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The cellular response to genotoxic stress is multifaceted in
nature. Following DNA damage, the tumor suppressor gene p53
activates and plays critical roles in cell cycle arrest, activation of
DNA repair and in the event of irreparable damage, induction of
apoptosis. The breakdown of apoptosis causes the accumulation
of mutant cells. The elucidation of the mechanism for the p53-
dependent apoptosis will be crucial in applying the strategy for
cancer patients. However, the mechanism of p53-dependent
apoptosis remains largely unclear. Here, we carried out ChIP
followed by massively parallel DNA sequencing assay (ChIP-seq)
to uncover mechanisms of apoptosis. Using ChIP-seq, we identi-
fied PDCD6 as a novel p53-responsive gene. We determined
putative p53-binding sites that are important for p53 regulation
in response to DNA damage in the promoter region of PDCD6.
Knockdown of PDCD6 suppressed p53-dependent apoptosis. We
also observed that cytochrome c release and the cleavage of
PARP by caspase-3 were suppressed by depletion of PDCD6. We
further observed that PDCD6 localizes in the nucleus in response
to DNA damage. We identified the nuclear localization signal of
PDCD6 and, importantly, the nuclear accumulation of PDCD6 sig-
nificantly induced apoptosis after genotoxic stress. Therefore, we
conclude that a novel p53-responsive gene PDCD6 is accumulated
in the nucleus and induces apoptosis in response to DNA dam-
age. (Cancer Sci 2012; 103: 1788–1794)

T ranscription factor p53 is reported to be mutated
frequently in human cancer cells and is the gene responsi-

ble for Li-Fraumeni syndrome.(1,2) Thus, p53 is considered as
the most important tumor suppressor gene.(3–6) p53 is activated
by DNA damage, including UV and oxidative stress.(7–10) Acti-
vated p53 induces the expression of p21 or 14-3-3r, and
blocks cell cycle progression at the G1 or G2 phase.(11–14)

Irreparable DNA damage results in p53-dependent apoptosis
through the induction or repression of genes such as BAX or
Bcl-2 to avert the accumulation of mutant cells.(15–18) p53 can
act in the cytosol and mitochondria to promote apoptosis
through a transcription-independent mechanism.(19) Thus, p53
is an important factor in the determination of cell fate; that is,
survival or apoptosis in the DNA-damaged cells.(20–22) Conse-
quently, elucidating the mechanism of the p53-dependent
apoptosis is important for applying the strategy in cancer
patients. Some of the apoptosis-factor induced by p53 pertain
to the Bcl-2 family.(23) In unstressed cells, Bcl-2 binds to Bax/
Bak to suppress apoptosis;(24) however, upon exposure to DNA
damage, the expression of Bax/Bak, tBid,(25) Noxa(26) and
Puma(27) is upregulated by p53 to induce apoptosis. Although
many p53 target genes that participate in apoptosis have been
reported,(28) there are still unidentified genes regulated by p53.
To elucidate the molecular mechanism underlying apoptosis, it

is important to uncover how proteins interact with genes and
to regulate its expression. In the present study, we carried out
ChIP followed by massively parallel DNA sequencing assay
(ChIP-seq) to identify direct p53-target genes. Until recently,
microarray analysis has been used to identify the p53-respon-
sive genes; however, there has been little comprehensive
analysis using ChIP-seq. Until recently, the studies using
ChIP-seq have been carried out to predict the genomic loci of
transcription factor binding sites. However, conventional
analysis has been limited by the scale and resolution. These
drawbacks have been resolved by the recent development of
the automated sequencer. This technology enables us to obtain
high-resolution genome-wide mapping and comprehensive
analysis. In this context, exploration of the p53-responsive
gene using ChIP-seq could be valuable.
In this study, we used ChIP-seq to identify PDCD6 as a novel

p53-responsive gene. PDCD6 (programmed cell death 6) is a
calcium-binding modulator protein involved in cell proliferation
and death and is reported as a 22-kDa protein containing an
open reading frame encoding 191 amino acids. It is a member
of the penta EF-hand protein family with an affinity for calcium
in the micromolar range, similar to calmodulin.(29,30) PDCD6,
also known as apoptosis-linked gene-2 (ALG-2), was identified
in a cell death trap assay as a pro-apoptotic protein in a func-
tional screen of T-cell hybridoma cells.(31) PDCD6 could be
involved in calcium-dependent apoptosis.(32) The characterized
target of PDCD6 is AIP1/Alix, an adaptor protein, which
induces calcium-dependent apoptosis and reduces tumorigenic-
ity.(33,34) Other work has demonstrated that PDCD6 interacts
with Sec31A, a component of the COPII complex involved, in
a calcium-dependent way and regulates its subcellular localiza-
tion.(35) However, there is no report that p53 directly binds to
PDCD6 and induces apoptosis in response to DNA damage in
cancer cells. In this study, we suggest that a novel function of
PDCD6 is involved in p53-dependent apoptosis.

Materials and Methods

Cell culture. H1299 (non-small lung carcinoma cell line)
cells were cultured in DMEM supplemented with 10%
heat-inactivated FBS, 100 U/mL penicillin, 100 lg/mL strepto-
mycin and 2 mM L-glutamine. A549 (Human lung adenocarci-
noma epithelial cell line) cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactive FBS, 100 U/mL
penicillin and 100 lg/mL streptomycin.

Plasmids. PDCD6 cDNA was amplified by PCR using pfuUltra
High-Fidelity DNA Polymerase (Stratagene, La Jolla, CA, USA)
from A549 cDNA cloned into the pEGFP-C1 vector.(36,37)
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Primer sequences are: the sense primer, 5′-GCAGAT-
CTATGGCCGCCTACTCTTACCGC-3′; and the antisense
primer, 5′-CGCGAATTCTCATACGATACTGAAGACCAT-3′.
The Flag-p53 was constructed as previously described.(38) The
PDCD6 p53-consensus sequence was amplified by PCR from
genomic DNA of A549 cells and cloned into the pGL3 basic
vector (Promega, Madison, WI, USA), which carries the luci-
ferase gene. Primer sequences are: the sense primer, 5′-CGACGC
GTCGGGAGACCACGCATTTCCTG-3′; and the antisense pri-
mer, 5′-CCGCTCGAGCGCGCACCTCTGGAAAAC-3′. A dele-
tion mutant of Luc-PDCD6D was constructed by deleting the
region of PDCD6 from �324812 to �324841. Primer sequences
for the GFP-PDCD6 NLS mutant (GFP-PDCD6ΔNLS) are:
5′-TGGAACGTTTTCCAGATATCAGACACCGAG-3′; and the
antisense primer, 5′-CTCGGTGTCTGATATCTGGAA AACG
TTCCA-3′.

Cell transfection. Plasmid DNA was transfected using
FuGENE9 (Roche, Basel, Switzerland), according to the manu-
facturer’s protocol. siRNA were obtained from Invitrogen
(Stealth RNAi). siRNA of PDCD6 was designed as previously
described.(39,40) Transfection of siRNA was performed with
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s protocol.

Immunoblotting and antibodies. Cultured cells were washed
twice with chilled PBS and resuspended in lysis buffer
(50 mM Tris–HCl, pH 7.6, 150 mM NaCl, 10 mM NaF,
1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1 mM
dithiothretiol, 10 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/
mL pepstatin A and 1% NP-40). Cell lysates were centrifuged
for 5 min at 4°C. The supernatants were separated by SDS-
PAGE and transferred to nitrocellulose membranes. The mem-
branes were incubated with anti-caspase-3 (BD Transduction
Labs, Franklin Lakes, NJ, USA), anti-PDCD6 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), anti-p53 (Santa Cruz Bio-
technology), anti-p21WAF1 (Oncogene Research Products,
Boston, MA, USA), anti-GFP (Nacalai Tesque, Kyoto, Japan)
or anti-tubulin (Sigma-Aldrich, St. Louis, MO, USA). Immune
complexes were incubated with secondary antibodies and
visualized by chemiluminescence (PerkinElmer, Waltham,
MA, USA).

Real-time RT-PCR analysis. Total RNA was isolated from cells
using RNeasy spin column kits (Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. Total RNA (5 lg) was
amplified using a Super Script III First-Strand Synthesis System
for RT-PCR (Invitrogen), following the manufacturer’s protocol.
The PCR reaction was performed using Power SYBR Green
Master Mix (15 lL Power SYBR Green Master Mix, 0.3 lL
each of 5 lM primer, 5 lL cDNA and 9.4 lL water) using
Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The PCR program was as follows: incu-
bation for 10 min at 95°C, denaturation for 15 s at 95°C, anneal-
ing for 60 s at 60°C and extension for 30 s at 72°C. Cumulative
fluorescence was measured at the end of the extension phase of
each cycle. The results were normalized to GAPDH.

ChIP sequencing assay. Transfected H1299 cells were
harvested and washed with chilled PBS, then incubated in 1%
formaldehyde for 15 min at room temperature for chromatin
cross-linking. The cells were washed with chilled PBS again.
Cell pellets were resuspended in SDS lysis buffer (1% SDS,
10 nM EDTA, 50 mM Tris–HCl, pH 8.0, 1 mM DTT, 1 mM
PMSF, 1 mM Na3VO4, 10 lg/mL aprotinin, 1 lg/mL leupep-
tin and 1 lg/mL pepstatin A). The lysates were sonicated until
the length of DNA fragments were between 200 and 500 bp.
Then, 50 lL of the each lysate was used as an input. The
remainder was diluted twofold in washing buffer (50 mM Tris
–HCl, pH 7.6, 150 mM NaCl, 0.1% NP-40 and protease inhib-
itors, as described above). The dilution was subjected to
immunoprecipitation with Flag-agarose for 1–2 h at 4°C with

rotation. The beads were then pelleted by centrifugation and
washed sequentially with 300 lL of the following buffers: low
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris–HCl, pH 8.0 and 150 mM NaCl), high salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris
–HCl, pH 8.0 and 0.5 M NaCl), LiCl buffer (0.25 M LiCl,
1 mM EDTA, 10 mM Tris–HCl, pH 8.0 and 1% deoxycholate)
and Tris-EDTA buffer (twice). Precipitated chromatin com-
plexes were removed from the beads by shaking with 150 lL
elution buffer (1% SDS and 0.1 M NaHCO3) for 15 min; this
was repeated once. NaCl was added at a final concentration of
200 mM for 6 h at 65°C for cross-linking reversal. Then, the
extraction buffer (50 mM Tris–HCl, pH 6.8, 10 mM EDTA
and 40 lg/mL proteinase K) was added for 1 h at 45°C to
digest the remaining proteins. DNA was recovered by phenol-
chloroform-isoamyl alcohol (25:24:1) extraction and precipi-
tated with 0.1 volume of 3 M sodium acetate and 2.5 volumes
of ethanol in �80°C. The precipitated DNA was sequenced
and analyzed by TaKaRa Bio (Shiga, Japan). PCR amplifica-
tion was then performed using the chromatin immunoprecipi-
tated fragments with the following oligonucleotide pairs: for
PDCD6, 5′-CCCCGGAAGTGGTGATAAT-3′ and 5′-GA-
AAACGTTCCACAGGAAGC-3′; and for p21WAF1, 5′-GGTC
TGCTACTGTGTCCTCC-3′ and 5′-CATCTGAACAGAAA
TCCCAC-3′.

TUNEL assay. Cells cultured in poly-D-lysine-coated four-
well chamber slides were transfected with plasmids or siRNA
and then treated with 1 mg/mL adriamycin (ADR) for 24 h.
The apoptotic effect was measured using the DeadEnd
Fluorometric TUNEL system (Promega). The apoptotic cells
expressing GFP plasmids were detected using FluoroLink Cy5-
dUTP (GE Healthcare, Buckinghamshire, UK). Morphological

(A)

(B)

Fig. 1. Comprehensive analysis of p53 target gene. (A) The ChIP
sequencing score datasets. (B) Peak regions of PDCD6 in sequences
obtained from the ChIP sequencing were visualized by the UCSC Gen-
ome Browser. The sequence of the highest peak is shown in the box.
The p53 binding sites within the sequence of the highest peak are
indicated in red color.
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changes in the nuclear condensation of cells undergoing apop-
tosis were detected by staining with DAPI.

Immunofluorescence assay. A549 cells cultured in chamber
slides were fixed with 3% paraformaldehyde for 10 min. Cells
were rinsed with PBS and incubated with 0.1% Triton X-100

for 15 min. After washing and subsequent blocking with 10%
goat serum in PBS for 1 h, cells were incubated with anti-
PDCD6 (1:200 dilution) for 2 h to overnight at 4°C. Secondary
antibodies were then applied for 1 h. Nuclei were stained with
DAPI.

(A) (B) (C)

(D)

(E) (F)

Fig. 2. PDCD6 is a novel target of p53. (A) PDCD6 expression is regulated by p53. H1299 cells were transfected with Flag vector or Flag-p53. To
perform ChIP assays, choromatin-protein complexes were immunoprecipitated with anti Flag-p53 antibodies. Real-time PCR amplification was
performed to analyze the chromatin immunoprecitated fragments using appropriate primers for PDCD6. (B) H1299 cells were transfected with
Flag vector or Flag-p53. The mRNA level of PDCD6 was quantified by real-time RT-PCR. The value is normalized to GAPDH. The data represents
the mean ± SD from three independent experiments, each performed in triplicate. (C) H1299 cells were transfected with Flag vector or Flag-p53
and then analyzed by western blotting. IB, immunoblotting. (D) A549 cells and U2OS cells were treated with 1 lg/mL adriamycin (ADR) and incu-
bated for 24 h. The mRNA level of PDCD6 was quantified by real-time RT-PCR. The value was normalized to GAPDH. The data represent the
mean ± SD from three independent experiments, each performed in triplicate. (E) A549 cells and H1299 cells were treated with 1 lg/mL ADR for
the indicated times and then analyzed by western blotting. (F) A549 cells were transfected with scramble siRNA or p53 siRNA and treated with
1 lg/mL ADR for 24 h. The mRNA level of PDCD was quantified by real-time RT-PCR. The value was normalized to GAPDH (left). The data repre-
sent the mean ± SD from three independent experiments, each performed in triplicate. Cell lysates were subjected to immunoblot analysis with
anti-PDCD6, anti-p53 or anti-tubulin (right).
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Results

Comprehensive analysis of p53 target genes. ChIP-seq was
performed to identify direct binding genes of p53. H1299 cells,
p53 null cell lines, were transfected with Flag vector as a
control or Flag-tagged wild-type p53 (Flag-p53). ChIP assay
was performed using anti-Flag antibody. We analyzed the
DNA binding sites of p53 by the high throughput sequencing
approach and isolated 5208 regions of 2332 genes. Based on
the ChIP-seq data, we identified direct p53 target genes, which
were annotated in the vicinity of mapped sequences. Peak
regions in sequences obtained from ChIP-seq were represented
by the score (Fig. 1A). This score was calculated from the
number of overwrapped sequences. In this study, we focused
on the PDCD6 gene because its score was considerably high.
More importantly, the ChIP-seq peak region of PDCD6 in the
UCSC genome browser (Fig. 1B) contained p53 binding sites
(Fig. 1B; indicated by red in the box), and was located within
intron 1 (324762-324904). To confirm the results from ChIP-
seq, H1299 cells transfected with Flag vector or Flag-p53 were
subjected to ChIP assay with anti-p53 antibodies (Fig. 2A).
The result demonstrated that the p53 was directly bound to
promoter regions of PDCD6. We further examined the gene
expression of PDCD6 by real-time RT-PCR. Ectopic expres-
sion of p53 induced transactivation of PDCD6 (Fig. 2B). As a
control, ChIP and RT-PCR for p21WAF1 were analyzed (Fig.
S1A and B). Immunoblot analysis showed that the protein
levels of PDCD6 were increased in p53-transduced cells but
not in mock cells (Fig. 2C). To determine whether PDCD6 is
induced by naturally expressing p53, we investigated the
expression of PDCD6 mRNA levels by treating p53 positive
cell lines, A549 (human alveolar adenocarcinoma cell line)
and U2OS (human osteosarcoma cell line) with various
concentrations of ADR. We confirmed that the mRNA levels
of PDCD6 are markedly augmented after ADR exposure in
A549 cells. By contrast, the mRNA levels of PDCD6 were
slightly increased in U2OS cells (Fig. 2D). In addition, the
protein levels of PDCD6 were increased by ADR in A549
cells but not in H1299 cells (Fig. 2E). To confirm that PDCD6
expression is controlled by p53, A549 cells were transfected
with scramble siRNA or p53 siRNA followed by treatment
with ADR. The results of real-time RT-PCR and immunoblot
analyses indicated that both PDCD6 mRNA and protein
increased in A549 cells. In contrast, no upregulation was
observed when p53 was knocked down (Fig. 2F).

Identification of putative consensus sequence for the p53-bind-
ing in the PDCD6. The mRNA and protein levels of PDCD6
were increased in accordance with p53 expression. These
results indicate that PDCD6 is a downstream target of p53.
Thus, we next analyzed a consensus sequence for the
p53-binding in the promoter region of PDCD6. Based on the
ChIP-seq results, we found a putative consensus sequence for
the p53-binding in PDCD6 (Fig. 3A). To determine if p53
binds to this sequence, we constructed reporter vectors with or
without this region (pGL3-PDCD6 or pGL3-PDCD6D, respec-
tively; also see Fig. 3B), and carried out the luciferase assay.
Luciferase activity in A549 cells transfected with the Luc-
PDCD6 was markedly increased (Fig. 3C). By sharp contrast,
activity of Luc-PDCD6D was significantly diminished. Impor-
tantly, the depletion of p53 completely reduced luciferase
activity of Luc-PDCD6 in A549 cells (Fig. 3C). Taken
together, these results suggest that p53 binds to and activates
PDCD6 via the consensus sequence of the p53-binding.

PDCD6 induces apoptosis in response to DNA damage. The
mechanism of cell death is regulated by p53, which
upregulates many genes for the p53-dependent apoptosis after
DNA damage. Because our results suggested that PDCD6 is
a direct target of p53 and is upregulated in the DNA damage

response, we aimed to determine if PDCD6 is involved in
apoptosis in a p53-dependent manner. To investigate this
possibility, we performed TUNEL assay to determine whether
apoptosis is suppressed by the knockdown of PDCD6 in
A549 cells. The result showed that p53-dependent apoptosis
was substantially attenuated by suppressing PDCD6 (Fig. 4A).
We further verified whether overexpression of PDCD6
induces apoptosis upon genotoxic stress. The TUNEL assay
results demonstrated that apoptotic cells were considerably
increased by ectopic expression of PDCD6 (Fig. 4B). These
results suggest that PDCD6 contributes to induction of apop-
tosis. We further confirmed that PDCD6 is involved in the
activation of apoptosis-related factors, such as caspase-3,
which plays an important role as a critical modulator in the
apoptosis progression,(41) and PARP cleavage is a significant
indicator, as well as a useful marker for cellular apoptotic
events. Caspase-3 activity was suppressed by knockdown of
PDCD6 following ADR exposure (Fig. 4C). We also
observed cytochrome c release from mitochondria to cyto-
plasm after DNA damage, but it was reduced in cells
silenced for PDCD6 (Fig. 4D). These observations collec-
tively indicate that PDCD6 participates in the p53-dependent
apoptosis through the caspase-3 activation and the cyto-
chrome c release.

PDCD6 targets to the nucleus in response to DNA damage. We
verified that PDCD6 is involved in the p53-dependent apopto-

(A)

(B)

(C)

Fig. 3. Identification of p53 consensus sequence in PDCD6. (A) The
putative p53 response elements are depicted in the upstream of
PDCD6. (B) Schematic representation of p53 consensus binding site-
driven luciferase reporter constructs. (C) A549 cells transfected with
scramble siRNA or p53 siRNA were transduced with luciferase vector,
Luc-PDCD6 or Luc-PDCD6D, and treated with 1 lg/mL adriamycin for
24 h. Luciferase activities were measured after 48 h post-transfection.
The relative fold increase of activity compared with the control was
calculated. The data represent the mean ± SD from three independent
experiments, each performed in triplicate.
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sis. However, the mechanism by which PDCD6 promotes
apoptosis remains to be clarified. To address this issue, we
investigated subcellular localization of endogenous PDCD6
by immunostaining assay before and after ADR treatment in
A549 cells. The results demonstrated that PDCD6 was
localized in the nucleus after ADR exposure. By contrast, in
control cells, PDCD6 was localized ubiquitously in cytoplasm
(Fig. 5A). Importantly, we found a nucleus localization signal
(NLS)(42) at the very N-terminal end of PDCD6. To confirm
whether this NLS is functional, we constructed the plasmid
in which putative NLS sequence is deleted (Fig. 5B). The
results indicated that nuclear localization was abrogated with
the mutant PDCD6, suggesting that the signal is required for
its nuclear localization (Fig. 5C). We used TUNEL assay to
further examine whether the NLS mutant induces apoptosis
in response to DNA damage. The results showed that expres-
sion of PDCD6DNLS reduced induction of apoptosis
compared with that of intact PDCD6 (Fig. 5D). Of note, the
transfection efficiency with each GFP-PDCD6 and GFP-
PDCD6DNLS was approximately 65% (Fig. S2). These
findings suggest the possibility that nuclear localization of
PDCD6 is, at least in part, necessary for induction of the
p53-dependent apoptosis.

Discussion

In this study, through analysis with ChIP-seq, we identified
PDCD6 as a p53-responsive gene for the first time. The ChIP-
seq used in this research has three particular features for screen-
ing p53-direct binding genes. First, using the ChIP-seq analysis
novelty advanced our research. Although there have been many
explorations using microarray analysis, ChIP-seq analysis of
p53-responsive genes has seldom been undertaken. PDCD6,
which was obtained from this comprehensive analysis, is known
as a calcium binding protein of the penta EF-hand protein fam-
ily.(29,30) There is no report showing that PDCD6 is a direct

transactivation gene of p53. In the current study, we clarified
PDCD6 as a p53-target gene (Fig. 2A–C). Furthermore, we
found a consensus sequence of the p53-binding (Fig. 3A) in the
promoter region of PDCD6 and discovered that p53 used this
site to promote expression of PDCD6 (Fig. 3C). These findings
suggest that ChIP-seq is a useful tool for exploring direct bind-
ing genes for p53. Second, ChIP is useful for isolating specific
DNA fragments to which transcription factors and other proteins
directly interact. In addition, in comparison with microarray
analysis, the ChIP-seq is not deviated from the probe design or
the number of probe sets. This is useful for highly specific and
sensitive analysis. Finally, the ChIP-seq reaches a genome-wide
range of analysis on account of the recent development of the
automated sequencer. Indeed, through this comprehensive anal-
ysis, we obtained novel p53-responsive genes (Fig. 1A). The
characteristics mentioned above suggest that using ChIP-seq
could be the most valuable method for exploring the p53-
responsive gene.
In a cell death assay, PDCD6 was previously identified as a

pro-apoptotic protein.(29,30) PDCD6 modulates endoplasmic
reticulum-stress-stimulated stress cell death.(43) In this study,
we found that PDCD6 is localized in the cytoplasm ubiqui-
tously; however, PDCD6 was translocated to the nucleus in
response to DNA damage (Fig. 5A). Importantly, nuclear
targeting of PDCD6 is required for induction of apoptosis
(Fig. 5D). Based on these findings, our result led us to
speculate that nuclear PDCD6 plays a role in the p53-depen-
dent apoptosis. Moreover, in condition of PDCD6 knockdown,
cytochrome c release and caspase-3 activation, which are
involved in downstream of apoptotic cascade, were prohibited.
Ectopic expression of PDCD6 significantly reduced the expres-
sion levels of the Bcl-xL and the Bcl-2 proteins. By contrast,
the levels of Bax increased following overexpression of
PDCD6.(44) Thus, PDCD6 is, at least in part, involved in the
signaling cascade of the p53-responsive apoptotic machinery.
These findings suggest that manipulation of nuclear targeting

(A)

(C) (D)

(B)

Fig. 4. PDCD6 induces apoptosis in response to
DNA damage. (A) A549 cells were transfected with
scramble siRNA or PDCD6 siRNA. Cells were left
untreated (open bar) or treated with 1 lg/mL
adriamycin (ADR) (closed bar). The percentage of
apoptotic cells was quantified by TUNEL assay. The
data represent the mean ± SD from three
independent experiments, each performed in
triplicate. (B) A549 cells were transfected with GFP
vector or GFP-PDCD6. After 24 h post-transfection,
cells were left untreated (open bar) or treated with
1 lg/mL ADR for 24 h. The percentage of apoptotic
cells was quantified by TUNEL assay. The data
represent the mean ± SD from three independent
experiments, each performed in triplicate. An
asterisk indicates P < 0.05. Cell lysates were
subjected to western blotting with anti-GFP or anti-
tubulin (right panels). (C) A549 cells were
transfected with scramble siRNA or PDCD6 siRNA
and treated with 1 lg/mL ADR for 24 h. Cell lysates
were subjected to immunoblot analysis with anti-
caspase-3, anti-PARP, anti-PDCD6 or anti-tubulin. IB,
immunoblotting. (D) A549 cells were transfected
with scramble siRNA or PDCD6 siRNA and treated
with 1 lg/mL ADR for 24 h. Cell lysates and
cytosolic fraction were subjected to immunoblot
analysis with anti-cytochrome c, anti-tubulin or
anti-ORC-2.
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of PDCD6 could be useful for a novel cancer therapy by
inducing apoptosis in cancer cells.
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(A)
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Fig. 5. PDCD6 is localized in the nucleus in
response to DNA damage. (A) A549 cells were
transfected with scramble siRNA or PDCD6 siRNA
and left untreated or treated with 1 lg/mL
adriamycin (ADR) for 24 h. Immunofluorescence
was performed with anti-PDCD6. The nuclei were
stained with DAPI. Western blotting was performed
with anti-PDCD6, anti-ORC2 and anti-tubulin. (B)
Schematic representation of a nuclear localization
signal (NLS) in PDCD6 and the mutant PDCD6 that
was deleted in the NLS (PDCD6DNLS). (C) A549 cells
were transfected with GFP-PDCD6 or GFP-
PDCD6DNLS and left untreated or treated with ADR
for 24 h followed by immunofluorecence assay. The
nuclei were stained with DAPI. (D) A549 cells were
transfected with scramble GFP-PDCD6 or GFP-
PDCD6DNLS. Cells were left untreated (open bar) or
treated with 1 lg/mL ADR (closed bar). The
percentage of apoptotic cells was quantified by
TUNEL assay. The data represent the mean ± SD
from three independent experiments, each
performed in triplicate. Cell lysates were subjected
to immunoblot analysis with anti-GFP or anti-
tubulin (right panels).
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