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Effects of Nrf2 knockdown on the properties of irradiated cell
conditioned medium from A549 human lung cancer cells
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Abstract. The nuclear factor erythroid 2-related factor 2 (Nrf2)
plays an important role in cellular defense against oxida-
tive stress. Recent studies have demonstrated that Nrf2 is a
useful target for cancer treatment, including radiation therapy.
Ionizing radiation affects, not only the irradiated cells, but also
the non-irradiated neighboring cells, and this effect is known
as radiation-induced bystander effect. Upon exposure to radia-
tion, the irradiated cells transmit signals to the non-irradiated
cells via gap junctions or soluble factors. These signals in turn
cause biological effects, such as a decrease in the clonogenic
potential and cell death, in the non-irradiated neighboring cells.
Nrf2 inhibition enhances cellular radiosensitivity. However,
whether this modification of radiosensitivity by Nrf2 inhibition
affects the radiation-induced bystander effects is unknown.
In this study, we prepared an Nrf2 knockdown human lung
cancer cell A549 and investigated whether the effects of irra-
diated cell conditioned medium (ICCM) on cell growth and
cell death induction of non-irradiated cells vary depending on
the Nrf2 knockdown. We found that Nrf2 knockdown resulted
in a decrease in the cell growth and an increase in the radio-
sensitivity of A549 cells. When non-irradiated A549 cells
were transfected with control siRNA and treated with ICCM,
no significant difference was observed in the cell growth and
proportion of Annexin V* dead cells between ICCM from
non-irradiated cells and that from 2 or 8 Gy-irradiated cells.
Similarly, no significant difference was observed in the cell
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growth and cell death induction upon treatment with ICCM in
the Nrf2 knockdown A549 cells. Taken together, these results
suggest that Nrf2 knockdown decreases cell growth and
enhances the radiosensitivity of A549 cells; however, it does
not alter the effect of ICCM on cell growth.

Introduction

Tonizing radiation causes biological effects, such as cell
death and chromosomal aberrations, on cells. There are
many evidences that ionizing radiation affects, not only the
irradiated cells, but also the non-irradiated neighboring
cells (1-3). Such response is known as radiation-induced
non-targeted effects, which includes genomic instability and
radiation-induced bystander effects. Genomic instability is
characterized by effects such as delayed gene mutation and
chromosomal aberrations that occur in the progeny of irradi-
ated cells (3). In radiation-induced bystander effects, it has
been suggested that the irradiated cells transmit signals to the
non-irradiated cells via gap junctions or soluble factors (such as
cytokines and growth factors) (1,2). To investigate the soluble
factor-mediated bystander effects in vitro, non-irradiated cells
were co-cultured with irradiated cells or cultured in irradiated
cell conditioned medium (ICCM). It has been reported that
non-irradiated cells co-cultured with irradiated cells or treated
with ICCM undergo various biological responses, such as DNA
double-strand breaks, decrease in clonogenic cell survival, and
cell death, similar to irradiated cells (1).

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a
transcription factor, which plays an important role in cellular
defense against oxidative stress (4). In response to oxidative
stresses, such as reactive oxygen species (ROS), Nrf2 rapidly
translocates to the nucleus and induces the expression of
various antioxidant genes, such as heme oxygenase-1. Recent
studies have demonstrated the over-activation of Nrf2 by the
somatic mutation of Nrf2 or its inhibitor Keapl in various
types of cancer (5,60). For example, Nrf2 promotes the prolife-
ration and metastasis of lung cancer and oesophageal cancer
cells (7,8). Moreover, the over-activation of Nrf2 leads to resis-
tance toward chemotherapeutic agents (7,9).

Low linear energy transfer radiations, such as X-rays,
cause biological damage through ROS production (10,11).
Nrf2-mediated cellular defense is involved in the cellular
response to ionizing radiation (12-14). Furthermore, it has
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been reported that Nrf2 downregulation by shRNA and
its inhibition using a small molecular weight compound
4-(2-cyclohexylethoxy)aniline enhance the sensitivity to
ionizing radiation (15,16). These results indicate that Nrf2 is
a useful target to improve the efficacy of cancer radiotherapy.
However, it remains unknown whether a modification of the
radiosensitivity by Nrf2 knockdown affects the property
of ICCM.

In this study, we hypothesized than the upregulation of
radiosensitivity by Nrf2 inhibition alters the [CCM-mediated
effects on non-irradiated cells. To test this hypothesis, we
transfected siRNA against Nrf2 into A549 human lung cancer
cells, which constitutively overexpress Nrf2 because they have
a somatic mutation in Keapl (5). We then investigated whether
the effects of ICCM from A549 cells on cell growth and cell
death induction vary depending on the Nrf2 knockdown.

Materials and methods

Reagents. Propidium iodide (PI) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Anti-Nrf2 anti-
body (cat. no. sc-13032) was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-f-actin
antibody (cat. no. 4967) and anti-rabbit horseradish peroxi-
dase (HRP)-linked IgG antibody (cat. no. 7074) were purchased
from Cell Signaling Technology Japan, K.K. (Tokyo, Japan).
Ambion's Silencer® Select Pre-designed siRNA against the
gene encoding Nrf2 (ID: $9492) and Silencer®™ Select Negative
Control 1 siRNA were purchased from Life Technologies
Corporation; Thermo Fisher Scientific, Inc. (Waltham, MA,
USA).

Cell culture. The A549 lung cancer cell line was purchased from
the American Type Culture Collection (Manassas, VA, USA).
A549 cells were maintained at 37°C in a humidified 5% CO,
atmosphere and cultured in RPMI 1640 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 1% peni-
cillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) and
10% heat-inactivated FBS (Japan Bioserum Co., Ltd., Nagoya,
Japan).

siRNA transfection. A549 cells were transfected with target or
control siRNA using Lipofectamine RNAIMAX (Invitrogen;
Thermo Fisher Scientific, Inc.), as previously reported (17).
The final concentration of siRNAs in the medium was 10 nM.
After incubating the cells with the medium containing siRNAs
for 48 h, transfected cells were collected and used for subse-
quent analyses.

In vitro irradiation. The cells were irradiated (150 kVp,
20 mA, 0.5-mm Al and 0.3-mm Cu filters) using an X-ray
generator (MBR-1520R-3; Hitachi Medical Corporation,
Tokyo, Japan) at a distance of 45 cm from the focus and a dose
rate of 1.00-1.05 Gy/min.

Clonogenic survival assay. To examine the radiosensitivity, the
cells were seeded on 60-mm diameter culture dishes (Iwaki,
Chiba, Japan) and cultured overnight. After culturing for 6 h,
the cells were exposed to X-ray radiation and incubated for
the next 8-11 days. Next, the cells were fixed with methanol
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and stained with Giemsa solution (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Colonies containing >50 cells
were counted.

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis(SDS-PAGE)andwesternblotanalysis.Proteinpreparation
and determination of the protein concentration were performed
as reported previously (18). SDS-PAGE and western blot anal-
ysis were performed as reported previously (19). The following
concentrations of primary antibodies were used: Anti-Nrf2
antibody (dilution, 1:3,000) and anti-actin antibody (dilution,
1:4,000). The secondary antibody used was HRP-linked
anti-rabbit IgG antibody (dilution, 1:10,000). Antigens were
visualized using the ECL Prime Western Blotting Detection
System (GE Healthcare Life Sciences, Chalfont, UK). Blots
were stripped using a commercially available stripping solu-
tion (Wako Pure Chemical Industries, Ltd.).

Medium transfer experiments. The schematic for medium
transfer experiments is shown in Fig. 1. Approximately
2.4x10° transfected cells were seeded onto 35-mm culture
dishes and cultured for 5 h to promote their adherence to
the dish. The cells were then exposed to X-rays, cultured for
24 h, and the cell conditioned medium was then collected by
centrifugation (1,000 rpm for 5 min at room temperature). After
centrifugation, the supernatant was collected and filtered using
a 0.45-mm syringe filter (2053-025; Iwaki) to remove cells
and debris. The filtrated cell conditioned medium (hereafter
referred to as ICCM) was used for subsequent experiments.

One day before collecting the ICCM, approximately
6.0x10* cells were seeded onto 35-mm culture dishes for
cell death analysis, or in a 12-well plate (BD Falcon) (100 or
120 cells) for colony assay, and cultured overnight to allow
for their adherence to the dish. On the following day, the
medium was aspirated and ICCM was added to the 35-mm
culture dishes or to the 12-well plate. After 3 days of culturing,
the cells that were seeded in the 35-mm culture dishes were
collected using 0.1% trypsin-ethylene diamine tetraacetic
acid (Gibco; Thermo Fisher Scientific, Inc.), and the number
of viable cells was counted using the trypan blue dye exclusion
assay. Finally, the harvested cells were used to perform the cell
death analysis.

The cells that were seeded in the 12-well plates for colony
assay were incubated for 8-10 days. The cells were then fixed
with methanol and stained with Giemsa solution. Colonies
containing >50 cells were counted.

Cell death analysis. Cell death was analyzed using
Annexin V-FITC (BioLegend, Inc., San Diego, CA, USA), PI,
and Annexin V binding buffer (BioLegend, Inc.), as reported
previously (20). Stained cells were analyzed by performing
flow cytometry (Cytomics FC500; Beckman Coulter, Inc.,
Brea, CA, USA). In the Annexin V/PI quadrant gating,
Annexin V/PI', Annexin V*/PI', and Annexin V*/PI* were
used to identify the fraction of viable cells, early apoptotic
cells, and late apoptotic/necrotic cells, respectively.

Statistical analysis. Data are presented as mean + standard
deviation. Comparisons between control and experimental
groups were performed using a two-sided Student's t-test or
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Figure 1. Schematic for medium transfer experiments. (A) The procedures of the collection of irradiated cell conditioned medium and treatment with ICCM.
(B) The relationship between ICCM donor and recipient cells. ICCM, irradiated cell conditioned medium; Nrf2, nuclear factor erythroid 2-related factor 2.

a two-sided Mann-Whitney U-test depending on the data
distribution. Non-parametric multiple data were analyzed
using the Kruskal-Wallis test followed by the Steel test.
Differences were considered significant at P<0.05. All
statistical analyses were performed using Excel 2016 soft-
ware (Microsoft Corporation, Redmond, WA, USA), with an
add-on software Statcel 4 (The Publisher OMS Ltd., Tokyo,
Japan).

Results and Discussion

We investigated whether the effects of ICCM from A549 cells
on growth and death induction vary depending on the regula-
tion of radiosensitivity by Nrf2 knockdown.

To this aim, we first transfected A549 cells with siRNA
against Nrf2, which led to a decreased Nrf2 protein expres-
sion in these cells (Fig. 2A). Furthermore, the radiosensitivity
of the Nrf2 knockdown cells was significantly higher than
that of the control cells (Fig. 2B). Consistent with previous
reports (14-16), our results indicate that Nrf2 regulates the
radiosensitivity of cancer cells.

Next, we investigated the effects of ICCM on the growth
and death induction in non-irradiated cells. The relationship
between ICCM donor and recipient cells is shown in Fig. 1B.
When non-irradiated A549 cells that were transfected with
control siRNA were treated with ICCM, no significant differ-
ence was observed in the cell growth (estimated using the
trypan blue dye exclusion and colony assays) between ICCM
from non-irradiated cells and that from 2 or 8 Gy-irradiated
cells (Fig. 3A and B). Furthermore, we did not observe any
significant difference in the proportion of Annexin V* dead
cells upon treatment with ICCM (Fig. 3C). Next, we performed

A SiRNA Control Nrf2

Nrf2

Actin

==}

14 ——siControl
ST =<0 - siNrf2

e
—
L

Surviving fraction
(=]
=

1E-3 4

2 4
Dose (Gy)

o 4

oo -

Figure 2. Effect of Nrf2 knockdown on the expression of Nrf2 protein and
radiosensitivity of A549 cells. (A) A549 cells treated with control siRNA or
siRNA against Nrf2 were harvested for western blotting of Nrf2, and actin
was used as a loading control. Representative blots are shown. (B) Cellular
radiosensitivity of Nrf2 knockdown A549 cells was analyzed by performing
the clonogenic survival assay. Data are presented as mean + standard
deviation of three independent experiments performed in triplicate. "P<0.01
compared with control cells. Nrf2, nuclear factor erythroid 2-related factor 2.

similar experiments using the Nrf2 knockdown A549 cells
and found that the cell growth and clonogenic potential were
significantly lower for Nrf2 knockdown cells treated with
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Figure 3. Cytotoxic effects of irradiated cell conditioned medium from Nrf2 knockdown A549 cells. (A) Non-irradiated control A549 or Nrf2 knockdown
A549 cells were cultured in the presence of ICCM. After 3 days of culturing, the cells were harvested and the number of viable cells was counted using the
trypan blue exclusion assay. Data are presented as mean = SD of three independent experiments. “P<0.01 compared with siRNA control non-irradiated cells.
(B) To investigate the clonogenic potential, the cells were cultured in the presence of ICCM for 8-10 days. After culturing, the number of cell colonies was
counted. Data are presented as mean + SD of three independent experiments performed in triplicate; “P<0.01 compared with siRNA control non-irradiated
cells. (C) The cells were cultured in the presence of ICCM. After 3 days of culturing, the cells were harvested for cell death analysis. Annexin V/PI staining
was performed to evaluate cell death. Left panel: Representative histograms of Annexin V/PI staining, with inset numbers indicating the percentage of
Annexin V*/PI" and Annexin V*/PI* cells. Right panel: Percentages of Annexin V* cells are presented as mean + SD of three independent experiments.
Nrf2, nuclear factor erythroid 2-related factor 2; ICCM, irradiated cell conditioned medium; SD, standard deviation.

non-irradiated Nrf2 knockdown cell conditioned medium
than for those treated with control siRNA (Fig. 3A and B).
When the medium transfer experiments were performed
using ICCM from Nrf2 knockdown cells, no significant
difference was observed in the cell growth, clonogenic poten-
tial, and proportion of Annexin V* dead cells (Fig. 3A-C).
Taken together, these results suggest that although Nrf2
knockdown affects the cell growth of A549 cells, it does not
alter the effects of ICCM on the cell growth and cell death
induction. Yang et al have reported that the cell conditioned
medium from irradiated A549 cells causes cytotoxicity in
the non-irradiated A549 cells (21); however, we could not
observe the cytotoxic effects of ICCM from A549 cells. It
has been reported that bystander effects by photon-irradiation
are strongly influenced by radiation dose (1). While we used
ICCM from A549 cells exposed to 2 or 8 Gy X-ray, Yang et al
used ICCM from A549 cells exposed to 0.5-2 Gy X-ray.
However, because ICCM from 2 Gy irradiation decreased the
clonogenic cell survival of non-irradiated cells (21), it seems
that the discrepancy between our results and their results is
due to another factor and not the radiation dose. Suzuki has
reported that the decrease in clonogenic cell survival caused
by bystander effects varies depending on the radiation quality,

such as the types of ions (22). While Yang et al used 6 MV
X-ray radiation for their study, we used 150 kVp X-ray (21).
Thus, the difference in the energy of X-ray likely explains the
discrepancy between our results and those of Yang et al (21).

Howe et al have previously investigated the relationship
between intrinsic radiosensitivity and bystander effects (23).
They treated HaCaT human skin cells with ICCM from irra-
diated lymphocytes obtained from healthy individuals and
colorectal carcinoma patients and investigated the bystander
effects of ICCM using a viability test. They also examined
the intrinsic radiosensitivity of the irradiated lymphocytes
and investigated the relationship between radiosensitivity
and bystander effects. They found no significant relation-
ship between the radiation-induced intrinsic sensitivity and
bystander effects. In line with their report, the modification of
radiosensitivity by Nrf2 knockdown did not alter the effects
of ICCM on cell growth and cell death induction in our study.
Therefore, it is unlikely that cellular radiosensitivity deter-
mines the cytotoxic effects of ICCM.

In conclusion, the present findings suggest that Nrf2
knockdown enhanced the radiosensitivity of A549 cells,
but it did not alter the effects of ICCM on cell growth. It is
concerning that the radiation-induced non-targeted effects,
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such as chromosomal aberrations, are related to the risk
of carcinogenesis in normal cells. Therefore, considering
combined therapy comprising Nrf2-targeted cancer therapy
and radiation therapy, future studies to investigate whether the
radiation-induced bystander effects against normal cells vary
depending on Nrf2 inhibition knockdown are needed.
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