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Abstract

Although doxorubicin is commonly used in the treatment of many cancer types, its use in chemotherapy has been limited,
largely because of its severe side effects, including cardiotoxicity and nephrotoxicity. In this study, we aimed to identify the
mechanism of doxorubicin-induced cytotoxicity by using the human kidney proximal tubule cell line HK-2. Furthermore, we
investigated the role of activating transcription factor 3 (ATF3) as a mediator of doxorubicin-induced cytotoxicity by using
wild-type mouse embryonic fibroblasts (MEF) cells and ATF3 knockout (KO) cells. In HK-2 cells, doxorubicin decreased cell
viability in a dose-dependent manner and induced an increase in cells in the sub G1 and G2/M phases at all doses.
Doxorubicin treatment showed the following dose-dependent effects: increase in the secretion of tumor necrosis factor
alpha; decrease in the expression of phosphorylated protein kinase A and Bcl-2; and increase in the expression of
phosphorylated signal transducer and activator of transcription 3, phosphorylated extracellular signal-regulated kinase
(ERK), and ATF3. Based on these results, we suggest that doxorubicin induces cytotoxicity through an ERK-dependent
pathway, and ATF3 plays a pivotal role as a transcriptional regulator in this process.
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Introduction

Since its discovery in 1971, doxorubicin, which intercalates with

DNA, is one of the most widely used cancer chemotherapeutic

agents. Although doxorubicin is commonly used in the treatment

of a wide range of cancers, including hematological malignancies,

different types of carcinomas, and soft-tissue sarcomas, its use in

chemotherapy has been limited, largely because of its severe side

effects, including cardiotoxicity and nephrotoxicity [1–3].

Reactive oxygen species generation and lipid peroxidation have

been suggested to be responsible for doxorubicin-induced cardio-

toxicity and nephrotoxicity [2,4–7]. The formation of an iron-

anthracycline complex that generates free radicals, which, in turn,

causes various forms of oxidative damage to critical cellular

components and to membrane lipids in the plasma membranes

and mitochondria, has been associated with doxorubicin-induced

renal damage [4,8–13]. In addition, the activation of mitogen-

activated protein kinase (MAPK) pathways is involved in the

development of doxorubicin-induced cardiomyopathy. For exam-

ple, the activation of p38 MAPK induces the apoptosis of cardiac

cells, while the extracellular signal-regulated kinases (ERK) and

Jun-N-terminal kinases (JNK) are known to inhibit apoptotic cell

death [7,14–18]. Pro-apoptotic proteins such as Fas, anti-apoptotic

proteins such as Bcl-2, and the tumor suppressor protein p53 are

also involved in doxorubicin-induced apoptosis [11,16,19–22].

Cisplatin, an anti-cancer drug that causes nephrotoxicity, has

been previously shown to induce cytotoxicity via activating

transcription factor 3 (ATF3) together with the MAPK pathway

[23]. ATF3, a member of the ATF/cyclic adenosine monophos-

phate (cAMP)-responsive element-binding protein (ATF/CREB)

family of transcription factors, is a stress-inducible transcriptional

repressor. It is induced in response to cytotoxic stress stimuli and is

closely related to the regulation of the MAPK cascade [24,25].

However, it is unclear whether ATF3 plays a pro-apoptotic or

anti-apoptotic role in doxorubicin-induced nephrotoxicity. In this

study, we aimed to identify the cause of doxorubicin-induced

cytotoxicity by using the human kidney proximal tubule cell line

HK-2. Furthermore, we investigated the role of ATF3 as a

mediator of doxorubicin-induced cytotoxicity by using wild-type

and ATF3 knockout (KO) mouse embryonic fibroblast (MEF)

cells.

Materials and Methods

Cell Culture
HK-2, a proximal tubular cell line derived from normal kidney,

was purchased from the American Type Culture Collection

(ATCC; Manassas, VA, USA) and the MEF and ATF3 KO mouse

cell lines were previously established in our laboratory as described

in Kim et al [26]. Cells were cultured in 10-mm plates by using the

media recommended by the ATCC, antibiotics (1% penicillin/

streptomycin), and 10% heat-inactivated fetal bovine serum in a

37uC humidified incubator containing 5% CO2.
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Cell Proliferation Assay
Cell proliferation was determined using a colorimetric 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-

nyl)-2H-tetrazolium (MTS) solution (Cell Titer 96H; Promega,

Madison, WI, USA). Cells (16104 cells/well) were seeded on 96-

well plates, allowed to stabilize for 24 h, and then treated with 1, 2,

4, or 8 mM doxorubicin for 24 h. At the end of the exposure, the

MTS solution (20 mL/well) was added, and the cells were

incubated for 3 h at 37uC. The optical density of each well at

490 nm was then measured using a microplate spectrophotometer

system (VersaMax; Molecular Devices, Sunnyvale, CA, USA).

Nitric Oxide Analysis
Cells were plated at a density of 16106 cells/mL into 96-well

plates with or without doxorubicin and incubated for 24 h.

Supernatant (100 mL) from each well was transferred to new 96-

well plates and was tested using a nitric oxide (NO) detection kit

(iNtRON Biotech, Gyeonggi-do, Korea). Values were calculated

by measuring the absorbance at 540 nm by using the microplate

spectrophotometer system (VersaMax; Molecular Devices).

Cell Cycle Analysis
Cells were stained using propidium iodide (500 mL) and RNase,

which was purchased from Sigma-Aldrich (St. Louis, MO, USA).

The cell cycle was analyzed by measuring the DNA content by

using the FACSCalibur system and CellQuest software (BD

Biosciences, Franklin Lakes, NJ, USA).

Reverse-transcriptase Polymerase Chain Reaction
Total RNA was isolated by RNeasy mini kit (Qiagen, Valencia,

CA, USA), and the total RNA concentration was detected using a

Micro UV-Vis fluorescence spectrophotometer (Malcom, Tokyo,

Japan). Total RNA (1 mg) was converted to cDNA by using the

cDNA Synthesis Master Mix (GenDEPOT; Barker, TX, USA).

Polymerase chain reaction (PCR) was performed using the GoTaq

Green Master Mix (Promega). Thermal cycling was carried out

with an initial denaturation phase of 2 min at 95uC, followed by

30 cycles of 30 s at 95uC, 30 s at 55uC, and 1 min at 72uC, with a

Table 1. List of primer sequences used in this study.

Symbol Sequence

ATF3 F 5’-GAGGATTTTGCTAACCTGACGC-3’

R 5’-CTACCTCGGCTTTTGTGATGG-3’

P53 F 5’-GAGGTTGGCTCTGACTGTACC-3’

R 5’-TCCGTCCCAGTAGATTACCAC-3’

MDM2 F 5’-GAATCATCGGACTCAGGTACATC-3’

R 5’-TCTGTCTCACTAATTGCTCTCCT-3’

CDK2 F 5’-GCTTTCTGCCATTCTCATCG-3’

R 5’-GTCCCCAGAGTCCGAAAGAT-3’

CDK4 F 5’-ACGGGTGTAAGTGCCATCTG-3’

R 5’-TGGTGTCGGTGCCTATGGGA-3’

IL-6 F 5’-ATGAACTCCTTCTCCACAAGCGC-3’

R 5’-GAAGAGCCCTCAGGCTGGACTG-3’

GAPDH F 5’-GGGGTGAGGCCGGTGCTGAGTAT-3’

R 5’-TGGGGGTAGGAACACGGAAGG-3’

doi:10.1371/journal.pone.0044990.t001

Figure 1. Proliferation of HK-2 cells. HK-2 cells were treated with 1, 2, 4, or 8 mM doxorubicin for 24 h. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium solution was added, and the UV absorbance of each treated group was calculated as a
percentage of the control value. Experiments were independently performed 5 times. **P,0.01, *P,0.05.
doi:10.1371/journal.pone.0044990.g001

Mechanism of Doxorubicin Cytotoxicity
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final extension cycle of 5 min at 72uC. Amplification was carried

out in the Veriti 96-well Thermal Cycler (Applied Biosystems).

The final products were resolved on a 1% agarose gel stained with

ethidium bromide. Primers used in this study are shown in Table 1.

Western Blot Analysis
Cell pellets were homogenized with a protein extraction solution

(PRO-PREPTM; iNtRON Biotechnology, Korea), and the lysates

were centrifuged at 15,0006g for 10 min. The protein concentra-

tion was measured by the Bradford method (Bio-Rad Protein

Assay, Bio-Rad Laboratories Inc., Hercules, CA, USA), and equal

amounts of protein (40 mg) were separated on a 1% sodium

dodecyl sulfate-polyacrylamide gel, and then transferred to a

nitrocellulose membrane (Hybond ECL; Amersham Pharmacia

Biotech Inc., Piscataway, NJ, USA). Blots were blocked for 2 h at

room temperature with 5% (w/v) non-fat dried milk in Tris-

buffered saline (10 mM Tris, pH 8.0, and 150 mM NaCl) solution

containing 0.05% Tween-20. The membranes were immuno-

blotted with the following specific primary antibodies (1:1000

dilution): rabbit polyclonal antibodies for p-STAT3(S), p-ERK, p-

p38, p-JNK, p-p53, p-STAT3(Y) (Cell Signaling Technology, Inc.

Beverly, MA, USA), ATF3, c-H2AX (phosphorylated H2AX)

(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), p-CREB

(Upstate Chemicon, Temecula, CA, USA), and BID (Chemicon

International, Inc. Temecula, CA, USA); rabbit monoclonal

antibodies for BAD, p-PKA (Upstate Chemicon), Apaf-1, and

BAX (Millipore, Billerica, MA, USA); mouse monoclonal

antibodies for Bcl-2 (Upstate Chemicon), cytochrome C (Upstate

Chemicon), MDM2, and b-actin (Santa Cruz Biotechnology Inc.).

The blots were then incubated with the corresponding conjugated

anti-mouse, anti-rabbit, or anti-goat immunoglobulin G-horserad-

ish peroxidase (1:2,000 dilution; Santa Cruz Biotechnology Inc.).

Immunoreactive proteins were detected with the ECL western

blotting detection system.

Cytokine Analysis
The concentration of each cytokine in the supernatant of the

culture media and serum was determined using commercially

Figure 2. Cell cycle arrest of HK-2 cells. (A) HK-2 cells were treated with 1, 2, 4, or 8 mM doxorubicin. After 24 h of treatment, cells were harvested
and stained with propidium iodide solution after ethanol fixing. (B) HK-2 cells were pretreated with the ERK inhibitor U0126 (25 mM) for 30 min,
followed by treatment with 8 mM of doxorubicin for 24 h. Experiments were independently performed 3 times, and representative data are shown.
(C) HK-2 cells were pretreated with ERK inhibitor (U0126, 25 mM) for 30 min. Subsequently, the cells were treated with 8 mM of doxorubicin for 24 h.
Whole-cell extracts were analyzed for p-ERK, ATF3, cytochrome C and gamma-H2AX by Western blot.
doi:10.1371/journal.pone.0044990.g002
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available enzyme-linked immunosorbent assay (ELISA) kits

(eBioscience). First, each well in the microplate was coated with

100 mL of capture antibody and incubated overnight at 4uC. After

washing and blocking with assay diluent and bronchoalveolar

lavage fluid, the serum or standard antibody was added to the

individual wells. The plates were then maintained at room

Figure 3. Nitric oxide secretion by HK-2 cells. HK-2 cells were treated with 1, 2, 4, or 8 mM of doxorubicin. After 24 h, the cell culture
supernatant was reacted with an equal amount of Griess reagent. The amount of NO was calculated using a standard curve. Experiments were
independently performed 5 times. **P,0.01, *P,0.05.
doi:10.1371/journal.pone.0044990.g003

Figure 4. Tumor necrosis factor-alpha secretion by HK-2 cells. HK-2 cells were treated with 1, 2, 4, or 8 mM of doxorubicin. After 24 h, the
concentration of tumor necrosis factor-alpha (TNF-a) in the cell culture supernatant was measured using an ELISA kit. The TNF-a concentration was
calculated using a standard curve. Experiments were independently performed 3 times. **P,0.01, *P,0.05.
doi:10.1371/journal.pone.0044990.g004

Mechanism of Doxorubicin Cytotoxicity
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temperature for 2 h. The plates were washed, and then, biotin-

conjugated-detecting antibody was added to each well, and the

plates were incubated at room temperature for 1 h. After

incubation, the plates were washed again and further incubated

with avidin-horseradish peroxidase for 30 min before detection

with 3,39,5,59-tetramethylbenzidine solution. Finally, the reactions

were stopped by adding 1 M H3PO4, and the absorbance at

450 nm was measured with an ELISA reader (Molecular Devices).

The amount of cytokine was calculated from the linear portion of

the generated standard curve [27,28].

ATF3 Silencing using siRNA
siRNA (59-CTGTGAGATAAGCGGGACTCAG-39) for ATF3

and scrambled siRNA were purchased from Genolution Pharma-

ceuticals (Seoul, Korea). G-Fectin (Genolution Pharmaceuticals)

was used as the siRNA delivery reagent. HK-2 cells were seeded at

a density of 16106 cells in 6-cm dishes containing 2 mL of

Keratinocyte-SFM (Invitrogen, Carlsbad, CA, USA) overnight.

PBS (200 mL) containing 10 nM of siRNA and 4 mL of G-Fectin

reagent was incubated at room temperature for 10 min and added

to each well. After the transfection with siRNA for 48 h, the

medium was replaced with normal medium and used for

subsequent experiments.

Figure 5. Protein expression in HK-2 cells. HK-2 cells were treated with 1, 2, 4, or 8 mM of doxorubicin. After 24 h of treatment, live cells were
harvested, and the cell lysate was reacted with the indicated antibodies (A and B). Experiments were independently performed 3 times, and
representative data are shown.
doi:10.1371/journal.pone.0044990.g005

Figure 6. mRNA expression in HK-2 cells. HK-2 cells were treated
with 1, 2, 4, or 8 mM of doxorubicin. After 24 h of treatment, live cells
were harvested, and cell lysates were subjected to reverse-transcriptase
polymerase chain reaction with the specific primers shown in Table 1.
Experiments were independently performed 3 times, and representative
data are shown.
doi:10.1371/journal.pone.0044990.g006

Mechanism of Doxorubicin Cytotoxicity
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Statistical Analysis
Statistical analyses were performed using the Statistical Package

for the Social Sciences v. 12.0 (SPSS; http://www.spss.com). Each

datum represents the mean 6 S.E.M. of the different experiments

under the same conditions. Statistical significance was calculated

between each treated group and the control by the independent t-

test. P values less than 0.05 were considered statistically significant.

Results

Cell Proliferation and Cell Cycle in HK-2 Cells
To investigate the effect of doxorubicin on HK-2 cells, we

treated HK-2 cells with 1, 2, 4, or 8 mM doxorubicin for 24 h. Cell

proliferation decreased in a dose-dependent manner upon

doxorubicin treatment to 62.5%65.3% of control at the 8 mM

dose (Figure 1). Further, doxorubicin treatment at all doses tested

caused an increase in the number of cells in the sub G1 (cell death)

and G2/M phases (Figure 2A). We utilized a pharmacological

ERK inhibitor, U0126 to evaluate the cell cycle after doxorubicin

treatment. Cell proliferation was recovered on treatment with this

inhibitor, indicating that ERK signaling relates to cell death

caused by doxorubicin (Figure 2B). Furthermore, it is also evident

in Figure 2C that the inhibition of ERK signaling downregulates

the expression of ATF3 and cytochrome C.

Nitric Oxide Secretion in HK-2 Cells
Treatment of HK-2 cells with doxorubicin caused an increase in

the concentration of NO in a dose-dependent manner, with values

corresponding to 125.8%67.9%, 135.0%616.1%,

171.6%620.6%, and 271.8%653.7% of control treatment with

1, 2, 4, and 8 mM doxorubicin, respectively (Figure 3).

Tumor Necrosis Factor-alpha Secretion in HK-2 Cells
As shown in Figure 4, the secretion of tumor necrosis factor-

alpha (TNF-a) increased in a dose-dependent manner, with values

of 6.560.2, 7.660.3, 9.961.4, and 11.561.1 pg/mL upon

Figure 7. Cell proliferation in wild-type mouse embryonic fibroblasts and activating transcription factor 3 knockout cells. (A) Wild-
type mouse embryonic fibroblasts (MEFs) and activating transcription factor 3 knockout (ATF3 KO) cells were treated with 1, 2, 4, or 8 mM doxorubicin
for 24 h. The measured UV absorbance was expressed as a percentage of the control value. Experiments were independently performed 5 times.
P,0.05. (B) Wild-type MEFs and ATF3 KO cells were treated with 1, 2, 4, or 8 mM of doxorubicin, for 24 h. Cell lysates from live cells were reacted with
the indicated antibodies. Experiments were independently performed 3 times.
doi:10.1371/journal.pone.0044990.g007

Mechanism of Doxorubicin Cytotoxicity
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treatment with 1, 2, 4, and 8 mM doxorubicin, respectively,

compared with 6.760.2 pg/mL in control cells.

Protein and mRNA Expression in HK-2 Cells
We investigated the effect of doxorubicin treatment on the

expression of several proteins (Figure 5). We found that

doxorubicin decreased the expression of phosphorylated protein

kinase A (phospho-PKA) and Bcl-2 in a dose-dependent manner,

while it increased the expression of phosphorylated signal

transducer and activator of transcription 3 (phospho-STAT3),

phospho-ERK, and ATF3 in a dose-dependent manner. Further,

the expression of MDM2 and Bcl-2 decreased following a peak 2 h

after treatment; expression of phospho-PKA and phospho-p38

peaked at 6 h after treatment. The expression of ATF3 and p53

mRNA also increased (Figure 6).

Cell Proliferation and Protein Expression in Wild-type and
ATF3 KO MEF Cells

To investigate the role of ATF3 in doxorubicin-induced

cytotoxicity, we compared cell proliferation using wild-type and

ATF3 KO MEFs (Figure 7A). Decreased cell proliferation was

more pronounced in the ATF3 KO cells compared to the wild-

type cells. The percentage of surviving cells relative to control was

higher in ATF3 KO MEFs than in the wild-type MEFs 24 h after

treatment with doxorubicin. Further, the expression of cyto-

chrome C decreased in a dose-dependent manner in ATF3 KO

cells, but increased in a dose-dependent manner in wild-type

MEFs (Figure 7B).

Cell Cycle in Wild-type and ATF3 KO MEFs
As shown in Figure 8, doxorubicin induced cell-cycle arrest at

the S and G2/M phases in both wild-type and KO cells. However,

distribution of cells in the sub G1 phase decreased significantly in

ATF3 KO cells.

Interleukin (IL)-6 Concentration in Wild-type and ATF3 KO
MEFs

As shown in Figure 9, the concentration of IL-6 increased in

both cell types in a dose-dependent manner; however, the increase

was more pronounced in ATF3 KO cells than in wild-type MEFs.

IL-6 levels in the control group were 4.160.2 pg/mL and

4.960.0 pg/mL in wild-type and ATF3 KO cells, respectively,

and increased to 166.463.8 pg/mL and 328.8624.3 pg/mL,

respectively, upon treatment for 24 h with 8 mM doxorubicin.

ATF3 Silencing using siRNA Reduced the Cytotoxicity of
Doxorubicin in HK-2 Cells

mRNA expression levels of ATF3 decreased 54.2% in the HK-2

cells treated with ATF3 siRNA compared to scrambled siRNA

control after 48 h (Figure 10A). ATF3 silencing using siRNA

increased the expression of IL-6 induced by doxorubicin,

indicating that IL-6 was negatively regulated by ATF3

(Figure 10B). Furthermore, ATF3 knockdown reduced the

expression of cytochrome C (Figure 10C). Fluorescence-activated

cell sorting (FACS) analysis showed that ATF3 silencing decreased

the fraction of cells in the sub G1 phase (cell death) from 23.9% to

18.8%, indicating the reduced cytotoxicity (17.7%) by doxorubicin

(Figures 10D and 10E).

Figure 8. Cell cycle arrest of wild-type MEFs and ATF3 KO cells. Wild-type MEF and ATF3 KO cells were treated with 8 mM doxorubicin for
24 h (A, wild-type control; B, wild-type treated with doxorubicin; C, ATF3 KO control; D, ATF3 KO treated with doxorubicin). Experiments were
independently performed 5 times, and representative data are shown.
doi:10.1371/journal.pone.0044990.g008

Mechanism of Doxorubicin Cytotoxicity
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Discussion

Nephrotoxicity is one of the inherent adverse effects of certain

anti-cancer drugs and anthracycline antibiotics. However, the

exact mechanisms of the side effects caused by these drugs are

complex and still somewhat unclear. Doxorubicin is known to

interact with DNA by intercalation, causing inhibition of

macromolecular biosynthesis, and to inhibit the role of the

enzyme topoisomerase II during transcription and replication. In

this study, doxorubicin induced the accumulation of cells in the

sub G1 and G2/M phases in the human kidney proximal tubule

cell line HK-2.

Although the exact mechanism of doxorubicin-induced neph-

rotoxicity remains unknown, it is believed to be mediated through

free radical formation, iron-dependent oxidative damage of

biological macromolecules, and membrane lipid peroxidation

[29]. NO is a free radical gas that acts both as a cytoprotective or

cytotoxic agent; the pathophysiological response is determined by

concentration, time of exposure, and cell type. While a small

amount of NO has a beneficial role as a messenger and host

defense molecule, excessive or deficient NO production can result

in a pathological state. Doxorubicin induces NO synthesis in rat

cardiac cells and evokes a dose-dependent increase in both NO

synthase activity in the cells and nitrite levels in the culture

supernatant [30]. Doxorubicin-induced apoptosis is associated

with increased transcription of endothelial NO synthase [31].

Further, TNF-a, a member of a group of cytokines that stimulate

the acute inflammatory reaction, is able to induce apoptotic cell

death and to inhibit tumorigenesis and viral replication [32–34].

In this study, the secretion of NO and TNF-a increased in a dose-

dependent manner in HK-2 cells, followed by cytotoxicity.

The stress response, characterized by transduction pathways

and gene transcription that serve both positive and negative

aspects of cell survival, is intimately involved in the outcome of

ischemic and nephrotoxic damage. The cell cycle and its

regulation are key components of the life and death of stressed

cells throughout the kidney. Upregulation of the ERK pathway

and downregulation of JNK protect renal cells from oxidant injury

[35]. In this study, doxorubicin induced the accumulation of cells

in the sub G1 and G2/M phases at all doses tested, and the

expression of phospho-38 and JNK did not change, whereas the

expression of ERK was upregulated in HK-2 cells. To evaluate the

effects of doxorubicin on ATF3 activation by ERK signaling, we

used a pharmacological inhibitor of ERK, U0126 (Figures 2B and

C). Inhibition of ERK reduced the expression of ATF3 and

cytochrome C. The number of cells in the sub G1 phase (cell

death) were also significantly decreased in the presence of the

ERK inhibitor, indicating that doxorubicin could induce cytotox-

icity in HK-2 cells via ERK signaling.

In addition, the expression of the ATF3 protein increased in a

dose- and time-dependent manner with doxorubicin treatment in

HK-2 cells. ATF3 is a member of the ATF/cyclic AMP response

element-binding family of transcription factors. It is an adaptive-

response gene that is induced by a wide variety of stress-causing

Figure 9. Interleukin-6 concentration in wild-type MEFs and ATF3 KO cells. Wild-type MEFs and ATF3 KO cells were treated with 1, 2, 4, or
8 mM doxorubicin, for 24 h. The concentration of interleukin-6 (IL-6) in the cell culture supernatant was measured using an enzyme-linked
immunosorbent assay kit. The IL-6 concentration was calculated using a standard curve. Experiments were independently performed 5 times.
**P,0.01, *P,0.05.
doi:10.1371/journal.pone.0044990.g009

Mechanism of Doxorubicin Cytotoxicity
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agents, including hypoxia, metabolic stress, and DNA damage;

ATF3 mRNA and protein levels are not detectable under basal

conditions in most cells [23,36,37]. Furthermore, ATF3 has been

reported to affect cell death and cell cycle progression, 2 processes

that regulate the growth of cancer cells. A previous study has

shown that ATF3-deficient MEFs were more efficient in

transitioning from G1 to S phase, compared to wild-type MEFs

[36]. In this study, the viability of ATF3 KO cells was lower than

that of wild-type, together with a relative accumulation in the S

phase, and the protein expression of cytochrome C was stronger in

KO cells than in wild-type MEFs.

ATF3 has also been shown to negatively regulate the

transcription of pro-inflammatory cytokines and has important

roles in the suppression of inflammatory responses to infection and

allergy. For example, a substantial increase was observed in the

mRNA levels of IL-6, IL-12b, inducible nitric oxide synthase

(iNOS), and TNF-a in bone marrow-derived macrophages from

ATF3 KO mice stimulated with LPS, and these mice died within

24 h of exposure, compared to wild-type mice, which survived

until at least 36 h post-injection [38]. The production of IL-12,

p40, and IL-6 was found to be higher in the ATF3 KO primary

macrophages stimulated with LPS, and mRNA expression of

CCL4 was higher in the peritoneal macrophages from ATF3 KO

mice compared to those from the wild-type mice [38–40]. ATF3

inhibits IL-6 transcription by altering chromatin structure, thereby

restricting access to the transcription factors [38]. In this study, IL-

6 secretion clearly increased in ATF3 KO cells compared to the

wild-type cells.

It has been reported that ATF3 affects cell death and cell cycle

progression. However, it is not clear whether it is a negative or

positive regulator. For example, ATF3 promoted apoptosis and

inhibited the transition from G1 to S phase in UV-irradiated

mouse fibroblasts, whereas it inhibited doxorubicin-induced

apoptosis in cardiac myocytes [14,36]. In this study, cell cycle

arrest in the S and G2/M phases was more pronounced in ATF3

KO cells than in wild-type cells. Furthermore, ATF3 may play

another critical function in host defense by regulating the delicate

balance between proliferative and apoptotic signals that contribute

to the development of cancer.

Based on these results, we suggest that doxorubicin induces

cytotoxicity through an ERK-dependent pathway, and that ATF3

plays a pivotal role as a transcriptional regulator in this process.

Author Contributions

Conceived and designed the experiments: EP SC. Performed the

experiments: EP HK YC HS. Analyzed the data: EP HK YC. Contributed

reagents/materials/analysis tools: SC. Wrote the paper: EP HK YC SC.

Figure 10. ATF3 silencing in HK-2 cells by using siRNA. HK-2 cells were transfected with either scrambled or ATF3 siRNA. (A) ATF3 mRNA levels
were decreased in cells treated with ATF3 siRNA when compared with scrambled siRNA treated cells. (B) IL-6 mRNA levels were determined by RT-
PCR. (C) Protein levels of Bcl2, cytochrome C and ATF3 were measured by Western blot. (D) The cell cycle was analyzed by measuring the DNA
content by using the FACSCalibur system in HK-2 cells after treatment of ATF3 or scrambled siRNA for 48 h and treatment with or without
doxorubicin (8 mM) for 24 h. (E) Histograms represent the relative mean ratios of the cells in sub G1 phase from 3 independent experiments. *P,0.05.
doi:10.1371/journal.pone.0044990.g010
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