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Abstract

Cyclosporine A (CsA) is a powerful immunosuppressive drug with side effects including the development of chronic
nephrotoxicity. In this study, we investigated CsA treatment induced apoptotic and autophagic cell death in pituitary GH3
cells. CsA treatment (0.1 to 10 uM) decreased survival of GH3 cells in a dose-dependent manner. Cell viability decreased
significantly with increasing CsA concentrations largely due to an increase in apoptosis, while cell death rates due to
autophagy altered only slightly. Several molecular and morphological features correlated with cell death through these
distinct pathways. At concentrations ranging from 1.0 to 10 uM, CsA induced a dose-dependent increase in expression of
the autophagy markers LC3-I and LC3-Il. Immunofluorescence staining revealed markedly increased levels of both LC3 and
lysosomal-associated membrane protein 2 (Lamp2), indicating increases in autophagosomes. At the same CsA doses,
apoptotic cell death was apparent as indicated by nuclear and DNA fragmentation and increased p53 expression. In
apoptotic or autophagic cells, p-ERK levels were highest at 1.0 uM CsA compared to control or other doses. In contrast, Bax
levels in both types of cell death were increased in a dose-dependent manner, while Bcl-2 levels showed dose-dependent
augmentation in autophagy and were decreased in apoptosis. Manganese superoxide dismutase (Mn-SOD) showed a
similar dose-dependent reduction in cells undergoing apoptosis, while levels of the intracellular calcium ion exchange
maker calbindin-D9k were decreased in apoptosis (1.0 to 5 uM CsA), but unchanged in autophagy. In conclusion, these
results suggest that CsA induction of apoptotic or autophagic cell death in rat pituitary GH3 cells depends on the relative
expression of factors and correlates with Bcl-2 and Mn-SOD levels.
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Introduction cell death; autophagy can act as an antagonist to block apoptotic
cell death; and autophagy can act as a precursor or even initiator
of apoptosis. Several specific examples of coordination between
autophagy and apoptosis have been documented. The proapop-
totic molecule TRAIL mediates autophagy [6]. In addition,
growth factor deprivation induces an autophagic cell death, which

as loss of mcmbrar?c asymmetry and attachr.ﬂcnt, cell shrlr‘lkag(‘,: can be inhibited by the anti-apoptotic factor Bcl-2 [7]. These data
nuclear fragmentation, chromatin condensation, and the forma-

tion of apoptotic bodies (apoptosomes) [1]. In contrast, type II
PCD, or autophagy, is marked by extensive autophagic degrada-
tion of intracellular organelles, resulting in lysosome-associated
cytoplasmic vacuolation/autophagosome formation [2]. Microtu-
bule-associated protein 1 light chain 3 (LC3) is a marker for the
autophagic process during which it is converted from the cytosolic
form, LC3-I, to LC3-II, a modified form that is localized to
autophagosomal membranes [3].

Currently, there is no known overlap in the pathways that
modulate autophagic and apoptotic cell death [4,5]. However,
apoptotic and autophagic processes may functionally coordinate in
three ways: both apoptosis and autophagy can cooperate to induce

Programmed cell death (PCD) can be classified as either type I
or type II PCD, based on distinctive morphological and
biochemical characteristics. Type I PCD, or apoptosis, is
characterized by blebbing, changes to the cell membrane such

suggest that autophagic cell death may be induced by HSpinl, a
transmembrane protein that interacts with Bel-2/Bcl-xL [8].
Cyclosporine A (CsA) was first approved by the United States
Food and Drug Administration in the early 1980s, and has been
used significantly in prophylactic anti-rejection therapy for
patients receiving allogeneic transplants (kidney, liver, and heart)
for over two decades [8,9]. However, several side effects of CsA
have been reported in both transplant and non-transplant (i.e.,
individuals with autoimmune disorders) patients, including neph-
rotoxicity, hepatotoxicity, neurotoxicity, hypertension, dyslipide-
mia, gingival hyperplasia, hypertrichosis, malignancies, and an
increased risk of cardiovascular events [10,11]. Recent reports
demonstrate that CsA induces autophagy in vitro in human
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Figure 1. Cell viability and LC3 expression following CsA treatment. GH3 cells were incubated in DMEM with and without 10% fetal bovine
serum in the presence or absence of CsA (0 to 10 uM) for 10 h. Cell survival was determined using Cell Counting Kit-8 (A) and LC3 expression was
determined by Western blotting (B) as described in Materials and Methods. Immunofluorescence staining of LC3 and Lamp2 (C, D), DAPI staining (E),
and DNA fragmentation (F) were captured as described in Materials and Methods. E: a, with FBS; b, without FBS; ¢, 1.0 uM CsA; d, 2.5 uM CsA; e,
5.0 uM CsA; f, 10 uM CsA. Scale bars: C, 100 um; D, 25 um; E, 100 um. ***p<<0.001 vs. serum treatment. #p<0.05, ##p<0.01, ###p<0.001 vs. serum

treatment.
doi:10.1371/journal.pone.0108981.g001

tubular cells and 2 vivo in rat kidneys, and it has been suggested
that autophagy serves as a protective mechanism against
cyclosporine toxicity [12—-14]. Importantly, it has been shown
that cyclosporine-induced autophagy is triggered by endoplasmic
reticulum (ER) stress [15]. Other reports show that CsA can
induce apoptosis in human proximal tubular cells in vitro [16] and
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induces apoptosis via prolonged ER stress in an experimental
model of chronic nephropathy [17].

In this study, we investigated whether CsA induces apoptotic
and/or autophagic cell death in rat pituitary GH3 cells and
correlated the levels of several characteristic molecular markers of
these two pathways with cell death outcomes.
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Figure 2. Effect of CsA-mediated apoptotic cell death on p53
expression levels. GH3 cells were incubated in DMEM with or without
10% fetal bovine serum in the presence or absence of CsA (0 to 10 uM)
for 10 h. p53 expression (A) was determined by Western blotting and
the relative amount (B) was calculated as described in the Materials and
Methods. *p<0.05, **p<<0.01 vs. serum treatment. #p<0.05, ###p<
0.001 vs. no serum treatment.

doi:10.1371/journal.pone.0108981.g002

Results

Cell viability and LC3 expression following CsA treatment

Many in vivo and in vitro studies have shown that CsA induces
either autophagy or apoptosis [12-14,16,17]. To further these
studies and examine how CsA concentration alters cell death
pathway fate, we investigated CsA treatment for 10 h at different
CsA doses. For autophagy study, polyethyleneimine was coated on
culture dish. CsA treatment induced apoptotic and autophagic cell
death with distinct toxicities in rat pituitary GH3 cells. CsA
treatment (0.1 to 10 uM) decreased survival of rat pituitary GH3
cells in a dose-dependent manner. Apoptosis resulted in an 87%
decrease in cell viability following treatment with 10 uM CsA,
whereas autophagy resulted in a 30% reduction in cell viability at
the same dose (Fig. 1A). At concentrations ranging from 1.0 to
10 uM, CsA induced a dose-dependent increase in the expression
of LC3-1 and LC3-II (Fig. 1B). At 5 uM CsA, immunofluores-
cence staining were performed to detect the co-localization of LC3
and lysosomal-associated membrane protein 2 (Lamp2). The
increased LC3-positive granules or puncta were co-localized with
the increased Lamp2, indicating increases in autophagosomes
(Fig. 1C, D). Together, these data indicate that CsA induces
autophagy in rat pituitary GH3 cells. In parallel, some CsA
concentrations also induced apoptotic cell death in a dose-
dependent manner as assayed by nuclear fragmentation with
DAPI staining (Fig. 1E). In particular, treatment with 2.5 to
10 uM CsA induced clear nuclear and DNA fragmentation
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(Fig. 1E, F) and an increase in p53 expression (Fig. 2) compared to
treatment with or without serum. These data indicate that 1.0 to
10 uM CsA can induce dose-dependent autophagy and apoptosis
in GH3 cells.

The differences of molecular levels between apoptosis
and autophagy

Levels of several molecules implicated in PCD pathways were
examined in cells undergoing CsA induced apoptosis or autoph-
agy. In both apoptosis and autophagy, p-ERK levels were highest
following treatment with 1.0 pM CsA and decreased following 2.5
to 10 uM CsA treatment (Fig. 3). In contrast, Bax levels were
altered in a dose-dependent fashion that varied with the cell death
pathway, showing an increase in autophagy (Fig. 4A, B) and
apoptosis (Fig. 4E, F). These changes in p-ERK and Bax levels
demonstrate that CsA toxicity can influence survival of GH3 cells
depending on the CsA dose. Bcl-2 levels increased during
autophagy following treatment with 1.0 and 10 pM CsA as
measured by western blot (Fig. 4A, C) and immunofluorescence
(Fig. 4D), while Bcl-2 levels decreased during apoptosis (Fig. 4E,
G). These data suggest that Bcl-2 protein expression may result in
difference between apoptosis and autophagy by CsA.

The differences of Cu/Zn- and Mn-SOD between
apoptosis and autophagy

CsA-induced nephrotoxicity may result from oxidative stress,
and correspondingly, antioxidant enzymes, including SOD,
catalase, and glutathione peroxidase, were found to be reduced
in CsA related toxicity [18]. To examine these alterations in
relationship to CsA-induced cell death, we assayed the levels of
Cu/Zn- and Mn-SOD. CsA-mediated autophagy resulted in
slightly lower levels of Cu/Zn-SOD expression, while Mn-SOD
expression was relatively unchanged (Fig. 5A—C). In apoptotic
cells, Cu/Zn-SOD expression was increased following 2.5 uM
CsA treatment and higher doses decreased levels to those observed
in the serum free condition (Fig. 5D, E). Mn-SOD expression
showed a dose-dependent reduction (Fig. 5D, F). These results
suggest that a decline in Mn-SOD levels may induce CsA-
mediated apoptotic cell death in GH3 cells.

The difference of calbindin-D9k between apoptosis and
autophagy

In a recent report, Pallet et al. [13,14] found that CsA induces
ER stress in renal tubular cells. Indeed, the ER appears to be an
Initiator or a regulator of apoptosis [19]. Stimulation of inositol
1,4,5-triphosphate (IP3) causes Ca®" release from the ER [20],
which is involved in apoptotic signal transduction and is required
for Ca®-dependent DNA fragmentation [21]. To examine this
pathway, we assayed the levels of the intracellular Ca** modulator
calbindin-D9k. Calbindin-D9k levels were increased in autophagy
compared to the serum-free control (Fig. 6A, B). However,
calbindin-D9k levels were significantly decreased in apoptosis
induced by 1.0 to 5 pM CsA (Fig. 6C, D). This result suggests that
calbindin-D9k may be an important molecular determinant of
apoptotic or autophagic cell death by CsA in rat pituitary GH3
cells.

Discussion

CsA has been shown to induce autophagic and apoptotic cell
death in both in wvivo and in vitro experiments [12-14,16,17].
These researches suggest that the relative levels of ER stress
responses may be a determinant of apoptotic cell death by
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Figure 3. Effect of CsA-mediated autophagic and apoptotic cell death on p-ERK levels. GH3 cells were incubated in DMEM with or without
10% fetal bovine serum in the presence or absence of CsA (0 to 10 uM) for 10 h. Levels of p-ERK for autophagy (A) and apoptosis (C) were determined
by Western blotting and the relatlve amount ofﬁ ERK for autophagy (B) and apoptosis (D) was calculated as described in the Materials and Methods.

**%p<0.01 vs. serum treatment. ##p<0.01, ##
doi:10.1371/journal.pone.0108981.g003

depleting proapoptotic proteins. In other experiments, CsA
induced apoptosis by up-regulating the proapoptotic factors p53
and Bax, cleaving PARP, and down-regulating the antiapoptotic
factor Bcl-2 in cultured rat mesangial cells and in a rat chronic
nephrotoxicity model [22,23].

The mechanisms underlying chronic CsA nephropathy are not
completely understood. Activation of the intrarenal renin-angio-
tensin system, increased release of endothelin-1, inappropriate
apoptosis, stimulation of inflammatory mediators, and ER stress
have all been implicated in the pathogenesis of chronic CsA
nephropathy [10]. Pellet et al. [13] demonstrated that CsA induces
autophagy in primary cultured human renal tubular cells through
LC3-II expression and autophagosome visualization by electron
microscopy. CsA-induced autophagy may occur downstream of
ER stress. Various ER stresses activate autophagy, and salubrinal,
an inhibitor of elF2alpha dephosphorylation, both protects cells
against ER stress and inhibits LC3-II expression.

The cross-talk between autophagic and apoptotic cell death
pathways is complex [4,5]. Three different types of interaction
between these pathways have been postulated: (1) an apoptosis/
autophagy partnership; (2) autophagy may antagonize apoptosis;
or (3) autophagy may enable apoptosis. We demonstrated that
CsA treatment increased nuclear fragmentation and Bax-2 levels,
and reduced Bcl-2, resulting in apoptotic cell death. Translocation
of Bcl-2 family members from the cytoplasm to the mitochondria
is a central step In propagation of apoptotic signals to the
cytoplasm [24-26]. In contrast, Bcl-2 levels increased during
autophagic cell death. This result suggests that autophagy may act
to interfere or to attenuate apoptosis and participate in cell
protection. Autophagy was shown to be essential for survival
during nutrient starvation in vivo and in vitro [27-30]. Autophagy
also protected epithelial cells from apoptotic cell death [31] during
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p<0.001 vs. no serum treatment.

metabolic stress [32], drug treatment, and radiation damage for
genotoxic ROS [33].

Our data demonstrate that CsA activates p53 and triggers
apoptotic cell death in GH3 cells. These data are consistent with
other reports, which showed CsA treatment activates p53, induces
nuclear localization, and activates the expression of the p53 target
genes Bax, mdm2, and p21**"" [24]. Importantly, inhibition of
endogenous p33 or lack of functional p53 significantly reduces the
extent of CsA-induced apoptosis, indicating that p53 is critical for
CsA-mediated cell death. Our data show that an immunosup-
pressive drug is capable of activating p53 in GH3 cells.

Although a direct link between CsA-mediated ROS generation
and adverse renal toxicity in rat renal tubular cells has not been
demonstrated [34], it has been suggested that increased ROS
levels may contribute to adverse CsA side effects [35,36]. CsA-
induced ROS generation and susceptibility to ROS are highly
tissue-specific [37]. Autophagy is also regulated by ROS, including
superoxide and hydrogen peroxide, though superoxide may be the
central ROS that regulates autophagy [38,39]. To examine the
role of ROS in CsA mediated cell death, we examined ERK and
SOD protein levels, components of the pathways that are activated
in response to oxidative stress [40]. In addition, both phospho-
inositide 3-kinase/protein kinase B (PI3K/PKB) and ERK
pathways have been implicated in survival and death responses
of mouse kidney cells [41]. CsA treatment of GH3 cells reduced
Cu/Zn-SOD expression in autophagy (Fig. 5A, B) and Mn-SOD
expression in apoptosis in a dose dependent fashion (Fig. 5D, F).
These results suggest that the changes in CGu/Zn- and Mn-SOD
expression are associated with apoptotic and autophagic cell death
by CsA treatment in GH3 cells.

The ER appears to function as a key initiator or a regulator of
apoptosis with Ca®*-mediated signaling [19,42], An increase in
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Figure 4. Effect of CsA-mediated autophagic and apoptotic cell death on Bax and Bcl-2 levels. GH3 cells were incubated in DMEM with or
without 10% fetal bovine serum in the presence or absence of CsA (0 to 10 uM) for 10 h. Levels of Bax and Bcl-2 for autophagy (A) and apoptosis (E)
were determined by Western blotting and the relative amount of Bax and Bcl-2 for autophagy (B, C) and apoptosis (F, G) was calculated as described
in the Materials and Methods. Bcl-2 was imaged on an OLYMPUS DP controller and manager using an inverted microscope (D). *p<<0.05, **p<<0.01,
***p<0.001 vs. serum treatment. #p<0.05, ##p<0.001 Vvs. no serum treatment. Scale bar is 100 um.

doi:10.1371/journal.pone.0108981.9g004

mitochondrial matrix Ca®" regulates metabolism, and Ca®" also
modulates mitochondrial permeability transition, which is con-
trolled by permeability transition pores [43]. Permeability
transition pores have been implicated in apoptotic, autophagic,
and necrotic cell death pathways. We examined calbindin-D9k
levels indirectly as a marker for intracellular Ca®* modulation.
Calbindin-D9k is expressed in the mammalian intestine (duode-
num), kidney, pituitary gland, growth cartilage, bone, and female
reproductive tissues [44—47]. Uterine calbindin-D9k has been
shown to be involved in the regulation of myometrial activity by
mtracellular calcium [48]. Our results suggest that calbindin-D9k
may act as an important intracellular calcium ion exchanger that
regulates apoptotic or autophagic cell death by CsA in rat pituitary
GH3 cells.

In summary, we found that CsA induces apoptotic and
autophagic cell death in rat pituitary GH3 cells. Apoptotic and
autophagic cell death could be distinguished both morphologically
and molecularly as they displaced distinct levels of Bel-2 and Mn-
SOD expression.

Materials and Methods

Cell culture

Rat pituitary GH3 cells, which originated from the growth
hormone-producing tumor of the rat anterior pituitary and
somatomammotroph phenotype, were purchased from ATCC
(CGCL-82.1) and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, GibcoBRL, Gaithersburg, MD, USA) supple-
mented with or without 10% heat-inactivated fetal bovine serum
(GibcoBRL) at 37°C in 5% CO; in a humidified atmosphere.
Cells were treated with CsA (0 to 100 uM) in serum-free medium.
For autophagy studies, culture dishes were coated with poly-
ethyleneimine (20 pg/mL) (Sigma, St. Louis, MO, USA), washed
with distilled water, and dried.

Cell viability assays

Cell survival was quantified using Cell Counting Kit-8 (Dojindo
Laboratories, Tokyo, Japan). In brief, GH3 cells were cultured in
96-well plates (Corning Inc., Corning, NY, USA) at a density of
5x10% cells per well. The cells were cultured in the presence or
absence of melatonin. After 15 h, cells were washed, treated with
Cell Counting Kit-8 reagents, incubated in the dark for 4 h, and
then absorbance (450 nm) was measured using a plate reader
(Molecular Device, Sunnyvale, CA). Percent viability was calcu-
lated as the absorbance of the melatonin-treated sample/control
absorbance x100.

Western blot analysis

Cells were harvested, washed two times with ice-cold PBS, and
then resuspended in 20 mM Tris-HCI buffer (pH 7.4) containing a
protease inhibitor mixture (0.1 mM phenylmethylsulfonyl fluoride,
5 pg/mkL aprotinin, 5 pg/mL pepstatin A, 1 pg/mL chymostatin)
and phosphatase inhibitors (5 mM NasVO,, 5 mM NaF). Whole
cell lysates were prepared with a Dounce homogenizer (20 strokes),
followed by centrifugation at 13,000 xg for 20 min at 4°C. Protein
concentration was determined using a BCA assay (Sigma). Proteins
(50 ug) were separated by 12% SDS-PAGE and then transferred
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onto polyvinylidene difluoride (PVDF) membranes. Membranes
were hybridized with antibodies specific for LC3 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p53 (Santa Cruz Biotech-
nology), Cu/Zn- and Mn-SOD (Cell Signaling Technology,
Beverly, MA, USA), p-ERK and ERK (Transduction Laboratories,
Lexington, KY, USA), Bax and Bcl-2 (Santa Cruz Biotechnology),
calbindin-D9k (Swant, Bellinzona, Switzerland), and GAPDH
(Assay Designs, Ann Arbor, MI, USA). Immunoreactive proteins
were visualized by exposure of the membrane to X-ray film. The
films were scanned and the band intensities and optical densities
were corrected by background subtraction, quantified using Image]
analysis software (version 1.52, Wayne Rasband, NIH, Bethesda,
MD, USA), and then normalized.

Immunofluorescence staining

GHS3 cells grown on culture slides (BD Falcon Labware, REF
354108) were permeabilized and fixed in methanol at —20°C for
3 min. Cells were washed with phosphate-buffered saline (PBS),
blocked with 10% bovine serum albumin (Sigma) with PBS for
10 min, and incubated with primary antibody in blocking buffer
for 1 h at room temperature (RT). Cells were hybridized with
secondary antibodies for 1 h at RT. The coverslips were mounted
on glass slides using Vectashield mounting medium (Vector Labs
Inc., Burlingame, CA, USA). Cells were viewed under a Leica
TCS SP5 confocal microscope (Leica, Microsystems CMS GmbH,
Germany). The following primary antibodies were used: Lamp?2
(Cell Signaling Technology) and LC3 (Cell Signaling Technology).
The following secondary antibodies were used: Alexa 594 (red)-
conjugated anti-rabbit IgG (Vector Laboratories Inc.) and
fluorescein isothiocyanate (green)-labeled anti-mouse IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).

Nuclear staining and immunofluorescence microscopy
Cells were fixed in 4% paraformaldehyde buffered with 0.1 M
phosphate (pH 7.3) for 30 min and then washed with phosphate-
buffered saline (PBS). Cells were permeabilized with 0.3% Triton
X-100 for 20 min, washed with PBS, and then stained with 4,6-
diamidino-2-phenylindole (DAPI, Santa Cruz, USA) for 10 min.
For immunofluorescence microscopy, GH3 cells were grown on
culture slides (Nunclon, Gibco cat. no. 176740, NV Invitrogen
SA, Merelbeke, Belgium) and then fixed in cold methanol for
10 min at 20°C. Cells were washed in PBS, blocked with 5%
bovine serum albumin in PBS for 30 min, and incubated with
primary antibody (Bcl-2, Santa Cruz Biotechnology) in 2% bovine
serum albumin (BSA) for 1 h at room temperature. Cells were
washed with PBS and subsequently incubated with secondary
antibody (fluorescein isothiocyanate (green)-labeled anti-mouse
IgG (Jackson ImmunoResearch Laboratories) in 2% BSA for 1 h
at room temperature. After washing with PBS, images were
acquired at a peak excitation wavelength of 340 nm (Olympu-
sIX71) using an OLYMPUS DP controller and manager (200 x

magnification).

DNA fragmentation analysis

Cell pellets were resuspended in 750 uL of lysis buffer (20 mm
Tris-HCI, 10 mm EDTA, and 0.5% Triton X-100, pH 8.0) and
left on ice for 45 min with occasional shaking. DNA was extracted
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Figure 5. Effect of CsA-mediated autophagic and apoptotic death on Cu/Zn- and Mn-SOD levels. GH3 cells were incubated in DMEM
with or without 10% fetal bovine serum in the presence or absence of CsA (0 to 10 uM) for 10 h. Cu/Zn- and Mn-SOD levels for autophagy (A) and
apoptosis (D) were determined by Western blotting and the relative amount for autophagy (B, C) and apoptosis (E, F) was calculated as described in
the Materials and Methods. *p<<0.05, ***p<<0.001 vs. serum treatment. #*##p<0.001 vs. no serum treatment.
doi:10.1371/journal.pone.0108981.g005
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Figure 6. Effect of CsA-mediated autophagic and apoptotic death on calbindin-D9k levels. GH3 cells were incubated in DMEM with or
without 10% fetal bovine serum in the presence or absence of CsA (0 to 10 uM) for 10 h. Calbindin-D9k levels for autophagy (A) and apoptosis (C)
were determined by Western blotting and the relative amount of calbindin-D9k for autophagy (B) and apoptosis (D) was calculated as described in
the Materials and Methods. *p<<0.05, **p<0.01, ***p<<0.001 vs. serum treatment. ##p<0.01, ###p<0.001 vs. no serum treatment.

doi:10.1371/journal.pone.0108981.g006

with phenol/chloroform and precipitated with alcohol. The
precipitate was dried and resuspended in 100 uL of 20 mM
Tris-HCI, pH 8.0. After degradation of RNA with RNase
(0.1 mg/mL) at 37°C for 1 h, samples (15 uL) were electropho-
resed on a 1.2% agarose gel in 450 mM Tris borate-EDTA buffer
(TBE, pH 8.0) and photographed under UV light.

Statistical analysis

Significant differences were detected by ANOVA, followed by
Tukey’s test for multiple comparisons. Analysis was performed
using the Prism Graph Pad v4.0 (Graph Pad Software Inc., San

References

1. Kerr JF (1965) A histochemical study of hypertrophy and ischaemic injury of rat
liver with special reference to changes in lysosomes. J Pathol Bacteriol 90: 419~
435.

2. Stromhaug PE, Klionsky DJ (2001) Approaching the molecular mechanism of
autophagy. Traffic 2: 524-531.

3. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, et al. (2000) LC3,
a mammalian homologue of yeast Apg8p, is localized in autophagosome
membranes after processing. EMBO J 19: 5720-5728.

4. Lockshin RA, Zakeri Z (2004) Apoptosis, autophagy, and more. Int J Biochem
Cell Biol 36: 2405-2419.

5. Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A (2009) Life and death
partners: apoptosis, autophagy and the cross-talk between them. Cell Death
Differ 16: 966-975.

6. Mills KR, Reginato M, Debnath J, Queenan B, Brugge JS (2004) Tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) is required for
induction of autophagy during lumen formation in vitro. Proc Natl Acad Sci
USA 101: 3438-3443.

7. Cardenas-Aguayo Mdel C, Santa-Olalla J, Baizabal JM, Salgado LM,
Covarrubias L (2003) Growth factor deprivation induces an alternative non-
apoptotic death mechanism that is inhibited by Bcl2 in cells derived from neural
precursor cells. ] Hematother Stem Cell Res 12: 735-748.

PLOS ONE | www.plosone.org

Diego, CA, USA). Values are expressed as means = SD of at least
three separated experiments, in which case a representative
experiment is depicted in the figures. P values<<0.05 were
considered statistically significant.

Author Contributions

Conceived and designed the experiments: HSK YMY. Performed the
experiments: HSK SIC EB] YMY. Analyzed the data: HSK EB] YMY.
Contributed reagents/materials/analysis tools: EB] YMY. Wrote the
paper: EB] YMY.

8. Yanagisawa H, Miyashita T, Nakano Y, Yamamoto D (2003) HSpinl, a
transmembrane protein interacting with Bcl-2/Bcl-xL, induces a caspase-
independent autophagic cell death. Cell Death Differ 10: 798-807.

9. Cecka JM, Terasaki PI (1991) The UNOS Scientific Renal Transplant Registry.
Clin Transpl 1991; 1-11.

10. Yoon HE, Yang CW (2009) Established and newly proposed mechanisms of
chronic cyclosporine nephropathy. Korean J Intern Med 24: 81-92.

11. Olyaei AJ, de Mattos AM, Bennet WM (2001) Nephrotoxicity of immunosup-
pressive drugs: new insight and preventive strategies. Curr Opin Crit Care 7:
384-389.

12. Pallet N, Anglichcau D (2009) Autophagy: a protective mechanism against
nephrotoxicant-induced renal injury. Kidney Int 75: 118-119.

13. Pallet N, Bouvier N, Bendjallabah A, Rabant M, Flinois JP, et al. (2008)
Cyclosporine-induced endoplasmic reticulum stress triggers tubular phenotypic
changes and death. Am J Transplant 8: 2283-2296.

14. Pallet N, Bouvier N, Legendre C, Gilleron J, Codogno P, et al. (2008)
Autophagy protects renal tubular cells against cyclosporine toxicity. Autophagy
4: 783-791.

15. Ciechomska IA, Gabrusiewicz K, Szczepankiewicz AA, Kaminska B (2013)
Endoplasmic reticulum stress triggers autophagy in malignant glioma cells
undergoing cyclosporine a-induced cell death. Oncogene 32: 1518-1529.

16. Daly PJ, Docherty NG, Healy DA, McGuire BB, Fitzpatrick JM, et al. (2009)
The single insult of hypoxic preconditioning induces an antiapoptotic response

October 2014 | Volume 9 | Issue 10 | €108981



20.

21.

26.

27.

28.

in human proximal tubular cells, in vitro, across cold storage. BJU Int 103: 254—

259.

. Han SW, Li C, Ahn KO, Lim SW, Song HG, et al. (2008) Prolonged

endoplasmic reticulum stress induces apoptotic cell death in an experimental
model of chronic cyclosporine nephropathy. Am J Nephrol 28: 707-714.

. Longoni B, Migliori M, Ferretti A, Origlia N, Panichi V, et al. (2002) Melatonin

prevents cyclosporine-induced nephrotoxicity in isolated and perfused rat
kidney. Iree Radic Res 36: 357-363.

. Rutkowski DT, Kaufman RJ (2004) A trip to the ER: coping with stress. Trends

Cell Biol 14: 20-28.

Oakes SA, Scorrano L, Opferman JT, Bassik MC, Nishino M, et al. (2005)
Proapoptotic BAX and BAK regulate the type 1 inositol trisphosphate receptor
and calcium leak from the endoplasmic reticulum. Proc Natl Acad Sci USA 102:
105-110.

Boulares AH, Zoltoski AJ, Contreras FJ, Yakovlev AG, Yoshihara K, et al.
(2002) Regulation of DNAS1L3 endonuclease activity by poly(ADP-ribosyl)ation
during etoposide-induced apoptosis. Role of poly(ADP-ribose) polymerase-1
cleavage in endonuclease activation. J Biol Chem 277: 372-378.

. Han SY, Chang EJ, Choi HJ, Kwak CS, Park SB, et al. (2006) Apoptosis by

cyclosporine in mesangial cells. Transplant Proc 38: 2244-2246.

Shihab IS, Andoh TF, Tanner AM, Yi H, Bennett WM (1999) Expression of
apoptosis regulatory genes in chronic cyclosporine nephrotoxicity favors
apoptosis-Adult male Sprague-Dawley rats. Kidney Int 56: 2147-2159.

. Pyrzynska B, Serrano M, Martinez-A C, Kaminska B (2002) Tumor suppressor

P53 mediates apoptotic cell death triggered by cyclosporin A. J Biol Chem 277:
14102-14108.

. Goping IS, Gross A, Lavoie JN, Nguyen M, Jemmerson R, et al. (1998)

Regulated targeting of BAX to mitochondria. J Cell Biol 143: 207-215.
Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG, et al. (1997) Movement
of Bax from the cytosol to mitochondria during apoptosis. J Cell Biol 139: 1281~
1292.

Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, et al. (2005) Impairment of
starvationinduced and constitutive autophagy in Atg7-deficient mice. J Cell Biol
169: 425-434.

Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, et al. (2004) The role
of autophagy during the early neonatal starvation period. Nature 432: 1032
1036.

. Boya P, Gonzalez-Polo RA, Casares N, Perfettini JL, Dessen P, et al. (2000)

Inhibition of macroautophagy triggers apoptosis. Mol Cell Biol 25: 1025-1040.

. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, et al. (2005) Growth factor

regulation of autophagy and cell survival in the absence of apoptosis. Cell 120:
237-248.

. Fung C, Lock R, Gao 8, Salas E, Debnath J (2008) Induction of autophagy

during extracellular matrix detachment promotes cell survival. Mol Biol Cell 19:
797-806.

. Karantza-Wadsworth V, Pate S, Kravchuk O, Chen G, Mathew R, et al. (2007)

Autophagy mitigates metabolic stress and genome damage in mammary
tumorigenesis. Genes Dev 21: 1621-1635.

PLOS ONE | www.plosone.org

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44,

46.

47.

48.

Different Molecular Mechanisms of Cell Death by Cyclosporine A

Ito H, Daido S, Kanzawa T, Kondo S, Kondo Y (2005) Radiation-induced
autophagy is associated with LC3 and its inhibition sensitizes malignant glioma
cells. Int J Oncol 26: 1401-1410.

Galletti P, Di Gennaro CI, Migliardi V, Indaco S, Della Ragione F, et al. (2005)
Diverse effects of natural antioxidants on cyclosporin cytotoxicity in rat renal
tubular cells. Nephrol Dial Transplant 20: 1551-1558.

. Pérez de Lema G, Arribas I, Pricto A, Parra T, de Arriba G, et al. (1998)

Cyclosporin  A-induced hydrogen peroxide synthesis by cultured human
mesangial cells is blocked by exogenous antioxidants. Life Sci 62: 1745-1753.
Wolf A, Trendelenburg CF, Diez-Fernandez C, Prieto P, Houy S, et al. (1997)
Cyclosporine A-induced oxidative stress in rat hepatocytes. J Pharmacol Exp
Ther 280: 1328-1334.

Buetler TM, Cottet-Maire F, Krauskopf A, Ruegg UT (2000) Does cyclosporin
A generate free radicals? Trends Pharmacol Sci 21: 288-290.

Chen Y, Azad MB, Gibson SB (2009) Superoxide is the major reactive oxygen
species regulating autophagy. Cell Death Differ 16: 1040-1052.

Lim SW, Hyoung BJ, Piao SG, Doh KC, Chung BH, et al. (2012) Chronic
cyclosporine nephropathy is characterized by excessive autophagosome
formation and decreased autophagic clearance. Transplantation 94: 218-225.
Blanc A, Pandey NR, Srivastava AK (2003) Synchronous activation of ERK 1/
2, p38mapk and PKB/Akt signaling by HyO, in vascular smooth muscle cells:
potential involvement in vascular disease. Int J Mol Med 1: 229-234.

Sarr6 E, Tornavaca O, Plana M, Meseguer A, Itarte E (2008) Phosphoinositide
3-kinase inhibitors protect mouse kidney cells from cyclosporine-induced cell
death. Kidney Int 73: 77-85.

Oakes SA, Opferman JT, Pozzan T, Korsmeyer SJ, Scorrano L (2003)
Regulation of endoplasmic reticulum Ca* dynamics by proapoptotic BCL-2
family members. Biochem Pharmacol 66: 1335-1340.

Smaili SS, Hsu YT, Carvalho AC, Rosenstock TR, Sharpe JC, et al. (2003)
Mitochondria, calcium and pro-apoptotic proteins as mediators in cell death
signaling. Braz J Med Biol Res 36: 183-190.

Choi KC, Leung PC, Jeung EB (2005) Biology and physiology of Calbindin-D9k
in female reproductive tissues: involvement of steroids and endocrine disruptors.
Reprod Biol Endocrinol 3: 66.

. Lee GS, Choi KC, Park SM, An BS, Cho MC, et al. (2003) Expression of

human Calbindin-D(9k) correlated with age, vitamin D receptor and blood
calcium level in the gastrointestinal tissues. Clin Biochem 36: 255-261.
Nguyen TH, Lee GS, Ji YK, Choi KC, Lee CK, et al. (2005) A calcium binding
protein, calbindin-D9k, is mainly regulated by estrogen in the pituitary gland of
rats during estrous cycle. Brain Res Mol Brain Res 141: 166-173.

Tinnanooru P, Dang VH, Nguyen TH, Lee GS, Choi KC, et al. (2008) Estrogen
regulates the localization and expression of calbindin-D9k in the pituitary gland
of immature male rats via the ERalpha-pathway. Mol Cell Endocrinol 285:
26-33.

Choi KC, Jeung EB (2008) Molecular mechanism of regulation of the calcium-
binding protein calbindin-D9k, and its physiological role(s) in mammals: a
review of current research. J Cell Mol Med 12: 409-420.

October 2014 | Volume 9 | Issue 10 | €108981



