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(Bacl(ground: There is increasing evidence that annexin A5 is related to cytotoxicity, but the precise function has yet to be

Results: Cisplatin induces mitochondrial translocation of annexin A5, and annexin A5 mediates VDAC oligomerization.
Conclusion: Annexin A5 may play a role as a mediator of cisplatin-induced apoptosis in renal epithelial cells.
Significance: Learning how annexin A5 is involved in the apoptotic pathway is crucial for understanding cisplatin-induced

J

Annexin A5 belongs to a large family of calcium-binding and
phospholipid-binding proteins and may act as an endogenous
regulator of various pathophysiological processes. There is
increasing evidence that annexin A5 is related to cytotoxicity,
but the precise function of this protein has yet to be elucidated.
In this study, we aimed to verify the function of annexin A5 in the
apoptosis of renal epithelial cells. Real-time PCR and Western blot
analysis, together with immunofluorescence analysis, showed that
the expression of annexin A5 significantly increased in the pres-
ence of cisplatin in both human and rat renal epithelial cells. With
regard to the mechanism of cisplatin-induced apoptosis, apopto-
sis-inducing factor (AIF) release into the cytosol was observed, and
the underlying mechanism was identified as voltage-dependent
anion channel (VDAC) oligomerization. Mitochondrial mem-
brane potential (Ais,,,) was found to be greatly disrupted in cis-
platin-treated cells. Moreover, cisplatin strongly induced translo-
cation of annexin A5 into mitochondria. To understand the func-
tional significance of annexin A5 in renal cell death, we used a
siRNA-mediated approach to knock down annexin A5. Annexin
A5 depletion by siRNA led to decreased annexin A5 translocation
into mitochondria and significantly reduced VDAC oligomeriza-
tion and AIF release. Annexin A5 siRNA also increased cell via-
bility compared with the control. Moreover, expression of
annexin A5 was induced by other nephrotoxicants such as CdCl,
and bacitracin. Taken together, our data suggest that annexin
A5 may play a crucial role in cisplatin-induced toxicity by medi-
ating the mitochondrial apoptotic pathway via the induction
and oligomerization of VDAC.

Cisplatin is one of the most widely used chemotherapeutic
agents for the treatment of various types of cancers, including
some types of carcinomas, sarcomas, and lymphomas (1), but
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the risk of nephrotoxicity frequently limits the use of higher
doses to maximize its antineoplastic effects. Nephrotoxicity
after cisplatin treatment is common and can manifest as either
acute renal failure or a chronic syndrome characterized by elec-
trolyte wasting. The cytotoxic effects of cisplatin have been
thought to occur via a number of diverse mechanisms, includ-
ing inhibition of protein synthesis, mitochondrial injury, and
DNA damage (2). However, the underlying molecular mecha-
nisms of cisplatin-induced apoptosis of kidney cells are not yet
fully understood. The lack of early biomarkers is another issue
that makes it difficult to initiate potential therapeutic or pre-
ventive interventions for cisplatin-induced nephrotoxicity in a
timely manner (3, 4).

After conducting two-dimensional gel electrophoresis fol-
lowed by MALDI-TOF-MS analysis of cisplatin-treated cells to
determine which proteins are differentially expressed (5), we
selected annexin A5 as a marker candidate based on GEO
microarray data showing increased expression of annexin A5
mRNA in rats injected with various nephrotoxicants (6).
Annexin A5 is a calcium-regulated, phospholipid-binding pro-
tein that belongs to the annexin family and has a molecular
mass of 32-35 kDa. This protein is present in many human
tissues and exists mostly in the endothelium and parietal epi-
thelium of glomeruli, macula densa, and renal cortical tubular
epithelium (7, 8). Annexin A5 has been reported to have anti-
coagulant activity and to be involved in the inhibition of phos-
pholipase A, and the regulation of membrane transport. It has
also been implicated in many cellular functions, including cel-
lular proliferation and signal transduction, although the precise
role of annexin A5 has not yet been identified (7). Recently,
annexin A5 has emerged as a promising biomarker of cytotox-
icity in patients with Alzheimer disease, heart injury (9), and
renal diseases such as nephritic syndrome and systemic lupus
erythematosus nephritis (7, 10).

The voltage-dependent anion channel (VDAC)? could have
an important role in apoptotic mechanisms. It is known that

3 The abbreviations used are: VDAC, voltage-dependent anion channel; TMRM,
tetramethylrhodamine methyl ester; AlF, apoptosis-inducing factor.
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FIGURE 1. Cisplatin induces apoptotic cell death in renal epithelial cells. A, cell cytotoxicity. HK-2 or NRK-52E cells were treated with cisplatin at various
concentrations for 48 h. Cell viability was detected with CCK. Formazan formation was quantified by spectrophotometry at 450 nm. The percentage of cells
surviving in each group relative to the control was calculated. B, caspase-3 activity. Cells were treated with cisplatin at the indicated concentrations for 24 h.
Whole cell lysates from HK-2 or NRK-52E cells were prepared. Total caspase-3 and cleaved caspase-3 were measured by Western blot analysis. *, significantly
different from untreated cells (p < 0.05).
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FIGURE 2. Cisplatin induces annexin A5 mRNA expression. Cells were treated with cisplatin (20 um for HK-2 (A) and 24 um for NRK-52E (B) cells) for 0,
6, 12, 24, or 48 h. Expression of annexin A5 (ANXA5) mRNA was determined by real-time quantitative PCR., HK-2 cells. *, significantly different from
untreated cells (p < 0.05).
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FIGURE 3. Cisplatin induces annexin A5 protein expression. Cells were treated with cisplatin (0, 10, 20, 30, 40, or 50 um) for 24 h or were treated with
cisplatin (20 um for HK-2 (A) and 24 um for NRK-52E (B) cells) for the designated time periods (0, 6, 12, 24, or 48 h). Total cell lysates were prepared and
used for Western blot analyses with anti-annexin A5 (ANXA5) antibody. B-Actin was used as a loading control. The intensities of the protein bands were
quantified using Quantity One software and are plotted as the ratio of annexin A5 to B-actin intensity. Data are the mean = S.D. (n = 3).%, significantly different from

untreated cells (p < 0.05).

VDAC functions in mitochondria-mediated apoptosis through
the release of apoptogenic proteins (11). VDAC is a 30-kDa
mitochondrial protein located in the mitochondrial outer
membrane that controls cross-talk between the mitochon-
dria and the rest of the cell by functioning as a gatekeeper for
the entry and exit of mitochondrial metabolites (12). VDAC
associates with higher order structures to allow folded proteins
to pass the mitochondrial membrane to achieve apoptosis (13,
14). Various apoptosis inducers, including staurosporine, cur-
cumin, selenite, and arsenic oxide, induce formation of the
VDAC dimer and oligomers (15). Cisplatin also induces VDAC
oligomerization in HEK-293 cells at relatively high concentra-
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tions (40-50 uMm), which indicates that cisplatin may possibly
cause apoptosis via VDAC oligomerization (16, 17).

In this study, we determined that annexin A5 is up-regu-
lated in both human and rat renal epithelial cells treated with
cisplatin and explored the mechanism of toxicity. In cross-
linking experiments, VDAC appeared to form a homodimer
and oligomers after cisplatin treatment in a concentration-
and time-dependent manner. Because there has been no evi-
dence to suggest that annexin A5 plays a role in apoptosis despite
annexin A5 up-regulation being implicated in apoptosis, we car-
ried out knockdown experiments using annexin A5 siRNA to
explore the function of annexin A5. Our results suggest that
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annexin A5 can act as an apoptotic mediator via the modu-
lation of mitochondrial membrane potential and apopto-
genic factors.

EXPERIMENTAL PROCEDURES

Chemicals—Cisplatin, CdCl,, and bacitracin were purchased
from Sigma-Aldrich. FBS and RPMI 1640 medium were pur-
chased from HyClone (Logan, UT). Anti-annexin A5 antibody
was purchased from Abcam (Cambridge, United Kingdom).
The transfection reagent Lipofectamine™, Alexa Fluor® 594-
conjugated donkey anti-goat IgG, Texas Red-conjugated goat
anti-rabbit IgG, and MitoTracker® probes were supplied by
Invitrogen. Tetramethylrhodamine methyl ester (TMRM) was
from Molecular Probes (Eugene, OR). Antibodies for VDAC
(N-18) and apoptosis-inducing factor (AIF) were purchased
from Millipore (Bedford, MA). Anti-caspase-3 antibody was
from Cell Signaling Technology (Beverly, MA). BCA protein
assay kits and ECL kits were obtained from Pierce. Moloney
murine leukemia virus reverse transcriptase and RNase
inhibitor (RNasin) were purchased from Promega (Madison,
W1). Ex Tag™ DNA polymerase was obtained from TaKaRa
Bio (Shiga, Japan).

Cell Culture and Treatment—Immortalized human renal
proximal epithelial cells (HK-2) and rat renal proximal tubular
epithelial cells (NRK-52E) were obtained from American Type
Culture Collection (Manassas, VA) and were cultured in
DMEM supplemented with 10% (v/v) heat-inactivated FBS, 100
units/ml penicillin, and 100 ug/ml streptomycin. Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO.,.
Cisplatin, CdCl,, or bacitracin was dissolved in sterile 0.9%
NaCl solution (3 mm, 2 M, or 2 mMm, respectively). Each stock
solution was used within 3 days.

Cell Viability Assay—Cells (1 X 10* cells/well) were plated
onto 96-well round-bottom plates and treated with cisplatin at
various concentrations. After 48 h, 10 ul of EZ-CyTox (Daeil
Lab Service, Seoul, Korea) was added to each well and incu-
bated for 2 h. The absorbance at 450 nm was measured using a
GENios Pro microplate reader (Tecan, Ménnedorf, Switzer-
land). For flow cytometry analysis, cells (1 X 10° cells/ml) were
collected, and the resulting pellets were resuspended in 100 ul
of Muse™ annexin V and dead cell reagent (Millipore) and 100
wl of culture medium. After resuspended cells were completely
mixed and stained for 20 min in the dark, viable cells were
analyzed using a Muse™™ cell analyzer (Millipore).

RT-PCR—Total RNA was extracted using an RNeasy mini kit
(Qiagen). Total RNA (500 ng) was transcribed at 37 °C for 1 hin
a volume of 20 ul containing 5X RT buffer, 10 mm dNTPs, 40
units of RNase inhibitor, 200 units of Moloney murine leukemia
virus reverse transcriptase, and 100 pmol of oligo(dT) primer.
Subsequently, 0.8 ul of the reaction mixture from each sample
was amplified with 10 pmol of each oligonucleotide primer, 0.2
mMm dNTPs, 1.5 mm MgCl,, and 1.25 units of Tag DNA poly-
merase in a final volume of 25 ul. PCR was performed as follows:
one cycle at 95 °C for 2 min, followed by 35 cycles of denatur-
ation at 95 °C for 10 s, annealing at 63 °C for 15 s, and extension
at72 °Cfor 15 s. Human annexin A5 cDNA was amplified using
sense primer 5'-CAGTCTAGGTGCAGCTGCCG-3' and anti-
sense primer 5-GGTGAAGCAGGACCAGACTGT-3'. For
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FIGURE 4. Immunofluorescence analysis of annexin A5 expression by cis-
platin in renal epithelial cells. HK-2 (A) and NRK-52E (B) cells were cultured
on microscope slides and treated with cisplatin (20 um) for 0,6, 12, 24, or 48 h
in a concentration-dependent manner. After treatment, cells were fixed, per-
meabilized, and subsequently stained using anti-annexin A5 (ANXA5) anti-
body. Cells were then stained with the Alexa Fluor 594-labeled secondary
antibody. DAPI was used for nuclear staining. Fluorescence was determined
using a fluorescence microscope.

amplification of rat annexin A5 cDNA, sense primer 5’ -GGC-
CCTGCTGCTCCTCTG-3" and antisense primer 5'-GTA-
AGGCAGCGTGGCAGGC-3" were used. Human GAPDH
c¢DNA was amplified using sense primer 5'-TGAACGGGAA-
GCTCACTGG-3' and antisense primer 5'-TCCACCACCCT-
GTTGCTGTA-3'. The number of amplification cycles was
optimized in preliminary experiments to ensure that the PCR
did not reach a plateau. PCR products were analyzed by 2%
(w/v) agarose gel electrophoresis using a ChemiDoc XRS sys-
tem (Bio-Rad).

Quantitative PCR—T o quantitatively determine the concen-
tration of expressed mRNA, quantitative PCR was per-
formed using an iQ5 real-time PCR detection system (Bio-
Rad) with a SYBR Green I PCR kit (TaKaRa Bio) as

S
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FIGURE 5. Cisplatin induces translocation of AIF from mitochondria to the cytosol and nucleus. HK-2 (A) and NRK-52E (B) cells were treated with cisplatin
for 0, 6, 12, 24, or 48 h. Mitochondrial, cytosolic, and nuclear fractions were prepared and used for Western blot analyses with antibody against AIF. COX-4,
GAPDH, and histone H1 were used as loading controls for the mitochondrial, cytosolic, and nuclear fractions, respectively. The intensities of the protein bands
were quantified using Quantity One software and are plotted as the AIF/COX-4, AIF/GAPDH, and AlF/histone H1 intensity ratios. Data are the mean = S.D.(n =
3). ¥, significantly different from the mitochondrial fraction of untreated cells (p < 0.05); #, significantly different from the cytosolic fraction of untreated cells
(p < 0.05); §, significantly different from the nuclear fraction of untreated cells (p < 0.05).

recommended by the manufacturers. Each reaction con-
tained 10 ul of 2X SYBR Green Premix Ex Taq, 15 pmol of
each oligonucleotide primer, and 2 ul of cDNA in a final
volume of 20 ul. Quantitative PCR was performed as follows:
one cycle at 95 °C for 10 min, followed by 40 cycles of dena-
turation at 95 °C for 10 s, annealing at 63 °C for 15 s, and
extension at 72 °C for 15 s. Melting curve analysis was per-
formed to verify amplification specificity. For data analysis,
the comparative C- (threshold cycle) method (18) was used
to calculate the relative changes in gene expression.

Cross-linking of VDAC—Following treatment with cisplatin,
cells were washed twice with PBS. Sulfo-EGS (Pierce) in Me,SO
was added to a final concentration of 250 um. After a 20-min
incubation at 30 °C, the cross-linker was quenched by the addi-
tion of 1 m Tris-HCI (pH 7.5) to a final concentration of 20 mm.
Samples were then solubilized in 1% Nonidet P-40 and soni-
cated five times for 7 s with a 30% pulse using a Vibra-Cell
sonicator (Sonics & Materials, Inc., Newtown, CT). VDAC was
detected by Western blotting using anti-VDAC1 monoclonal
antibody.

Western Blot Assay—Cells were solubilized with ice-cold
lysis buffer (pH 7.4) containing 25 mm HEPES, 1% Triton
X-100, 50 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1 mm PMSF,
and 1 pg/ml leupeptin. Extracted proteins (30 ug) were sepa-
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rated by SDS-PAGE on 10% polyacrylamide gels and were
electrophoretically transferred onto a PVDF membrane. Mem-
branes were blocked in 5% (w/v) nonfat dried milk in Tris-
buffered saline for 2 h at 4 °C. Membranes were then incubated
overnight with several primary antibodies at a 1:500 dilution in
5% (w/v) nonfat dried milk in Tris-buffered saline containing
0.1% Tween 20. Membranes were incubated with HRP-con-
jugated secondary antibodies. Proteins were visualized by an
enhanced chemiluminescence method, and the band inten-
sity was analyzed using a ChemiDoc XRS densitometer and
quantified using the Quantity One software (Bio-Rad). Pro-
tein concentrations were estimated using the BCA method
according to the supplier’s recommendations, and bovine
serum albumin was used as the standard. Subcellular local-
ization of AIF was studied using a mitochondria isolation kit
for cultured cells and NE-PER nuclear and cytoplasmic
extraction reagent (Thermo Fisher Scientific) according to
the manufacturer’s protocols.

SiRNA Transfection—HK-2 cells were plated 24 h prior to
transfection. At 50-70% confluence, cells were transfected
using DharmaFECT 2 (Thermo Fisher Scientific) with siRNA
specific for human annexin A5 or with control scrambled
siRNA. The target sequence of annexin A5 siRNA is GUAAUG-
GGAUCUAUAAAGG.
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FIGURE 6. Cisplatin induces VDAC expression and dimerization. HK-2 (A) and NRK-52E (B) cells were treated with cisplatin (0, 10, 20, 30, 40, or 50 um) for 24 h
orwith 20 um cisplatin for the designated time periods. Cells were then harvested and incubated with sulfo-EGS (250 um) for 20 min at 30 °C. After proteins were
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FIGURE 7. Induction of annexin A5 translocation from the cytosol to mitochondria by cisplatin. Cells were treated with cisplatin (20 um for HK-2 (A) and
24 umfor NRK-52E (B) cells) for 0, 6, 12, 24, or 48 h. After incubation, cells were harvested, and the cytosolic and mitochondrial fractions were isolated. Extracted
proteins were resolved by 10% SDS-PAGE, and Western blot analysis was conducted using anti-annexin A5 (ANXA5) antibody. B-Actin and COX-4 were used as
loading controls for cytosolic and mitochondrial fractions, respectively. The intensities of the protein bands were quantified using Quantity One software and
are plotted as the annexin A5/B-actin or annexin A5/COX-4 intensity ratio. Data are the mean = S.D. (n = 3).*, significantly different from the cytosolic fraction
of untreated cells (p < 0.05); #, significantly different from the mitochondrial fraction of untreated cells (p < 0.05).

Immunofluorescence—Cells grown on coverslips were treated
with cisplatin for 24 h in growth medium and then washed with
PBS and treated with growth medium containing 100 nm Mito-
Tracker® probes. After 1 h, the cells were fixed with 3.7% (w/v)
paraformaldehyde in PBS (pH 7.4) for 30 min at room tempera-
ture. After washing with PBS, cells were blocked for 15 min in PBS
containing 5% goat serum and 0.2% Triton X-100. The cells were
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then incubated with anti-annexin A5 antibody (1:500) for 1 h,
washed extensively, and stained for 1 h with either Alexa Fluor
594- or Texas Red-conjugated goat anti-rabbit IgG (1:1000). After
washing, the coverslips were mounted on glass slides using Ultra-
Cruz™ mounting medium (Santa Cruz Biotechnology). Fluores-
cence signals were analyzed using a Zeiss LSM 510 META confo-
cal laser scanning microscope.
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FIGURE 8. Effect of annexin A5 knockdown on cell viability in HK-2 cells following cisplatin treatment. A, HK-2 cells were treated with annexin A5
(ANXA5) siRNA (38 nm) for 48 h and then treated with cisplatin (20 um) for 24 h. Annexin A5 mRNA and protein were determined by RT-PCR and Western
blot analysis, respectively. The numbers between the blots are the ratios of the intensity of bands after normalization to the control. B, the CCK assay was
carried out to determine cell viability. The percentage of cells surviving in each group relative to the control was calculated. *, significantly different from
untreated cells (p < 0.05); #, significantly different from cisplatin-treated cells (p < 0.05). C, apoptosis assay using flow cytometry. The cells were stained
with Muse™ annexin V and dead cell reagent. Viability and cell density were assessed using a Muse™ cell analyzer.
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Mitochondrial Membrane Potential—Cells (1 X 10° cells)
were labeled with 2 um JC-1 (5,5',6,6'-tetrachloro-1,1",3,3’-tet-
raethylbenzimidazolylcarbocyanine iodide) for 30 min at 37 °C
ina5% CO, incubator. After washing, cells were resuspended in
PBS and analyzed immediately using a BD FACScan flow
cytometer (BD Biosciences). Cells were methodically gated to
exclude debris, and JC-1 was monitored by log FL1 (x axis, 530
nm) versus log FL2 (y axis, 582 nm). The ratio of JC-1 aggregate
(FL2, red) to monomer (FL1, green) intensity was calculated.
Mitochondrial membrane potential (Ays,,,) was also measured
in cells with TMRM using a flow cytometer. Cells were loaded
with 100 nM TMRM for 20 min in culture medium at 37 °C.
After washing with PBS, cells were resuspended in PBS and
analyzed immediately using the BD FACScan flow cytometer.
Red fluorescence was measured in the FL2 mode. For each sam-
ple, 10,000 events were acquired.

Statistical Analysis—Statistical analysis was performed by
one-way analysis of variance and Dunnett’s pairwise multiple
comparison ¢ test using GraphPad Prism (GraphPad Software,
Inc., La Jolla, CA) when appropriate. Differences were consid-
ered statistically significant at p < 0.05.

RESULTS

Annexin A5 Is Up-regulated by Cisplatin Treatment—Expo-
sure of renal epithelial cells to various concentrations of cis-
platin for 48 h in serum-free medium led to a concentration-
dependent decrease in cell viability, as assessed by cell counting
kit (CCK) assay. Cisplatin IC, values were 10 um for HK-2 cells
(human renal epithelial cell line) and 12 um for NRK-52E cells
(rat renal epithelial cell line) (Fig. 14). We also found that cis-
platin induced activation of caspase-3, which is an indicator of
apoptosis in both cell lines. Cleaved fragments (17/19 kDa) of
activated caspase-3 were significantly increased by cisplatin
treatment in a concentration-dependent manner (Fig. 1B).
Although total caspase-3 was found at comparatively high lev-
els, cleaved caspase-3 was not detected in the control. In sub-
sequent experiments, a 2-fold concentration of IC,, was used
for each cell line (20 um for HK-2 cells and 24 um for NRK-52E
cells). Because annexin A5 was strongly induced upon cisplatin
treatment upon two-dimensional gel electrophoresis/MS anal-
ysis (data not shown), we continued to study the function of
annexin A5 in cisplatin-mediated cytotoxicity. To ensure that
annexin A5 expression is induced by cisplatin, the expression
level of annexin A5 mRNA after cisplatin treatment was mea-
sured. Annexin A5 mRNA levels increased by up to 80% in
cisplatin-treated HK-2 cells compared with control cells,
whereas cisplatin-treated NRK-52E cells showed a >10,000-
fold increase in the expression of annexin A5 mRNA compared
with control cells (Fig. 2). As expected, annexin A5 protein lev-
els were also significantly increased with cisplatin in a concen-
tration- and time-dependent manner in human and rat renal
epithelial cells. In NRK-52E cells, annexin A5 increased by
~1.8-fold compared with control cells 6 h after treatment with
24 uM cisplatin, and its expression was prolonged for 48 h (Fig.
3). Although the degree of increase was limited, cisplatin also
increased annexin A5 expression in HK-2 cells, with a similar
pattern in NRK-52E cells (Fig. 3). Inmunofluorescence analysis
using anti-annexin A5 antibody was used to confirm annexin
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FIGURE 9. Effect of annexin A5 knockdown on mitochondrial membrane
potential (Ay,,) in HK-2 cells following cisplatin treatment. HK-2 cells
were treated with annexin A5 siRNA (38 nm) for 48 h and then treated with
cisplatin (20 um) for 24 h. Cells were labeled with 100 nm TMRM for 20 min.
After washing, cells were analyzed by flow cytometry. TMRM was monitored
as log FL2-H (x axis, 574 nm) versus relative cell number (y axis) in the
histogram.

A5 induction by cisplatin in both cells (Fig. 4). Annexin A5
expression was shown to increase after cisplatin treatment in a
concentration-dependent (0, 10, 20, and 30 um) and time-de-
pendent (0, 6, 12, 24, and 48 h) manner.

VDAC Oligomerization May Be Critical for Mediating Cis-
platin-induced Apoptosis—In an effort to investigate the mech-
anism of cisplatin-induced apoptosis, we isolated mitochondria
and nuclei from cell lysates and detected apoptogenic factors
such as AIF and VDAC after cisplatin treatment. AIF, a protein
known to be released from mitochondria into the cytosol upon
exposure to apoptotic stimuli (19), was verified to be increased
in the cytosolic fraction after cisplatin treatment, and nuclear
translocation was also found to be enhanced, which may possi-
bly mediate DNA fragmentation (Fig. 5). To elucidate the mech-
anism responsible for AIF release, we measured VDAC protein by
Western blot analysis (Fig. 6). Because VDAC, which is an abun-
dant mitochondrial outer membrane protein, is reported to form a
higher order complex that participates in gating the efflux of cyto-
chrome c and AIF (15, 20), we suspected that AIF release would be
accompanied by oligomerization of VDAC proteins. Interestingly,
we found that cisplatin enhanced expression of VDAC itself
(Fig. 6). Moreover, in the detection of VDAC oligomers using
sulfo-EGS, we found that cisplatin induced the homodimeriza-
tion of VDAC in a concentration- and time-dependent manner
(Fig. 6). These results suggest that VDAC could be a mediator of
cisplatin-induced apoptosis and that VDAC homodimerization
induced by cisplatin could potentially determine its gating
capacity to efflux AIF.
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FIGURE 10. Blockade of cisplatin-mediated annexin A5 translocation by siRNA. A, HK-2 cells were treated with annexin A5 (ANXA5) siRNA (38 nwm) for
48 h and then treated with cisplatin (20 um) for 24 h. After incubation, cells were harvested, and the mitochondrial fractions were isolated. Extracted
proteins were resolved by 10% SDS-PAGE, and Western blot analysis was conducted using either anti-annexin A5 or anti-AlF antibody. COX-4, GAPDH,
and histone H1 were used as loading controls for the mitochondrial (M), cytosolic (C), and nuclear (N) fractions, respectively. The intensities of the
protein bands were quantified using Quantity One software and are plotted as the annexin A5/COX-4 and annexin A5/GAPDH (upper) and AIF/COX-4,
AIF/GAPDH, and AlF/histone H1 (lower) intensity ratios. Data are the mean = S.D. (n = 3). %, significantly different from the cytosolic fraction of untreated
cells (p < 0.05); #, significantly different from the mitochondrial fraction of untreated cells (p < 0.05); §, significantly different from the nuclear fraction
of untreated cells (p < 0.05). B and C, cells were cultured on microscope slides, treated with annexin A5 siRNA (38 nm) for 48 h, and then treated with
cisplatin (20 um) for 24 h. After treatment, cells were permeabilized and subsequently stained using anti-human annexin A5 (B) or anti-AlF (C) antibody.
After staining with the Texas Red-conjugated secondary antibody, fluorescence was determined by confocal microscopy.

Role of Annexin A5 in Cisplatin-induced Toxicity in Renal
Cells—To determine whether cisplatin is able to induce the
level of annexin A5, we determined the amount of annexin A5
in mitochondria. The data shown in Fig. 7 show that cisplatin
strongly induced the translocation of annexin A5 from the cyto-
sol into mitochonderia in a time-dependent manner. Transloca-
tion of annexin A5 into mitochondria by cisplatin was signifi-
cant in HK-2 and NRK-52E cells. Although annexin A5 is

JANUARY 24, 2014 -VOLUME 289-NUMBER 4

thought to be related to cisplatin-induced toxicity, the function
of annexin A5 as a mediator of apoptosis is not yet known. To
further investigate the role of annexin A5, both annexin A5
mRNA and protein levels were reduced using specific siRNA.
Treatment with annexin A5 siRNA (38 nm) for 48 h strongly
suppressed annexin A5 mRNA and protein expression (Fig.
8A). Knockdown of annexin A5 by siRNA caused a significant
increase in HK-2 cell viability in the presence or absence of
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FIGURE 11. Effect of annexin A5 knockdown on VDAC levels following cisplatin treatment. A, effect on VDAC oligomerization. HK-2 cells were treated with
annexin A5 (ANXA5) siRNA (38 nm) for 48 h and then treated with cisplatin (20 um) for 24 h. After incubation, cells were harvested and incubated with sulfo-EGS
(250 wm) for 20 min at 30 °C. Cells were then lysed, and Western blot analysis was conducted using anti-VDAC antibody. B, cells were cultured on microscope
slides and treated with annexin A5 siRNA and 20 uMm cisplatin. After treatment, cells were permeabilized and subsequently stained using anti-VDAC antibody.
Cells were then stained with the Texas Red-conjugated secondary antibody. DAPI was used for nuclear staining. Fluorescence was determined using a
fluorescence microscope. Mitochondrial morphology was examined by MitoTracker staining.

cisplatin (Fig. 8B), indicating that annexin A5 may play an
important role in mediating apoptosis. Flow cytometry analysis
also showed that the decreased cell viability observed in the
presence of 20 uM cisplatin was recovered by annexin A5
siRNA treatment (Fig. 8C).

Cisplatin is known to induce mitochondrial permeability
transition, leading to apoptotic changes such as cytochrome ¢
release and Bax translocation (2). To identify the effect of
annexin A5 on mitochondrial depolarization, HK-2 cells were
treated with annexin A5 siRNA and subsequently with cisplatin
and then stained with TMRM to measure mitochondrial mem-
brane potential (A, ). TMRM allows for sensitive measure-
ments of the changes in Ais,, at the level of individual cells (21).
In the case of healthy cells, TMRM enters the mitochondria,
where it accumulates in an innermembrane potential-depen-
dent manner, but in the case of apoptotic cells, TMRM no lon-
ger accumulates inside the mitochondria and become more
evenly distributed throughout the cytosol (22, 23). As shown in
Fig. 9, a 24-h exposure to cisplatin (20 um) caused a marked
decrease in FL2-H fluorescence in HK-2 cells. In contrast, cells
treated with annexin A5 siRNA maintained high FL2-H levels
under the same conditions, indicating that annexin A5 may be
involved in controlling Ays,, (Fig. 9).

The translocation of annexin A5 into mitochondria by cis-
platin was examined to identify whether annexin A5 playsarole
in cisplatin-induced apoptosis in mitochondria. Our results
indicated that cisplatin increased the level of mitochondrial
annexin A5, whereas cytoplasmic annexin A5 remained
unchanged as the net annexin A5 level increased (Fig. 104). The
result that annexin A5 translocates into mitochondria in cis-
platin-treated cells suggests that annexin A5 might function in
mitochondria as a regulator of cisplatin-induced apoptosis.
To further understand the functional aspects of annexin A5 in
mediating cisplatin-induced apoptosis, we examined the
expression levels of VDAC and AIF following annexin A5
knockdown and cisplatin treatment. Interestingly, VDAC,
which may partially mediate cisplatin-induced apoptosis, has
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shown to be reduced by annexin A5 siRNA in its monomeric
form and as a homodimer generated by apoptotic stimuli (Fig.
11A). AIF release into the cytosol was also decreased by annexin
A5 siRNA (Fig. 10A4). As shown in Fig. 10B, the data from con-
focal microscopy analyses also showed that cisplatin induced
translocation of annexin A5 into mitochondria and that
annexin A5 siRNA prevented annexin A5 expression and mito-
chondrial translocation. Fig. 10C also shows that cisplatin treat-
ment induced AIF levels in the cytosol and that annexin A5
siRNA was able to block AIF release into the cytosol. VDAC
expression was strongly decreased by annexin A5 siRNA (Fig.
11B). Thus, it could be inferred that annexin A5 may be neces-
sary for maintaining VDAC protein levels after translocation
into the mitochondria by cisplatin.

Effect of Other Nephrotoxicants on Annexin AS Expression—
To determine whether annexin A5 is induced by other nephro-
toxicants such as CdCl, and bacitracin, the cytotoxicity of
CdCl, or bacitracin was measured in NRK-52E cells. Based on a
cytotoxicity assay (data not shown), cells were treated with
either 30 um CdCl, or 80 um bacitracin. When the cells were
treated with CdCl,, annexin A5 expression was increased in a
concentration- and time-dependent manner, similar to cis-
platin (Fig. 12A). Bacitracin was also able to increase annexin
A5 expression, although the level was relatively lower com-
pared with CdCl, (Fig. 12B). From these results, it can be
inferred that annexin A5 is up-regulated by a spectrum of neph-
rotoxicants such as cisplatin, cadmium, and bacitracin (24).
The possibility that reactive oxygen species produced by neph-
rotoxicants like cisplatin are able to induce annexin A5 expres-
sion remains to be determined.

DISCUSSION

Annexin A5 is a 35-kDa plasma protein that has a high affin-
ity for phosphatidylserine in the nanomolar range. The biolog-
ical function of this protein is unclear, although a previous
report suggests that annexin A5 may play an important role in
cytotoxicity (25). Here, we identified annexin A5 as an impor-

asEye

VOLUME 289-NUMBER 4+JANUARY 24, 2014

6T0Z ‘s Joquiidas uo 1sanb Ag /Bioaqlmmmy/:dny wody papeojumoq


http://www.jbc.org/

(A)

cdCL,(uM) 0 10 20 30 40 50

35KDam=| e o W w——— | ANXA5

e T

CdCl;(h) © 6 12 24 48

33KDa—| s S——— | ANXAS
43 kD2 -acti
-]

(B)

Bacitracin(uM) 0 20 40 60 80 100

35kDa—| - - e db & -|ANXA5

43KDam— e e e e e = | .actin

Bacitracin (h) 0 6 12 24 48

35kDa

43kDa

Role of Annexin A5 in Cisplatin-induced Toxicity

12 9

el

*
*
0 10 20 30 40 50
CdCl, (uM)

*
0 6 12 24 48

cdCcl, (h)

*
* *
0 20 40 60 80 100

Bacitracin (nM)

*
iJ—'—I—[
0 6 12 24 48

Bacitracin (h)

-
o

ANXA5 expression
(fold change)

o N A O ©

(fold change)
= N
- (3] N [$)] w

o

ANXAS5 expression
o (6]

- v o

(fold change)
o o
o

ANXAS5 expression
(2]

SN
o N

w
w o s

ANXA5

N

B-actin

ANXAS5 expression
(fold change)
[S BN ; N o

o

o

FIGURE 12. Effect of CdCl, and bacitracin on annexin A5 expression in rat kidney cells. A, CdCl, treatment. NRK-52E cells were treated with CdCl, (0, 10, 20,
30, 40, or 50 um) for 24 h or with 30 um CdCl, for 0, 6, 12, 24, or 48 h. After incubation, the cell lysates were isolated. Extracted proteins were resolved by 10%
SDS-PAGE. Western blot analysis was conducted using anti-annexin A5 (ANXA5) antibody. B-Actin was used as a loading control. B, bacitracin treatment. Cells
were treated with bacitracin (0, 20, 40, 60, 80, or 100 um) for 24 h or with 80 um bacitracin for 0, 6, 12, 24, or 48 h. Western blot analysis was conducted using
anti-annexin A5 antibody. B-Actin was used as a loading control. The intensities of the protein bands were quantified using Quantity One software and are
plotted as the annexin A5/B-actin intensity ratio. Data are the mean = S.D. (n = 3). ¥, significantly different from untreated cells (p < 0.05).

tant mediator protein of cisplatin-induced toxicity and sug-
gested the possibility of its function as a VDAC controller. Our
data show that annexin A5 expression increased significantly
6 h after cisplatin treatment. Annexin A5 mRNA levels were
also elevated, suggesting that cisplatin induced transcription of
annexin A5 mRNA, which was further supported by the finding
that protein expression increased as well. It has been reported
that the annexin A5 gene promoter has consensus sequences
for MTEF-1 (metal regulatory transcription factor-1) (26).
MTE-1 binds to a cis-acting DNA element, termed a metal
response element, and activates the transcription of metallo-
thionein genes and other target genes in response to potentially
toxic concentrations of zinc and cadmium and to strong oxidiz-
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ing agents, including hydrogen peroxide (27). The annexin A5
up-regulation in cisplatin-treated cells may be related to the
activation of MTF-1. If annexin A5 up-regulation is related to
cytotoxicity, then annexin A5 could possibly have a role in
either mediation of apoptosis or compensation for cytotoxicity.
In experiments using annexin A5 siRNA, cell viability was
found to be significantly increased in siRNA-treated cells com-
pared with control cells, suggesting that annexin A5 may have a
crucial function in cell death. In previous studies, annexin A5
overexpression was found to result in increased cell death. A pro-
gressive depolarization of the mitochondrial membrane in associ-
ation with an increase in human annexin A5 was observed in
annexin A5-transfected HL-1 cells along with increased cyto-
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chrome ¢ release and caspase-3 activation (28). Pro-apoptotic
characteristics were also reported in cells overexpressing annexin
A5. In chondrocytes, annexin A5 overexpression increased
caspase-3 activity induced by calcium phosphate crystals or
TNE-a (29). These previous reports strongly support our results
showing increased cell viability when annexin A5 is knocked
down.

In contrast, VDAC was shown to be critical in cisplatin-in-
duced renal cell death. As reported, under apoptotic conditions
induced by toxic agents such as arsenic trioxide and staurospo-
rine, VDAC forms a protein complex composed of two or
more VDAC proteins, through which apoptogenic proteins
such as cytochrome ¢ and AIF are released into the cytosol
(30, 31). Cisplatin has also been reported to induce VDAC
oligomerization at a concentration of 40 um in HEK-293
cells (15, 16). In both HK-2 and NRK-52E cells, the forma-
tion of the VDAC dimer as well as other homo-oligomers
was increased by cisplatin in a time- and concentration-de-
pendent manner. The level of VDAC protein itself also
increased slightly, a finding that was reported in a previous
publication examining the toxic mechanism of arsenic triox-
ide (14). These results demonstrate that cisplatin-induced
apoptosis is partly dependent on VDAC oligomerization,
which, in turn, enables AIF release.

To identify the role of annexin A5 in apoptosis, we knocked
down annexin A5 and observed the resulting changes in mito-
chondrial function after cisplatin treatment. As it has been pre-
viously reported that cisplatin induces a duration-dependent
transition in mitochondrial permeability (24), we measured mito-
chondrial membrane potential (Ais,,) after annexin A5 knock-
down. Ay, was greatly disrupted upon cisplatin treatment, as
indicated by a marked decrease in FL2 fluorescence and a slight
increase in FL1 fluorescence in control siRNA-treated cells. In
contrast, in cells treated with annexin A5 siRNA, FL2 was main-
tained at a high level under the same conditions. These results
indicate that annexin A5 has a key role in cisplatin-induced disrup-
tion of Ay,

It is known that VDAC is regulated by changes in Ais,,, and
we further observed the effect of annexin A5 silencing on
VDAC and related proteins such as AIF. Surprisingly, both
the VDAC dimer, which had increased upon cisplatin treat-
ment, and VDAC protein levels were markedly decreased
when annexin A5 was knocked down. AIF release into the
cytosol was also shown to be decreased in annexin A5
siRNA-treated cells, confirming the effect of annexin A5 on
VDAC. Our results collectively suggest that annexin A5
plays a crucial role in mediating cisplatin-induced apoptosis
via action on mitochondria. This includes disruption of Ay,
and positive regulation of VDAC protein levels and VDAC
homodimerization, which, in turn, mediate AIF release into
the cytosol, facilitating the function of the caspase-inde-
pendent apoptotic pathway. Our result that cisplatin induces
annexin A5 translocation to mitochondria also supports this
explanation.

To explore the effects of other nephrotoxicants on annexin
A5 induction, NRK-52E cells were treated with cadmium or
bacitracin. Cadmium, a heavy metal known to be nephrotoxic,
increased annexin A5 expression in a manner similar to that of
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cisplatin. Bacitracin is also able to increase annexin A5 expres-
sion in NRK-52E cells. These results suggest the possibility that
up-regulation of annexin A5 can be an indicator of chemical-
mediated nephrotoxicity, although in vivo experiments need to
be performed to verify the usefulness of annexin A5 as a bio-
marker of nephrotoxicity.

Annexin A5 has been used as a tool for the detection of apo-
ptosis for decades (32). Unfortunately, the biochemical role of
this protein is not yet fully understood. Our current data sug-
gest the use of annexin A5 as a marker candidate for cisplatin-
induced toxicity in renal cells and indicates its function as a
mediator of the mitochondrial apoptotic pathway. How this
protein regulates mitochondrial function is still not clear. Pre-
viously, annexin A5 has been regarded as an endogenous regu-
lator of PKC (33). It has also been reported that annexin A5 is
necessary for PKCé translocation and activation (34). PKC3
translocation and subsequent activation are implicated in apo-
ptosis induced by phorbol esters or H,O, (35), and recently, it
has been suggested that PKCS inhibition is an effective strategy
to reduce cisplatin-induced nephrotoxicity (36). There is a pos-
sibility that annexin A5 acts through PKCé in mediating cis-
platin-induced apoptosis. To verify this relationship, further
studies are needed.

In conclusion, our results clearly show that annexin A5 plays
an important role as a mediator of cisplatin-induced renal cell
apoptosis by regulating mitochondrial functions, and we sug-
gest that annexin A5 may be a crucial marker for cisplatin-
induced nephrotoxicity that could be applied as a valuable tar-
get for therapy or preventive intervention.

REFERENCES

1. Desoize, B., and Madoulet, C. (2002) Particular aspects of platinum com-
pounds used at present in cancer treatment. Crit. Rev. Oncol. Hematol. 42,
317-325

2. Park, M. S., De Leon, M., and Devarajan, P. (2002) Cisplatin induces apo-
ptosis in LLC-PK1 cells via activation of mitochondrial pathways. J. Am.
Soc. Nephrol. 13, 858 — 865

3. Hanigan, M. H,, and Devarajan, P. (2003) Cisplatin nephrotoxicity: molec-
ular mechanisms. Cancer Ther. 1, 47— 61

4. Kim, S. Y., and Moon, A. (2012) Drug-induced nephrotoxicity and its
biomarkers. Biomol. Ther. 20, 268 —272

5. Fella, K., Gliickmann, M., Hellmann, J., Karas, M., Kramer, P. J., and
Kroger, M. (2005) Use of two-dimensional gel electrophoresis in predic-
tive toxicology: identification of potential early protein biomarkers in
chemically induced hepatocarcinogenesis. Proteomics 5, 1914—-1927

6. Wang, E.]., Snyder, R. D,, Fielden, M. R,, Smith, R.J., and Gu, Y. Z. (2008)
Validation of putative genomic biomarkers of nephrotoxicity in rats. Tox-
icology 246, 91-100

7. Simsek, B., Buyukcelik, M., Soran, M., Bayazit, A. K., Noyan, A., Seydaoglu,
G., and Anarat, A. (2008) Urinary annexin V in children with nephrotic
syndrome: a new prognostic marker? Pediatr. Nephrol. 23,79 — 82

8. Markoff, A, and Gerke, V. (2005) Expression and functions of annexins in
the kidney. Am. J. Physiol. Renal Physiol. 289, F949 —F956

9. Hofstra, L., and Heymans, S. (2007) Annexin A5 and the failing heart; lost
or found in translation? Eur. Heart. J. 28, 2695—-2696

10. Matsuda, R., Kaneko, N., Horikawa, Y., Chiwaki, F., Shinozaki, M., Abe, S.,
Yumura, W., Nihei, H., and Ieiri, T. (2000) Measurement of urinary an-
nexin V by ELISA and its significance as a new urinary-marker of kidney
disease. Clin. Chim. Acta 298, 2943

11. Shoshan-Barmatz, V., Keinan, N., and Zaid, H. (2008) Uncovering the role
of VDAC in the regulation of cell life and death. /. Bioenerg. Biomembr. 40,
183-191

12. Shoshan-Barmatz, V., De Pinto, V., Zweckstetter, M., Raviv, Z., Keinan,

A=V SN

VOLUME 289-NUMBER 4+JANUARY 24, 2014

6T0Z ‘s Joquiidas uo 1sanb Ag /Bioaqlmmmy/:dny wody papeojumoq


http://www.jbc.org/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

JANUARY 24, 2014 +VOLUME 289-NUMBER 4

N., and Arbel, N. (2010) VDAC, a multi-functional mitochondrial protein
regulating cell life and death. Mol. Aspects Med. 31, 227-285

Zalk, R,, Israelson, A., Garty, E. S., Azoulay-Zohar, H., and Shoshan-Bar-
matz, V. (2005) Oligomeric states of the voltage-dependent anion channel
and cytochrome c release from mitochondria. Biochem. J. 386, 73— 83
Zheng, Y., Shi, Y., Tian, C., Jiang, C., Jin, H., Chen, J., Almasan, A., Tang,
H., and Chen, Q. (2004) Essential role of the voltage-dependent anion
channel (VDAC) in mitochondrial permeability transition pore opening
and cytochrome c¢ release induced by arsenic trioxide. Oncogene 23,
1239-1247

Shoshan-Barmatz, V., Keinan, N., Abu-Hamad, S., Tyomkin, D., and
Aram, L. (2010) Apoptosis is regulated by the VDAC1 N-terminal region
and by VDAC oligomerization: release of cytochrome ¢, AIF and Smac/
Diablo. Biochim. Biophys. Acta 1797, 1281-1291

Keinan, N., Tyomkin, D., and Shoshan-Barmatz, V. (2010) Oligomeriza-
tion of the mitochondrial protein voltage-dependent anion channel is
coupled to the induction of apoptosis. Mol. Cell. Biol. 30, 5698 —5709
Tajeddine, N., Galluzzi, L., Kepp, O., Hangen, E., Morsellj, E., Senovilla, L.,
Araujo, N, Pinna, G., Larochette, N., Zamzami, N., Modjtahedi, N., Harel-
Bellan, A., and Kroemer, G. (2008) Hierarchical involvement of Bak,
VDACI1 and Bax in cisplatin-induced cell death. Oncogene 27, 4221-4232
Schmittgen, T. D., and Livak, K. ]. (2008) Analyzing real-time PCR data by
the comparative C; method. Nat. Protoc. 3, 1101-1108

Candé, C., Cecconi, F., Dessen, P., and Kroemer, G. (2002) Apoptosis-
inducing factor (AIF): key to the conserved caspase-independent path-
ways of cell death? J. Cell Sci. 115, 4727—4734

Schwacha, M. G., Chaudry, I. H., and Alexander, M. (2003) Regulation of
macrophage IL-10 production postinjury via 82 integrin signaling and the
p38 MAP kinase pathway. Shock 20, 529 -535

Floryk, D., and Housték, J. (1999) Tetramethylrhodamine methyl ester
(TMRM) is suitable for cytofluorometric measurements of mitochondrial
membrane potential in cells treated with digitonin. Biosci. Rep. 19, 2734
Wong, A., and Cortopassi, G. A. (2002) High-throughput measurement of
mitochondrial membrane potential in a neural cell line using a fluores-
cence plate reader. Biochem. Biophys. Res. Commun. 298, 750 —754
Toescuy, E. C., and Verkhratsky, A. (2000) Assessment of mitochondrial
polarization status in living cells based on analysis of the spatial heteroge-
neity of rhodamine 123 fluorescence staining. Pflugers Arch. 440, 941-947
Lee, W. K., Bork, U., and Thévenod, F. (2004) Mitochondria as a target of
cadmium nephrotoxicity: induction of swelling and cytochrome c release.
Toxicol. Mech. Methods 14, 67-71

Ravassa, S., Gonzilez, A., Lopez, B, Beaumont, J., Querejeta, R., Larman,
M., and Diez, J. (2007) Upregulation of myocardial annexin A5 in hyper-

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Role of Annexin A5 in Cisplatin-induced Toxicity

tensive heart disease: association with systolic dysfunction. Eur. Heart J.
28, 2785-2791

Bogdanova, N., Horst, J., Chlystun, M., Croucher, P.]., Nebel, A., Bohring,
A., Todorova, A., Schreiber, S., Gerke, V., Krawczak, M., and Markoff, A.
(2007) A common haplotype of the annexin A5 (ANXAS5) gene promoter
is associated with recurrent pregnancy loss. Hum. Mol. Genet. 16,
573-578

Giedroc, D. P., Chen, X., and Apuy, J. L. (2001) Metal response element
(MRE)-binding transcription factor-1 (MTF-1): structure, function, and
regulation. Antioxid. Redox Signal. 3, 577-596

Ravassa, S., Garcia-Bolao, 1., Zudaire, A., Macias, A., Gavira, J. J., Beau-
mont, ], Arias, T., Huerta, A., and Diez, . (2010) Cardiac resynchroniza-
tion therapy-induced left ventricular reverse remodelling is associated
with reduced plasma annexin A5. Cardiovasc. Res. 88, 304—313

Ea, H. K,, Monceau, V., Camors, E., Cohen-Solal, M., Charlemagne, D.,
and Lioté, F. (2008) Annexin 5 overexpression increased articular chon-
drocyte apoptosis induced by basic calcium phosphate crystals. Ann.
Rheum. Dis. 67,1617-1625

Chirino, Y. I, and Pedraza-Chaverri, J. (2009) Role of oxidative and nitro-
sative stress in cisplatin-induced nephrotoxicity. Exp. Toxicol. Pathol. 61,
223-242

Scharstuhl, A., Mutsaers, H. A., Pennings, S. W., Russel, F. G., and
Wagener, F. A. (2009) Involvement of VDAC, Bax and ceramides in the
efflux of AIF from mitochondria during curcumin-induced apoptosis.
PLoS ONE 4, e6688

van Engeland, M., Nieland, L. J., Ramaekers, F. C., Schutte, B., and Reute-
lingsperger, C. P. (1998) Annexin V-affinity assay: a review on an apoptosis
detection system based on phosphatidylserine exposure. Cytometry 31,
1-9

Rothhut, B., Dubois, T., Feliers, D., Russo-Marie, F., and Oudinet, J. P.
(1995) Inhibitory effect of annexin V on protein kinase C activity in me-
sangial cell lysates. Eur. J. Biochem. 232, 865— 872

Kheifets, V., Bright, R., Inagaki, K., Schechtman, D., and Mochly-Rosen, D.
(2006) Protein kinase C8 (PKC8)-annexin V interaction: a required step in
PKCS3 translocation and function. J. Biol. Chem. 281, 23218 -23226
Majumder, P. K., Pandey, P., Sun, X., Cheng, K., Datta, R., Saxena, S.,
Kharbanda, S., and Kufe, D. (2000) Mitochondrial translocation of protein
kinase C& in phorbol ester-induced cytochrome c release and apoptosis.
J. Biol. Chem. 275, 21793-21796

Pabla, N., Dong, G., Jiang, M., Huang, S., Kumar, M. V., Messing, R. O., and
Dong, Z. (2011) Inhibition of PKC8 reduces cisplatin-induced nephrotox-
icity without blocking chemotherapeutic efficacy in mouse models of can-
cer. J. Clin. Invest. 121, 2709 -2722

JOURNAL OF BIOLOGICAL CHEMISTRY 2481

6T0Z ‘s Joquiidas uo 1sanb Ag /1o oqlmmmy/:dny woly pepeojumoq


http://www.jbc.org/

Role of Annexin A5in Cisplatin-induced Toxicity in Renal Cells: MOLECULAR
MECHANISM OF APOPTOSIS
Jin-Joo Jeong, Nahee Park, Y eo-Jung Kwon, Dong-Jin Ye, Aree Moon and Y oung-Jin
Chun

J. Biol. Chem. 2014, 289:2469-2481.
doi: 10.1074/jbc.M113.450163 originally published online December 6, 2013

Access the most updated version of this article at doi: 10.1074/jbc.M113.450163

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 36 references, 7 of which can be accessed free at
http://www.jbc.org/content/289/4/2469.full.html#ref-list-1

6T0Z ‘s Joquiidas uo 1sanb Ag /1o oqlmmmy/:dny woly pepeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M113.450163
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;289/4/2469&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/4/2469
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=289/4/2469&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/4/2469
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/289/4/2469.full.html#ref-list-1
http://www.jbc.org/

