL, and DR4 receptor pro-apoptosis
role was similar. Subsequently, caspase-3 was cleaved into
active fragments, this also indicated apoptotic characteristics
as described above.

Collectively, TRAIL overexpression co-regulated by Egrl
and HRE promoters may enhance A549 cell radiosensitivity
under hypoxic condition, which have important implication
for clinical radiation treatment of lung cancer. Moreover,
radiosensitivity enhancement of A549 cells is related to
TRAIL-mediated apoptosis depending on TRAIL and DRS5 to
caspase-3 pathways. Thus, our results and conclusions provide
theoretical and experimental bases for future clinical applica-
tion of hypoxic lung cancer radiotherapy.
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