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Abstract

Radiotherapy has played a key role in the management of non—small-cell lung cancer (NSCLC). However, the
use of radiotherapy in treating NSCLC is limited because of the intrinsic radiation resistance of tumor cells and injury
to adjacent normal tissues. Many oncogenes are reported to be involved in radioresistance. Thus, novel molecular-
targeting approaches to enhance the radiosensitivity of NSCLC cells are required to improve the therapeutic efficiency
of radiotherapy. In this study, we report that expression of the human endogenous retrovirus-R (HERV-R) env gene is
greatly elevated in y-irradiation resistant A549 cells compared with radiation sensitive H460 cells. In addition, the HERV-R
env gene was significantly increased in A549 cells after treatment with y-irradiation. HERV-R env knockdown by siRNA
in irradiated A549 cells led to overexpression of TP53 mRNA, followed by significant elevation in the levels of CDKN1A
mRNA. Moreover, the expression of the apoptosis-related FAS-1 gene was increased, whereas the expression levels of
the anti-apoptotic gene BCL2 were significantly decreased in the A549 cells in which the HERV-R env was suppressed
by y-irradiation. These results suggest that knockdown of HERV-R env with y-irradiation causes cell cycle disturbances,
which in turn induces apoptosis. In conclusion, the combination of HERV-R env knockdown and y-irradiation has the
potential to improve the therapeutic efficiency of radiotherapy for NSCLC.
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Introduction

Ionizing radiation has been widely used for the treatments of
many tumors, either alone or in combination with chemotherapy.
However, radiation therapy has limitations because of the intrinsic
radioresistance of tumors and the occurrence of injury to adjacent
normal tissues, such as the heart, liver, and lung, which are important
clinical problems [1]. A number of oncogenes and tumor suppressor
genes have been suggested to play important roles in radiosensitivity.
For example, expression of oncogenes including Ras, Myc, Raf, and
mutated TP53 correlates with radioresistance in many tumor cells [2-
6], whereas tumor suppressor genes including wild-type TP53 and p16
are closely linked to radiosensitivity [7,8]. Thus, cancer-related genes
may be involved in radioresistance.

Human endogenous retroviruses (HERVs) occupy about 8% of the
human genome [9] and have been derived from exogenous retroviruses
by ancient germ cell infection [10]. Most HERV sequences have defective
structures, such as truncations, deletions, and insertions. However,
some HERV families, or family members, retain full-length sequences
containing a functional open reading frame (ORFs) in the env region
[11]. These env genes are expressed in particular physiological contexts
and in various human diseases [12,13]. Moreover, proviruses driving
the expression of their own retroviral proteins have physiological
functions, for example in promoting cell proliferation, cell-cell fusion,
anti-apoptotic functions, and immunosuppression [14-17]. A HERV
env genes also appear strictly expressed in various cancers, including
ovarian, prostate, and breast cancers, and melanoma [18-22].

HERV-R is located on human chromosome 7 and has an intact
ORF in the env region, encoding a protein with surface unit (SU)
and transmembrane (TM) domains [23,24]. The HERV-R envelope
protein contains a putative immunosuppressive domain, and the TM
domain may be involved in cell-cell fusion. Therefore, the HERV-R
envelope protein could potentially contribute to the formation of

syncytiotrophoblast in the placental chorionic villi during gestation [25-
27]. Nevertheless, the TM retroviral protein enhances tumorigenicity,
and is involved in autoimmune diseases, including type I diabetes.
Three env-containing mRNAs are transcribed from HERV-R: a 3.5-
kb transcript comprising only proviral sequences and 7.3-kb and 9-kb
transcripts that extend downstream of the provirus [23]. HERV-R
mRNAs are expressed in normal tissues in the brain, prostate, testis,
kidney, placenta, thymus, and uterus [28]. HERV-R env is regulated by
various endogenous and exogenous stimulants, for example cytokines,
steroids, drugs, orionizing radiations [29-32]. In particular, y-irradiation
induces upregulation of HERV-R env expression in normal human
cell lines [32]. The regulation of expression via y-irradiation is based
on epigenetic control mechanisms, including histone modification.
Expression of HERV-R env is also elevated in liver and lung cancers
compared to that in adjacent non-tumor tissues [33]. Thus, HERV-R
env is a potential biomarker for liver and lung cancers; however, the role
of HERV-R env in the cancers is yet to be elucidated.

In this study, the differential expression of HERV-R env in
fractionated, y-irradiation-treated lung cancer cell lines was observed,
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and the role of HERV-R envin cell radioresistance was investigated using Primer s GenBank

. . . equence R
knockdown experiments. HERV-R env knockdown in fractionated, Name q accession no.

-i i i i is- S : 5-CAT GGG AAG CAAGGGAACT-3'
y-irradiated cells was observed to induce upregulation of apoptosis HERV-R env AC073210
related genes. AS : 5-CTT TCC CCA GCG AGC AATAC -3'
al d hod GPY6 S : 5-TGA GGAAGC GAG TAA CCA-3' NM 021141

Materials and Methods AS : 5-GTC CAC ATC ACC ACC TTC-3' -

ionizi iati S:5-AGATCAAGA CGAGCC TGC ACC-3'
Cell culture and ionizing radiation GDF15 NM_004864

A549 and H460 cells were grown in RPMI1640 medium
supplemented with 10% fetal bovine serum and penicillin/streptomycin
and maintained in a humidified, 5%-CO, atmosphere at 37°C. For
irradiation, cells were seeded in 60-mm cell culture dishes, allowed
to grow to 60-80% confluence, and then irradiated with 2 Gy per day.
Total gamma-irradiation (Cs-137) doses were 2 Gy, 4 Gy, and 6 Gy at
a dose of 0.81 Gy/min. Experiments were performed in triplicate. All
irradiations were performed using a Gamma Cell 1000 Elan (Nordion
International, Inc., Ontario, Canada). Dishes containing control
cells were taken to the irradiation chamber, but were not exposed to
radiation.

In vitro siRNA treatment

siRNA targeting HERV-R env (5-AGG CAU AAC UAU AGG AGA
U-3’) and negative siRNA were purchased from RNAi Co. (Bioneer,
Korea). Cells were transfected with 100 nM siRNA by using the
Lipofectamine 2000 transfection reagent (Invitrogen). The cells were
incubated for 24 h after transfection, and then HERV-R env expression
was determined by means of real-time reverse transcription polymerase
chain reaction (RT-PCR).

RNA isolation and cDNA synthesis

A549 and HA460 cells were trypsinized, washed with phosphate-
buffered saline (PBS), followed by total RNA extraction using a High
Pure RNA isolation kit (Roche). For cDNA synthesis, 1 ug of pure
mRNA was reverse-transcribed in a 20 pL reaction volume containing
10 pmol oligo-dT, M-MLYV reverse transcriptase, and the corresponding
buffer. The reaction was carried out at 42°C for 90 min and terminated
by heating for 2 min at 95°C.

Real-time RT-PCR and statistical analyses

HERV-R env, radioresistance, and apoptosis-related genes were
analysed by means of real-time RT-PCR amplification. We also
performed real-time RT-PCR amplification on pure mRNA samples
without a reverse transcription reaction to confirm that the prepared
mRNA samples did not contain genomic DNA. All the primers used in
this study and their sequences are listed in Table 1. For normalization,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified.
The amplification efficiencies and correlation coefficients (R?) of the
env gene were determined from the slopes of the standard curves that
were obtained using a serial dilution series. Each primer pair exhibited
a single, sharp peak, indicating that the primers amplified only one
specific PCR product. Primer dimers were not observed. The sample
was added to a 19 pL reaction mixture containing 7 L H,O, 10 uL
QuantiTect SYBR Green PCR Master Mix (Qiagen, Valencia, CA),
and 1 pL each of the forward and reverse primers. Real-time RT-PCR
was performed in a Rotor Gene 3000 (Corbett Research, Australia) for
50 cycles of 94°C for 10 s, 58°C for 15 s, and 72°C for 15 s. Melting
curve analyses were carried out for 30 s at 55-99°C. All samples were
amplified in triplicate. The statistical significance of the differences
between two groups was determined using two-tailed Student’s -test.
P < 0.05 was considered to indicate a statistically significant difference.

AS : 5'-CAT TCC ACA GGG CAG GAC AA-3'
S:5-CTG GCC CCT GTCATCTTC TG-3'
TP53 NM_001126118
AS : 5-CCG TCATGT GCT GTG ACT GC-3' -

S :5-GGCACC TCACCT GCT CTG-3'

CDKN1A NM_001220777
AS : 5-TGG TAGAAATCT GTC ATG CTG G-3' -
S :5-CAA GGG ATT GGAATT GAG CA-3'
FAS-1 NM_000043
AS : 5'- GAC AAA GCC ACC CCAAGT TA-3' -
S:5-AGG AAG TGAACATTT CGG TGA C-3'
BCL2 NM_000633
AS : 5-GCT CAG TTC CAG GAC CAG GC-3' -
S : 5'-GAA GAT GGT GAT GGG ATT TC-3'
GAPDH NM_002046

AS : 5-GAA GGT GAA GGT CGG AGT-3'

Table 1: List of oligonucleotides used for quantitative real-time RT-PCR.

Results

Differential expression of radioresistance-related genes in 2
NSCLC cell lines

A549 lung adenocarcinoma cancer cells tend to be a more
radioresistant phenotype than H460 lung cancer cells. Previous
work has shown that A549 are more radioresistant than H460
cells [34,35]. We amplified the genes reported to contribute to
radioresistance by using real-time RT-PCR ([36,37]. GP96 and
GDF-15 gene expressions were significantly increased in A549 cells
compared to those in H460 cells (Figure 1). These data add weight
to previous work that showed that A549 cells are more radioresistant
than H460 cells.

Differential expression of HERV-R env in y-irradiated lung
cancer cells

To investigate differential expression of HERV-R env in y-irradiated
A549 and H460 cells, real-time RT-PCR analyses were performed
using cells subjected to y-irradiation at doses of 0 Gy, 2 Gy, 4 Gy, and

wwR
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Figure 1: Quantitative real-time reverse transcription-polymerase chain

reaction (RT-PCR) analyses of radioresistance-related genes in A549 and
H460 cells. Data represent the mean + SD (n = 3). Error bars indicate the
standard deviation. Experiments were performed in triplicate to ascertain the
reproducibility of the results (***P < 0.005, *P < 0.05).
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6 Gy (Figure 2). The mRNA levels of HERV-R env were significantly
increased at 4 Gy and 6 Gy of y-irradiation in A549 cells, but H460
cells did not show any trends of differential expression. We further
observed that HERV-R env expression was upregulated by 4.8-fold and
5.4-fold in A549 cells after exposure to 4 Gy and 6 Gy of y-radiation,
respectively, compared to non-irradiated A549 cells. Furthermore,
HERV-R env expression level was higher in A549 than in H460 cells
after exposure to 4 Gy and 6 Gy of y-radiation. These results suggest
that HERV-R env expression in radioresistant cells is significantly
increased by y-irradiation.

Effect of siRNA transfection on HERV-R env expression
The knockdown efficiency of HERV-R env expression by HERV-R

20

>
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WAS49
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Normalized relative expression
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=

,
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Figure 2: Comparison of HERV-R env gene expression in A549 and H460
cells after y-irradiation. Relative HERV-R env gene expression in A549 and
H460 cells was compared. The ratio was determined from the mRNA level at
24 h after fractionated y-irradiation at 2 Gy per day. Data represent the mean
+ SD (n = 3). Error bars indicate the standard deviation. Experiments were
performed in triplicate to ascertain the reproducibility of the results (***P <
0.005, **P < 0.01, *P < 0.05).

siRNAs was evaluated in A549 cells. Using real-time RT-PCR, HERV-R
env expression was found to be significantly reduced to 46.0 + 5.33%,
47.6 + 3.14%, and 21.8 + 6.32% in mock transfected control cells in
A549 cells transfected with 50 pmol, 80 pmol, and 100 pmol of siRNA,
respectively (Figure 3A). The 100 pmol siRNA transfection generated
the highest knockdown efficiency compared to the other concentrations.
In addition, HERV-R env expression remained significantly decreased
after HERV-R env siRNA treatment in y-irradiated A549 cells (Figure
3B). HERV-R env expression was significantly reduced to 23.3 + 3.64%,
38.4 + 1.88%, and 29.6 *+ 2.18%, respectively, in HERV-R env siRNA-
transfected A549 cells treated with 2 Gy, 4 Gy, and 6 Gy of fractioned
y-radiation.

HERV-R env knockdown induces upregulation of apoptosis
related genes and downregulation of anti-apoptotic gene in
radioresistant cells after y-irradiation

To determine whether inhibition of HERV-R env sensitizes A549
cells to radiation, expression levels of apoptosis-related mRNAs were
determined using real-time RT-PCR analysis. Levels of the TP53 mRNA
were significantly increased at 4 and 6 Gy of y-irradiation in HERV-R
env siRNA transfected A549 cells (Figure 4A). The CDKN1A mRNA was
also upregulated by 10.7-, 24.0-, and 14.1-fold in HERV-R env siRNA
transfected A549 cells after exposure to 2, 4, and 6 Gy of y-irradiation,
compared to non-irradiated A549 cells (Figure 4B). In addition, levels
of FAS-1 were increased at 2, 4, and 6 Gy of y-irradiation, compared to
non-irradiated A549 cells (Figure 4C). By contrast, expression of the
BCL2 gene was significantly decreased at 2, 4, and 6 Gy of y-irradiation
in HERV-R env siRNA transfected A549 cells (Figure 4D). These results
suggest that knockdown of HERV-R env led to increased transcription
of pro-apoptotic molecules, and decreased levels of anti-apoptotic
markers in y-irradiated A549 cells.
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Figure 3: Suppressing the expression of HERV-R env by siRNA in A549. (A) Relative HERV-R env gene expression was significantly reduced in HERV-R env siRNA
transfected A549 cells 24 h after transfection, as determined by quantitative real-time RT-PCR. (B) HERV-R env expression remained low in the negative control and
HERV-R env siRNA-transfected A549 cells after exposure to fractioned y-irradiation. Ratios were determined from the mRNA levels 24 h after exposure to fractionated
y-irradiation at 2 Gy per day. Data represent the mean = SD (n = 3). Error bars indicate the standard deviation. Experiments were performed in triplicate to ascertain
the reproducibility of the results (***P < 0.005, **P < 0.01, *P < 0.05).
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Figure 4: Fractionated y-irradiation-induced apoptotic molecules activation in HERV-R env siRNA transfected A549 cells. (A) TP53, (B) CDKN1A, (C) FAS-1, and (D)
BCL2 gene expression levels were determined by real-time RT-PCR. Cells were y-irradiated at fractionated doses of 2 Gy, 4 Gy, and 6 Gy 24 h after the transfection of
negative control (white), or HERV-R env, siRNA (black). Data represent the mean + SD (n = 3). Error bars indicate the standard deviation. Experiments were performed
in triplicate to ascertain the reproducibility of the results (***P < 0.005, **P < 0.01, *P < 0.05).
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Discussion

Many lung cancers, in particular non-small cell lung cancer
(NSCLC), are highly aggressive tumors with very poor prognoses. One
major treatment for lung cancer is radiotherapy; however, NSCLCs
with intrinsic radio- and drug-resistance have been reported [38]. In
addition, the response of NSCLCs with the same histology to radiations
can vary substantially [34]. Therefore, it is important to improve the
efficiency of radiotherapy, which could be achieved by adopting
novel molecular-targeting approaches to increase the radiosensitivity
of NSCLC cells [39,40]. In particular, A549 lung adenocarcinoma
cancer cells have been reported to tend towards a more radioresistant
phenotype compared with H460 lung cancer cells [34,35]. In this
study, we investigated whether the HERV-R env gene is involved in
radioresistance by comparing 2 NSCLC cell lines, A549 and H460.
Our results confirmed the differences in the basal expression levels of
radioresistance-related genes in response to radiation between A549
and H460 cells.

The radioresistance of cancer cells has been postulated to be
under the control of various oncogenes [2-6]. Previous studies
have provided evidence that the activity of retroelements, including
HERV families, plays a distinct role in tumorigenesis and tumor
progression via the activation of oncogenes or the expression of
functional proteins, including immunosuppressive proteins [12,41].
In particular, the TM cytoplasmic YXXM motif in the jaagsiekte
sheep retrovirus envelope protein has been shown to be tumorigenic
both in vitro and in vivo [42]. In addition, the fusogenic HERV

envelope protein exerts anti-apoptotic function, and downregulates
active caspase-3 expression [15]. HERV-R has been described as an
active provirus containing a long ORF that includes the TM and
SU domains in the env region that encodes viral envelope proteins.
These env transcripts are often activated by environmental stress
such as ionizing radiations, as well as by cytokines, steroids, and
drugs [29-32]. Moreover, HERV-R env is overexpressed in lung and
liver cancers compared with their adjacent non-tumor tissues [33].
However, whether the upregulation of HERV-R env by y-irradiation
plays a specific role in cancer is not yet known. Thus, we first
investigated whether HERV-R env expression changed in response to
y-irradiation in A549 cells. In these cells, the expression of HERV-R
env was significantly increased in a dose-dependent manner 24
h after fractioned y-irradiation with 4 Gy and 6 Gy (Figure 2).
However, no unusual expression of HERV-R env was observed
in H460 cells. A notable increase in HERV-R env expression is
triggered by exposure to ionizing radiation in radioresistant cells.
This finding is of special interest, the results of the present study
suggested for the first time that HERV-R env is potentially involved
in the regulation of radioresistance in lung cancer cells.

Human TP53 encodes the p53 nuclear protein, which is a
transcription factor with tumor suppressor functions [43]. As a key
regulator of cell growth and programmed cell death, DNA-damaging
agents, including UV, ionizing radiations, and chemical agents,
stimulate the expression levels of TP53. Activated p53 can induce cell
cycle arrest at the G1/S DNA damage recognition regulation point
[44,45]. CDKNIA encodes the p21 nuclear protein, also known as
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Figure 5: Schematic presentation of effects of HERV-R in radioresistant cells. (a) y-irradiation induces HERV-R expression in A549 cell line as radioresistant cells. (b)
Effects of combination of HERV-R siRNA and y-irradiation in A549 cell line. Downregulated HERV-R with y-irradiation leads to activation of apoptotic molecules or cell
cycle arrest related molecule. Inhibition of HERV-R in radioresistant cells might improve tumor cell radiosensitivity.
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cyclin-dependent kinase inhibitor 1, or CDK-interacting protein 1.
CDKNIA expression is controlled by the p53 protein, and p21 regulates
the p53-dependent cell cycle G1 phase arrest in response to DNA
damage stimulants. In addition, p21 can prevent cell division after
exposure to DNA-damaging agents, resulting in cell growth arrest [46].
TP53 and CDKNIA genes are, therefore, representative apoptosis-
related genes. Furthermore, the FAS gene encodes a member of the
TNF-receptor superfamily and contains a death domain. This gene has
been reported to play a key role in programmed cell death [47]. In this
study, to demonstrate the radiosensitizing effects caused by HERV-R
env knockdown, the abovementioned genes were used as apoptosis
markers. Quantitative RT-PCR showed high levels of TP53, CDKNIA,
and FAS-1 mRNA expression in HERV-R env siRNA-transfected A549
cells that were subjected to y-irradiation, compared to non-irradiated
cells (Figure 4). These results demonstrate that HERV-R env knockdown
cells subjected to y-irradiation upregulate TP53 expression in a dose-
dependent manner, followed by induction of CDKN1A expression. Our
observations suggest that the cell cycle arrest induced by HERV-R env
knockdown in y-irradiated cells might be mediated via functionally
activated p53. Furthermore, we observed that genes positively regulating
apoptosis, such as TP53, CDKNIA, and FAS-1 were upregulated, but
anti-apoptotic genes, including BCL2, were downregulated in HERV-R
env siRNA-transfected A549 cells subjected to y-irradiation; this was
not the case in non-irradiated cells. These data suggest that HERV-R
env knockdown may induces radiosensitizing effects via apoptosis and
cell cycle arrest; however, further study will be necessary to confirm the
phenotype and establish definitively the signalling pathway by which
HERV-R env knockdown induces radiosensitization and programmed
cell death.

In conclusion, this is the first study to demonstrate that HERV-R
env may be involved in the radioresistance phenotype of NSCLC A549
cells. This study showed that HERV-R env mRNA levels increase after
irradiation in A549 cells but not in H460 cells and that knockdown of
HERV-R env mRNA increased TP53, CDKNI1A and FAS-1 mRNA while
decreasing BCL2 mRNA. These results suggests the radiosensitizing
effects of HERV-R env, which is the target of the ionizing radiations, and
could be of great use in understanding the role of active HERV elements
in radioresistance (Figure 5). Taken together, these results indicating a
possible role of HERV-R env in mediating radiation resistance and as
such may be a useful target for novel anticancer strategies.
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