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Calcineurin inhibitors such as cyclosporin A (CsA) are widely used to treat organ transplantation-associ-
ated complications. However, CsA use is limited due to renal dysfunction. This study attempts to charac-
terize the mechanism of CsA-induced nephrotoxicity using a human embryonic kidney cell line (HK-2).
We performed microarray-based whole-genome expression analysis in HK-2 cells. CsA treatment
induced the expression of endoplasmic reticulum (ER) stress-related and apoptosis-inducing genes at 6
and 24 h, respectively, indicating that ER-stress predisposed the cells to apoptosis. G1 phase cell-cycle
arrest was also observed via ER stress in CsA-treated cells. Furthermore, we found an inverse relationship
between activating transcription factor 3 (ATF3), a stress-inducible protein, and C/EBP homologous
protein (CHOP), an apoptosis-inducing protein. Moreover, when ATF3 knockdown cells were exposed
to CsA, a prompt induction of CHOP was observed, which stimulated ROS production and induced cell
death-related genes as compared to wild type. Taken together, our data demonstrate that ATF3 plays a
pivotal role in the attenuation of CsA-induced nephrotoxicity by downregulating CHOP and ROS produc-
tion mediated by ER stress.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cyclosporin A (CsA) is widely used as an immunosuppressant in
patients, following organ transplantation and various autoimmune
diseases [1]. CsA inhibits calcineurin, which in turn impedes the
translocation of nuclear factor of activated T cells (NFAT) into the
nucleus and the subsequent transcription of regulated genes such
as interleukin 2 (IL-2) [2,3]. CsA has been proposed for the treat-
ment of various autoimmune diseases and transplantation-related
complications. However, the therapeutic usage of CsA is limited
due to the occurrence of chronic renal dysfunction [1,4].

Recently, the involvement of CsA in endoplasmic reticulum (ER)
stress has been revealed [5]. This stress is a natural outcome result-
ing from the disruption of calcium homeostasis, accumulation of
oxygen radicals, inhibition of chaperone-related enzymes, and
the impediment of post-translational modifications that altogether
increase the misfolding of newly synthesized proteins [6]. In
response to this stress, cells generally initiate the unfolded protein
response (UPR), which alleviates the damaging effects due to the
misfolded proteins. In case of failure, apoptosis, a widely appreci-
ated cellular mechanism for cell death, is initiated [7]. C/EBP
homologous protein (CHOP) is among the cell death mediators
induced in response to ER stress [8], and CHOP expression is
known to trigger cell-cycle arrest and apoptosis in several cell
types [9].

Activating transcription factor 3 (ATF3) belongs to ATF/cAMP
response element binding-protein (CREB) family [10,11]. This tran-
scription factor modulates the transcription of target genes con-
taining a cognate-binding element in a cell context-dependent
manner [10,12,13]. Several studies have delineated its role in stress
conditions, regulation of the cell cycle, and cell death [14,15].
Adenovirus-mediated expression of ATF3 protects cells against
ROS-induced cell death in the human embryonic kidney cell line
(HK-2) [12], enhancing its protective role. Furthermore, renal
ischemia–reperfusion induces higher mortality, kidney dysfunc-
tion, and apoptosis in ATF3-deficient mice [16].

The objective of the current investigation was to evaluate the
protective function of ATF3 in CsA-induced nephrotoxicity via ER
stress in HK-2 cells. Furthermore, the correlation of ATF3 and CHOP
expression in stress conditions was also investigated.
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2. Materials and methods

2.1. Cell culture

HK-2 cells derived from normal kidney were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA).
HK-2 cells were grown in Keratinocyte-SFM medium kit supple-
mented with L-glutamine, epithelial growth factor (EGF; Gibco,
Carlsbad, CA, USA), and maintained at 37 �C under 5% CO2.
2.2. Cell proliferation assay (MTS assay)

Cell proliferation was quantified using a colorimetric 3-
(dimethylthiazol-2-yl)-5-(carboxymethoxyphenyl)-2-(sulfophe-
nyl)-2H-tetrazolium (MTS) solution (Cell Titer 96H; Promega,
Madison, WI, USA). HK-2 cells (1 � 104 cells per well) were cul-
tured in 96-well plates. After CsA (Sigma–Aldrich, St. Louis, MO,
USA) treatment for the indicated times, MTS solution (10 lL/well)
was added, the cells were incubated at 37 �C for 3 h, and absor-
bance was measured using a VERSA Microplate reader (Turner Bio-
systems, CA, USA).
2.3. Cell cycle analysis

Cells were washed once with cold phosphate buffer saline (PBS),
and EtOH fixation was performed by treating the cells for 4 h with
70% EtOH. The cells were stained with propidium iodide (40 lg/
mL) for 1 h, and then RNase (0.5 mg/mL Sigma–Aldrich) was added.
The cell cycle was analyzed by quantifying the DNA content using a
flow cytometer (FACSAria™III, BD Biosciences, Franklin Lakes, NJ,
USA), and the data were processed using the FACSDiva software
(BD Biosciences).
2.4. ROS detection assay

ROS levels were measured using the fluorescent dye dichloro-
dihydro-fluorescein diacetate (DCFH-DA) (Molecular Probes, NY,
USA). Briefly, the cells were washed once and resuspended in
PBS, 1 mL of the solution was transferred to a 1.5-mL culture tube,
and 1 lL of the DCFH-DA staining solution was added. The cells
were then gently mixed and incubated for 15 min at 37 �C in the
dark. Next, the cells were washed once and resuspended in
300 lL of cold PBS. Finally, ROS levels were quantified using a flow
cytometer (FACSAria™III), and the data were processed using the
FACSDiva software.
2.5. Western blot analysis

M-PER Mammalian Protein Extraction Reagent (Thermo Scien-
tific, IL, USA) was employed to isolate protein from treated and
control cells with Halt Protease Inhibitor Cocktail (Thermo Scien-
tific). The mixture was incubated for 10 min at 4 �C and centrifuged
at 16,000�g for 10 min to remove the cell debris. Extracts were
loaded onto 10% polyacrylamide gels for electrophoresis, followed
by transfer to Hybond-ECL membranes (Amersham, Buckingham-
shire, UK). Membranes were blocked using 5% skim milk for 2 h
at room temperature, washed, and then incubated with primary
antibodies specific for ATF3, CHOP, and b-actin (Santa Cruz Bio-
technology, Dallas, TX, USA) that had been diluted with PBS con-
taining 0.05% Tween 20 (PBST) (1:1000) at 4 �C with gentle
shaking overnight. After several washes, the membranes were
incubated with either Immunopure Goat anti-Mouse or anti-Rabbit
IgG peroxidase-conjugated antibodies (Thermo Scientific) diluted
in PBST (1:1000) for 2 h. Detection was performed using the Pierce
ECL Western Blotting Substrate (Thermo Scientific) and by expos-
ing the blots to film.
2.6. RNA isolation and quantitative reverse transcriptase (qRT)-PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen, Ger-
mantown, MD, USA) and converted to cDNA by using the Reverse
Transcription Kit (Qiagen). Quantitative PCR was performed using
the Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific).
Thermal cycling was carried out with an initial denaturation phase
of 10 min at 95 �C, followed by 40 cycles of amplification, with
denaturation for 30 s at 95 �C, annealing for 30 s at 57 �C, and elon-
gation for 1 min at 72 �C. Amplification was carried out in Roter-
Gene Q (Qiagen). The melting curve was evaluated to validate
the results and primer specificity, and then relative quantification
(DDCt method) was determined using the Rotor-Gene Q Series
Software version 2.2.3. Primers used in this study were as follows:
ATF3-F; 50-GAG GAT TTT GCT AAC CTG ACG C-30 and R; 50-CTA CCT
CGG CTT TTG TGA TGG-30; CHOP-F; 50-GGA AAC AGA GTG GTC ATT
CCC-30 and R; 50-CTG CTT GAG CCG TTC ATT CTC-30; GAPDH-F; 50-
CCA CCC ATG GCA AAT TCC ATG GCA-30 and R; 50-TCT AGA CGG
CAG GTC AGG TCC ACC-30.
2.7. siRNA design and transfection

siRNA was designed and purchased from Bioneer (Daejeon,
Korea). The sequence of the siRNA obtained for ATF3 was 50-GAGA-
ACAGCAUUUAGUGAA-30. Turbofect reagent (Thermo Scientific)
was used to transfect HK-2 cells with siRNA. These cells were
seeded at 4 � 105 cells in a 6-cm dish containing 2 mL of Keratino-
cyte-SFM medium and L-glutamine, EGF, and BPE for 12 h. PBS
(200 mL) containing 50 nM of siRNA and 4 lL of Turbofect reagent
were incubated at room temperature for 15 min and added to each
well. After transfection with ATF3 siRNA for 48 h, the transfection
medium was swapped with normal medium, and the cells were
used in the subsequent experiments.
2.8. Microarray analysis

Total RNA was isolated using the RNeasy mini kit and quantified
using a Micro UV–Vis fluorescence spectrophotometer (Malcom,
Tokyo, Japan). Afterwards, probe-labeling and hybridization to
Affymetrix GeneAtlas Human Genome U219 chip containing
49,386 probe sets were performed. Microarrays were normalized
using RMA (Robust Multichip Average) via the Affymetrix Expres-
sion Console Ver. 1.1 module. When examining the expression
profiles of genes modulated by CsA, only values with an average
log2-(treated/control) (in absolute values) of P0.58, corresponding
to a 1.5-fold change in expression, at a p-value of <0.05, were con-
sidered differentially expressed.
2.9. Data analysis by DAVID and Cytoscape

Analysis of the 6717-transcriptomic probes was performed
using the DAVID (Database for Annotation, Visualization and Inte-
grated Discovery) software, which facilitates the interpretation of
microarray data with its online annotation tools [17,18]. The gen-
erated data was visualized via the Cytoscape by enabling its
enrichment Map plug-in. Enrichment Map is the Cytoscape net-
work software for functional enrichment visualization, which also
enables the comparison of two different enrichment results in the
same map. Therefore, this plug-in was used to compare the micro-
array data [19,20].
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3. Results

3.1. Cytotoxic evaluation of CsA in HK-2 cells

HK-2 cells were treated with various concentrations of CsA to
evaluate its toxicity. The cells were treated with 0.5, 1, or 5 lM
CsA for 6, 12, 24, and 48 h and proliferation decreased in a time-
and dose-dependent manner (Fig. 1A). There was no significant
alteration in the viability at a concentration of 0.5 lM, while 1
and 5 lM profoundly reduced cell viability. Cell viability was
decreased to 81.34% and 72.81% at 24 h and 71.86% and 58.53%
at 48 h for 1 and 5 lM, respectively. However, the treatment of
5 lM CsA for 48 h severely hampered growth, resulting in an insuf-
ficient number of cells for analysis. Therefore, we used 1 lM of CsA
for the subsequent experiments.

CsA also negatively affected the morphology of treated cells
(Fig. 1B). Cells treated with 1 lM concentration had intact cellular
morphology for up to 12 h, but prolonged treatment significantly
altered the morphology as evidenced by cellular damage, including
enlarged cell size and the cessation of proliferation. Similarly, mild
cell-cycle arrest was observed (Fig. 1C) at 6 and 12 h; however, by
24 and 48 h, there was significant cell-cycle arrest. The G1 phase
was increased to 11% and 15.9% of the population at 24 and 48 h,
respectively. Taken together, 1 lM of CsA plays a critical role in
the reduction of HK-2 cell viability and cell-cycle arrest.

3.2. CsA treatment promoted transcriptomic alterations

To evaluate transcriptomic perturbations in HK-2 cells pro-
moted by CsA treatment, mRNA levels were measured using the
Fig. 1. Time- and dose-dependent nephrotoxicity of CsA in HK-2 cells. (A and B) CsA caus
2 cells. Cell proliferation was quantified using the MTS assay 6, 12, 24, and 48 h after trea
of CsA to HK-2 cells for 6, 12, 24, and 48 h. The cells were stained with PI solution, and cel
of the cell population at 24 and 48 h, respectively.
Affymetrix GeneAtlas system and the U219 array containing
49,386 probe sets. Data were analyzed using the Affymetrix
Expression Console software (Ver. 1.1), and expression changes of
1.5-fold were considered significant at p value of <0.05. The
expression of 6717 genes was significantly altered, and Gene
Ontology (GO) functions were analyzed using the DAVID software.
This software is valuable for the analysis of gene expression pro-
files via its online features, with a focus on omics data, including
microarray and high-throughput proteomic data [17,18]. We visu-
alized the expression patterns of differentially expressed genes
using Cytoscape (Fig. 2). The number of genes and p-values for each
category are summarized in Supplementary Table 1. Functional
analysis identified a wide array of disturbances in ER stress-related
genes (e.g., UPR, protein folding, and Golgi apparatus) in response
to CsA treatment after 6 h. However, change in genes involved in
cell death, cell cycle, kidney development, and reactive oxygen
species (ROS) were significantly altered after 24 h. Functional anal-
ysis indicated that apoptosis might originate from ER stress in this
scenario.
3.3. CsA induced ROS production through CHOP expression

We examined the expression of ER stress-related genes in
microarray data (Fig. 3A). Careful examination of the microarray
data suggested that there was an inverse relationship between
the expression patterns of ATF3 and CHOP. Intriguingly, atf3 mRNA
was substantially expressed for up to 6 h and then the expression
gradually decreased in the following phase. In contrast, chop mRNA
expression was initially low, but started to increase at 12 h. The
ed dose- and time-dependent cytotocixity (A) and morphological changes (B) in HK-
tment with increasing concentrations of CsA (0.5, 1, and 5 lM). (C) We applied 1 lM
l cycle stages were analyzed by FACS. The G1 phase was observed in 69.4% and 74.3%



Fig. 2. Visualization of the functions of genes displaying altered expression following treatment with CsA in HK-2 cells. DAVID network derived from the CsA treatment of
HK-2 cells provided an overall view of the functional consequences of CsA treatment. Each circular node denotes a gene group with the number of genes proportional to the
circular size. The outer node color represents the p-value of enrichment in 24-h CsA-treated cells, and the inner node color represents the p-value of enrichment in 6-h CsA-
treated cells. Each edge of the gene sets represent gene overlap among gene sets, and the similarity of the genes are indicated by the thickness of the edges among the linked
nodes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. CsA-induced ROS generation via ER-stress in HK-2 cells. (A) Microarray data indicated that ATF3 gene expression was increased initially (6 h), and then it started
decreasing by 12 h, while CHOP gene expression started increasing at 12 h. (B) Using qRT-PCR, we confirmed that the expression levels of selected genes were similar to those
observed during the microarray analysis. (C) Western blot replicated the results from the microarray analysis for ATF3 and CHOP proteins. (D) ROS production was analyzed
following CsA treatment of HK-2 cells for 6, 12, and 24 h using the oxidant-sensitive probe DCFH-DA. ROS accumulation began at 12 and 24 h, as evaluated by FACS analysis.
The mean ± S.D. of three individual experiments are presented; ⁄p < 0.05, ⁄⁄p < 0.01, by the paired t test.

Y.-M. Choi et al. / Biochemical and Biophysical Research Communications 448 (2014) 182–188 185



186 Y.-M. Choi et al. / Biochemical and Biophysical Research Communications 448 (2014) 182–188
expression pattern of these genes was confirmed using qRT-PCR
(Fig. 3B) and Western blot analysis (Fig. 3C).

ROS generation is invariably related to cell-cycle arrest, and we
observed CsA-induced ROS generation that might contribute to the
nephrotoxicity of the drug. CsA-induced intracellular ROS genera-
tion was evaluated using DCFH-DA fluorescent dye. As shown in
Fig. 3D, there was no change in the ROS levels at 6 h; however, it
increased from 20.7% to 52.2% after 12 and 24 h of treatment,
respectively. The increase in the ROS levels corresponded to the
expression pattern of CHOP, and therefore, we suspected that
CHOP is involved in CsA-induced ROS generation.

3.4. Downregulation of ATF3 induces CsA-induced nephrotoxicity via
CHOP expression

As shown in Fig. 3, a reduction in ATF3 expression was observed
in contrast to CHOP, which exhibited increased expression after
12 h. Furthermore, CsA-induced ROS generation presented a pat-
tern similar to that of CHOP expression. Previously, it was reported
that ATF3 inhibits CHOP expression at the transcriptional level
[21,22]. Furthermore, CHOP stimulates ROS generation, which cul-
minates in oxidative stress and cell death [23,24]. Therefore, we
knocked down ATF3 expression using siRNA and evaluated the
expression of CHOP. Expectedly, early CHOP expression was
Fig. 4. The effect of ATF3 siRNA on CsA-induced ER stress. (A) CHOP expression increase
The effect of ATF3 siRNA on CsA-induced ROS was measured using the DCFH-DA dye an
siRNA-treated cells exhibited enhanced nephrotoxicity when compared to CsA-only trea
⁄⁄p < 0.01, by the paired t test.
observed (even at 6 and 12 h), confirming the transcriptional inhi-
bition of CHOP by ATF3 (Fig. 4A).

From these results, it was apparent that CHOP induces ROS gen-
eration, causing nephrotoxicity. However, ATF3 suppresses CHOP
to protect the cells from CsA-induced nephrotoxicity (Fig. 4B). Cells
displayed higher levels of ROS generation after ATF3 knockdown
with siRNA, as opposed to scrambled siRNA. Similarly, cell viability
was reduced in cells transfected with ATF3 siRNA relative to the
wild-type cells (Fig. 4C). Finally, the number of cells that were
arrested in the G1 phase after CsA treatment was higher in the case
of the cells transfected with ATF siRNA, as compared to the cells
transfected with scrambled siRNA (Fig. 4D). Sub G1 phase was also
increased in the ATF3 siRNA-treated group, and this phase change
was profound at 24 h. The increase in Sub G1 phase revealed DNA
damage; therefore, it can be concluded that ATF3 deficiency may
influence DNA damage.

4. Discussion

CsA binds to members of the cyclophilin family (Cyp), causing
the inhibition of NFAT translocation and calcineurin-dependent
IL-2 cytokine expression [2,3]. This group is comprised of chaper-
one proteins that catalyze the isomerization between the cis- and
trans-conformations of amino acids during protein folding in the
d after ATF3 knockdown, unlike that in cells transfected with scrambled siRNA. (B)
d FACS analysis. Cell viability (C) and cell cycle (D) results also indicate that ATF3
ted cells. The mean ± S.D. of three individual experiments are presented; ⁄p < 0.05,
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ER. CsA impedes the activity of Cyp, reducing protein-folding
activity, culminating in ER stress [25,26]. In this report, we demon-
strated that ATF3 inhibits CsA-induced nephrotoxicity (include G1
phase arrest and cell death) by downregulating CHOP transcription
in HK-2 cells.

Initially, the application of CsA to HK-2 cells resulted in the
reduction of cell viability and stalled the cells at the G1 phase in
a dose- and time-dependent manner (Fig. 1). Furthermore, DNA
microarray analysis elucidated the perturbations in the gene
expression patterns at different time points (6, 12, and 24 h), and
that reinforced our earlier observations (Supplementary Table 1).
At 6 h, ER stress-related genes were substantially upregulated;
however, with time, the expression of the genes involved in cell-
cycle regulation, ROS generation, and apoptosis were significantly
induced (Figs. 1C and 2D). These results suggest that CsA treatment
induces the generation of ROS and cell-cycle arrest after 12 h.

CsA treatment widely influenced the gene expression patterns
of cells. Careful inspection revealed an inverse relationship
between ATF3 and CHOP expression. Initially, ATF3 was highly
expressed, while CHOP was minimally expressed. After 12 h of
CsA treatment, ATF3 levels started to decrease, whereas CHOP
expression increased (Fig. 4A–C). These results suggest that ATF3
opposed CHOP expression, which is in accordance with the results
of other studies [8,21,27]. Moreover, it was reported that ATF3 is
known to be upregulated, and it protects renal cells from stress-
related conditions [28], while downregulating the transcription
of various inflammatory mediators, cell damage-, and survival-
related genes [29,30].

When ATF3 was knocked down in cells treated with CsA, a
strong and an early expression of CHOP and the robust generation
of ROS were observed (Fig. 4A and B). Physiologically, CHOP is
involved in the generation of ROS and ER stress that may lead to
cell death, whereas ATF3 is a transcription factor that downregu-
lates CHOP transcription. Deficiency in ATF3 may render CHOP
unchecked, triggering ER stress and exerting a detrimental physio-
logical outcome [23]. ROS generation coincided with CHOP expres-
sion in ATF3-lacking cells, which led to the conclusion that CsA
induced ROS generation via CHOP induction. Furthermore, CsA
treatment in ATF3 knockdown cells halted the cells at the G1 phase
and reduced cell viability, unlike that in the untreated cells (Fig. 4C
and D). These observations provide conclusive evidence regarding
the protective role of ATF3 in CsA nephrotoxicity by downregulat-
ing CHOP and attenuating ROS generation.

Cumulatively, CsA imperils cell survival by inducing ROS gener-
ation, cell cycle arrest, and apoptosis. In response to CsA challenge,
stress-inducible genes such as ATF3 are expressed, facilitating cell
survival. ATF3 downregulates CHOP, which is the principal media-
tor of CsA-induced nephrotoxicity. The knockdown of ATF3
enhances cellular disintegration and triggers apoptosis. These
results strongly indicate that ATF3 acts as a stress-inducible
transcription factor, and in particular, as a negative regulator of
CHOP transcription, following CsA treatment. Further elucidation
of the mechanism of ATF3 regulation and its dependent gene tran-
scription would offer novel approaches for the treatment of organ
transplantation-related complications.
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