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Palmdelphin, a novel target of p53 with Ser46
phosphorylation, controls cell death in response
to DNA damage

N Dashzeveg1,2, N Taira1, Z-G Lu2, J Kimura2 and K Yoshida*,1

The tumor suppressor gene p53 regulates apoptosis in response to DNA damage. Promoter selectivity of p53 depends on mainly
its phosphorylation. Particularly, the phosphorylation at serine-46 of p53 is indispensable in promoting pro-apoptotic genes that
are, however, poorly determined. In the current study, we identified palmdelphin as a pro-apoptotic gene induced by p53 in a
phosphorylated serine-46-specific manner. Upregulation of palmdelphin was observed in wild-type p53-transfected cells, but not
in serine-46-mutated cells. Expression of palmdelphin was induced by p53 in response to DNA damage. In turn, palmdelphin
induced apoptosis. Intriguingly, downregulation of palmdelphin resulted in necroptosis-like cell death via ATP depletion. Upon
DNA damage, palmdelphin dominantly accumulated in the nucleus to induce apoptosis. These findings define palmdelphin as a
target of serine-46-phosphorylated p53 that controls cell death in response to DNA damage.
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Mutations in the tumor suppressor gene p53 are frequently
identified in human cancers. p53 functions in the cellular
responses to the variety of stresses such as radiation,
oxidative stress, and DNA-damaging agents by inducing cell
cycle arrest, DNA repair, or apoptosis.1–6 Various functions
of p53 are regulated by its post-translational modifications.7

The apoptotic function of p53 requires phosphorylation at
serine-46 (ser46).6,8 Available evidence suggested that
protein kinases, HIPK2,4,5,9,10 ATM kinase,11 and DYRK24

phosphorylate p53 at ser46 under certain conditions. For
instance, HIPK2 phosphorylates ser46 in response to UV
exposure and DNA single-strand break to induce apopto-
sis.4,10 Likewise, in response to a DNA double-strand break,
DYRK2 targets p53 to phosphorylate ser46 to induce pro-
apoptotic genes.4 At present, many pro-apoptotic genes
induced by p53 are identified while the downstream targets
of the ser46 phosphorylation are very limited with only
p53AIP1.8 In order to elucidate the molecular mecha-
nisms underlying apoptosis, it is important to uncover
which proteins are regulated by p53 when ser46 is
phosphorylated.
p53 is also involved in the necrotic cell death.12 Necrosis

was long considered as a non-programmed form of cell death,
whereas recent evidence suggested programmed necrosis
called necroptosis. Necroptosis is the result of interplay
among several signaling cascades. In a transcription-
independent manner, p53 forms complexes with PTP
regulator cyclophilin D (CypD) in themitochondria and triggers
mitochondrial permeability transition pore opening that leads

to necrosis.12 However, a transcription-dependent pathway of
the p53-dependent necrosis remains unclear.
Abnormal genetic alterations in palmdelphin (PALMD) are

observed in the malignant tumors.13,14 PALMD is an isoform
of the paralemmin families that are lipid-anchored proteins
having a role in the cell shape control and cell dynamics.
PALMD is harbored on the human chromosomal region at
1p22-p21 and within this region, human disease genes such
as atrioventricular canal defect 1, venous malformations with
glomus cells, autosomal dominant osteopetrosis type II, and
Waardenburg syndrome type 2B have beenmapped.15,16 The
molecular and functional nature of PALMD is obscure.
Current study demonstrates PALMD as a target of

phosphorylated p53 at ser46. PALMD is targeted to the
nucleus to induce apoptosis in response to DNA damage.

Results

p53 induces PALMD expression when ser46 is phos-
phorylated. To investigate target genes of the ser46
phosphorylation, microarray and chromatin immunoprecipi-
tation (ChIP) sequencing were performed. The results of
microarray revealed 269 genes that are specific to the ser46
phosphorylation of p53 (Figure 1a). In the ChIP sequencing,
wild-type p53 (wt-p53) bound onto 27 694 regions of 9294
genes (Figure 1a). Comparison of two assays showed 58
genes as candidates of p53-target genes when ser46 is
phosphorylated (Figure 1a). From them, PALMD showed the
highest specificity to wt-p53 as well as to phospho-ser46
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(Table 1). mRNA expression of PALMD was elucidated by
real-time PCR (Figure 1b), and protein expression level was
determined by western blotting (Figure 1c). The expression
of PALMD was higher in the wt-p53-transfected fraction
(Figures 1b and c). In addition, the induction of PALMD
expression in ser15-mutated p53 (p53S15A)-transfected
cells was similar to that in wt-p53-transfected cells;
however, it was decreased in p53S46A-transfected cells
(Supplementary Figure 1a). To clarify PALMD as a
p53-target gene when ser46 is phosphorylated, the ChIP
assay was performed. The p53 consensus site was included
in the highest peak region of ChIP sequencing (Figure 1d)

and this region was amplified for the ChIP assay. As
expected, only wt-p53 had an ability to bind onto PALMD
but neither control nor p53S46A (Figure 1e). Given that ser46
is phosphorylated by DYRK2 after genotoxic stimuli,4

PALMD expression in DYRK2-silenced cells was examined.
Importantly, DYRK2-depleted cells failed to induce PALMD
expression in response to DNA damage (Figure 1f).
Together, these results indicate that PALMD is a p53-target
gene when ser46 is phosphorylated.

PALMD is induced by p53 in response to DNA damage.
Since PALMD was regulated by exogenously transfected
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Figure 1 PALMD is induced by p53 when ser46 is phosphorylated. (a) A genome-wide search of the pro-apoptotic genes promoted by phosphorylated p53 at ser46.
Results of microarray and ChIP sequencing were overlapped to identify novel targets of phospho-ser46 of p53. (b) Control vector (control), wild-type p53 (wt-p53), and mutant
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(c) Samples described in b were analyzed by western blotting. Protein-specific bands were detected with anti-PALMD (top panel), anti-phospho-p53(Ser46) (second panel),
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amplified in the ChIP assay. (e) The binding of p53 onto PALMD was identified by the ChIP assay. Cell lysates from samples described in b were immunoprecipitated with anti-
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p53 in a phospho-ser46-specific manner in SaOS2 cells, we
aimed to analyze its expression under control of endogen-
ously expressing p53 using U2OS cells. p53 was stabilized
and phosphorylated at ser46 (Figures 2b and d) that follows
induction of PALMD in both mRNA (Figure 2a) and in protein
levels (Figure 2b) in response to ADR exposure. However,
the expression of PALMD was not changed after DNA
damage in SaOS2 (Figures 2a and 2b). PALMD expression
in other cell lines, H1299 and A549, showed the same result
(Supplementary Figure 1b). In addition, PALMD expression
was not induced under mild DNA damage, which is sufficient
to phosphorylate serine-15 but not serine-46 (Supplementary
Figure 1c, lane 3). Moreover, p53 targets PALMD upon ADR
exposure (Figure 2c). Importantly, silencing of p53 did not
promote PALMD expression (Figure 2d). Therefore, these
findings suggest that PALMD is induced by p53 in response
to DNA damage.

PALMD induces apoptosis in response to DNA damage.
As phosphorylation of p53 at ser46 is essential for induction
of apoptosis, we investigated whether PALMD is involved in
the p53-dependent apoptosis. To prove this possibility, the
TUNEL assay was performed to elucidate whether apoptosis
is suppressed by the knockdown of PALMD (Figure 3b) or
induced by overexpression of PALMD (Figure 3c). Three
different short interfering RNAs (siRNAs), siPALMD-1,
siPALMD-2, and siPALMD-3, were examined to silence
PALMD expression. All siRNAs suppressed PALMD
(Figure 3a). The suppression of PALMD substantially
attenuated apoptosis in response to DNA damage
(Figure 3b). As a control, knockdown of p53 also decreased
apoptosis under ADR exposure (Figure 3b). Overexpressing
PALMD with GFP-PALMD presented higher apoptotic cells
than control (Figure 3c). Of note, transfection quality of GFP
plasmids was examined (Figure 3d). As we have showed the
apoptotic function of PALMD by the TUNEL assay, the cell
viability assay was carried out to support these results.
Unexpectedly, the cell viability of U2OS cells after silencing
of PALMD in response to DNA damage remained unchanged
(Figure 3e).

Downregulation of PALMD leads to necroptosis-like cell
death. We found that PALMD induces apoptosis, however,
knockdown of PALMD remained unchanged in cell viability
after DNA damage. Therefore, PALMD loss was expected to
induce other type of cell death. Given that both the apoptotic
cell death and the necrotic cell death suppress each other17–19

and those were distinguished by the intracellular ATP
level,17,18 we measured the ATP concentration in PALMD-
downregulated cells. After DNA damage, the concentration

of ATP was increased in control cells. However, in PALMD-
downregulated cells, the concentration of ATP significantly
decreased (Figure 4a). The morphology of the cell death was
examined by time-lapse imaging. When PALMD was over-
expressed, cells exhibited apoptotic features such as cell
shrinkage, membrane blebbing, and chromatin condensation
(Figure 4b). Moreover, cells showed secondary necrosis
after 13–14 h (data not shown). Interestingly, in the PALMD-
downregulated cells, cells ruptured into the environment and
chromatin was condensed (Figure 4c). To monitor transfec-
tion efficiency, western blotting (right panels in Figures 4b
and c) and the immunoflourencence assay (Supplementary
Figure 2) were carried out. In addition, double staining with
propodium iodide (PI) and annexin V (AnV) analysis showed
significant decrease of PI�AnVþ population (apoptotic20)
and increase of PI-positive population (necrotic21,22) in
PALMD-depleted cells (Figures 4d and e).

PALMD dominantly accumulates in the nucleus in
response to DNA damage. PALMD is involved in the
p53-dependent apoptosis. However, a mechanism by which
PALMD promotes apoptosis has remained to be clarified.
Although previous evidence suggested that PALMD localizes
predominantly in the cytosol,23 a current study aimed to know
whether PALMD changes location in response to DNA
damage. Remarkably, the expression of PALMD increased
in both cytoplasm and nucleus, although it was dominantly
accumulated in the nucleus after ADR exposure (Figures 5a
and b). Control cells showed low expression of PALMD that
was mainly located in the cytoplasm (Figures 5a and b). The
putative nuclear localization signal (NLS) was found within
PALMD (Figure 5c). To determine whether this NLS is
functional, GFP-tagged wild-type PALMD (wt-PALMD or wt)
or NLS mutant (NLS-mut) was transfected into U2OS cells.
NLS-mut remained in the cytoplasm, suggesting that the
signal is required to move into the nucleus (Figure 5d;
Supplementary Figure 3a). The transfection efficiency of
wt-PALMD and NLS-mut into U2OS cells is shown in
Supplementary Figure 3b. To further investigate whether
NLS-mut induces apoptosis, the TUNEL assay was per-
formed. Predictably, the expression of NLS-mut reduced
induction of apoptosis compared with that of intact PALMD
(Figure 5e). The transfection efficiency of plasmids is shown
in Figure 5f. Furthermore, ectopic expression of PALMD
showed B50% of the cells underwent death, which was
attenuated in NLS-mut-transfected cells (Figure 5g). Conse-
quently, these findings suggest the possibility that nuclear
localization of PALMD is necessary for induction of
apoptosis.

Discussion

In the current study, we isolated and identified PALMD as a
p53-target pro-apoptotic gene in the phospho-ser46-specific
manner. Upon exposure to the genotoxic stress, p53 is
stabilized and activated by the phosphorylation to promote
its function in the cell cycle arrest, DNA repair, and
apoptosis. Previous evidence have suggested that the
phosphorylation of ser46 is essential to promote apoptosis.8,24

Various protein kinases such as HIPK2,9,10 ATM,11 and

Table 1 Candidate genes induced by phsopho-p53 at ser46

Gene wt-p53/control wt-p53/p53S46A

PALMD 8 1.49
SFN 5 1.48
COL13A1 4 1.62
NT5E 3 1.51
PAK6 3 1.65

Abbreviation: wt, wild type
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DYRK24 activate p53 by phosphorylating ser46 to induce
apoptosis. However, the pro-apoptotic gene promoted by p53
in a phospho-ser46-specific manner is largely unknown.
Recently, microarray has become the basic tool to search
gene expression differences between two samples such as
normal cells and cancer cells. In addition to the microarray,
ChIP sequencing is a powerful tool used widely to uncover
transcription targets.25 Current study has used both analyses
to demonstrate target genes of phospho-ser46 of p53. We
found PALMD as a p53-target pro-apoptotic gene when ser46

is phosphorylated. Although, we showed that PALMD induces
apoptosis in response to DNA damage, interestingly, we
observed that loss of PALMD resulted in necroptosis-like cell
death. For decades, necrosis was known as accidental cell
death. However, growing evidence have demonstrated that
certain types of necrosis are tightly controlled by orchestrated
cellular pathways that are called necroptosis.17–19,26–28 In the
necroptotic cell death, poly-ADP-ribose polymerase becomes
hyperactivated by reactive oxygen species that consumes
cellular NAD and leads a cell to the ATP depletion.26,29
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Moreover, during necrosis, the cellular membrane is broken
and cellular contents rupture into the environment.19 Our
results showed ATP depletion in PALMD-downregulated cells
in response to DNA damage. Those cells showed cell rupture
into the environment, suggesting that PALMD is required for
the apoptosis, otherwise cells die with necroptosis-like cell

death. p53 regulates necrosis in a transcription-independent
way through interacting with CypD by opening the mitochon-
drial permeability transition pore.12 Thus, the transcription-
dependent way of p53 to induce necrosis is supposed to be
existing. Therefore, we propose that p53 may decide cell
death fate, apoptosis, or necrosis, through PALMD regulation.
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PALMD is a newly identified gene and neither its functional
analysis nor molecular mechanism is established. Paralem-
min proteins anchor to the cytoplasm through its C-terminal
CAAX motif by palmytoylation and prenylation.15,16,23,30

Previously, two splicing variants of PALMD were found, one

contains the CAAX motif as other paralemmin proteins and
another consists of the KVVI motif at the C terminus.16 Unlike
other paralemmin proteins, PALMD is found predominantly in
the cytosol,23 which is because of the KVVI motif.16 In the
current study, the splicing variant containing the CAAX motif
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was not amplified. Therefore, the regulation of p53 on PALMD
to induce apoptosis depends upon KVVI domain. Moreover,
our findings also suggested that the movement of PALMD into
the nucleus is important to induce apoptosis; however,
sequestering PALMD in the cytoplasm remained alive.
Together, these results suggest that the localization of
PALMD decides whether cells die with apoptosis or live. Our
data showed that in the normal condition, PALMD expression
was very low but not absent in the cytoplasm, which may be
required to keep the cell alive. However, in response to DNA
damage, p53 induces PALMD expression in a phospho-
ser46-specific manner, and accumulated PALMD in the
cytoplasm moves into the nucleus and triggers apoptosis.
This function is required for the cell to die with apoptosis, and if
this function is blocked the cell dies with nectoptosis.
However, the molecular mechanisms of PALMD to induce
those functions are currently under investigation.
In conclusion, PALMD is demonstrated as the target of

ser46 phosphorylation of p53. PALMD targets to the nucleus
and leads to apoptosis in response to DNA damage. The loss
of PALMD results in necroptosis-like cell death through ATP
depletion (Figure 6).

Materials and Methods
Cell culture. SaOS2 cells (p53-deficient human osteosarcoma cell line) and
U2OS cells (p53-proficient human osteosarcoma cell line) were cultured in
Dulbecco’s modified Eagle’s medium and RPMI 1640 medium, respectively. Both
media were supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
100mg/ml penicillin, 100mg/ml streptomycin, and 2mM L-glutamine. Cells were
treated with 0.2mg/ml adriamycin (ADR; Sigma-Aldrich, St. Louis, MO, USA).

Construction of the plasmids and siRNAs. Flag-tagged p53 (wt-p53)
and mutant p53 in which the residue ser46 is substituted with alanine (p53S46A)
were constructed as previously described.4 The cDNA of PALMD was amplified by
PCR using pfuUltra High-Fidelity DNA polymerase (Stratagene, La Jolla, CA,
USA) from SaOS2 cells using primers; forward primer—50-GCCCTCGAGGAATGG
AAGAAGCTGAGCTG-30, reverse primer—50-CGGGGTACCGGTGGTACAACTCT
TAGATC-30. The NLS was searched using cNLS mapper (http://nls-mapper.iab.
keio.ac.jp). To construct mutant NLS in which the residue arginine and lysine were
substituted with threonine, forward primer—50-ACTACCACAGCCTTGACTGA
GAAATGGCTTCTAGATGG-30 and reverse primer—50-AGTCAAGGCTGTGG
TAGTCAAATGCTGGTGCTTTAG-30 were used. cDNAs were cloned into the
pEGFP-C1 vector (GFP vector) or pcDNA3-flag vector (Flag vector). Gene-specific
siRNAs of PALMD (siPALMD-1; NM_017734.4_stealth_838, siPALMD-2;
NM_017734.4_stealth_1149, and siPALMD-3; NM_017734.4_stealth_1759)
(Invitrogen, Carlsbad, CA, USA), non-silencing siRNA (Qiagen, Hilden, Germany),
and siDYRK2 (Qiagen)4 were used. siRNA mutant wt-PALMD and NLS-mut were
designed against siPALMD-1 using the following primers: forward primers—
50-GAGGAGTCAATCGAGGATATTTATGCTAATATCCCTGACC-30, reverse primer—
50-TAAATATCCTCGATTGACTCCTCTGCTCTTTCTTCTCTTTCC-30. The mutated
sites are shown in Supplementary Figure 4a. siPALMD-1-resistant plasmids were
examined and the results are presented in Supplementary Figure 4b.

Cell transfection. p53-plasmid DNAs were transfected using FuGENE 9
transfection reagent (Roche, Hilden, Germany) following the manufacturer’s
protocol. The GFP-tagged and flag-tagged PALMD-plasmids were transfected
using Lipofectamine 2000 (Invitrogen) following the supported protocol.
Transfections of validated gene-specific siRNAs were performed using Lipofecta-
mine RNAi MAX (Invitrogen) according to the supplied protocol.

ChIP and ChIP sequencing assay. ChIP and ChIP sequencing were
performed as described previously.3 Briefly, empty flag vector and flag-tagged p53
were transfected into SaOS2 cells to perform the ChIP sequencing assay. In the ChIP
assay, SaOS2 and U2OS cells were treated with ADR or left untreated and incubated
for 24 h. Cell lysates were immunoprecipitated with mouse monoclonal anti-p53 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or mouse monoclonal anti-IgG antibodies
(Santa Cruz Biotechnology). Immunoprecipitated DNA fragments were amplified and
subjected to semi-quantitative RT-PCR. The data were normalized for the level of
input control. To amplify the PALMD promoter region, forward primer—
50-TCACGATGTTTCCTCACACC-30 and reverse primer—50-CCTTTTC
CTTCTTCCCCATT-30 were utilized. ChIP sequencing was performed by Takara
Bio Inc. (Shiga, Japan). The data of ChIP sequencing can be accessed through
NCBI’s Gene Expression Omnibus under NCB accession number GSE51268.31

Microarray analysis. Microarray was performed as described previously.32

Briefly, the plasmids, empty flag vector, wt-p53, or p53S46A were transfected into
SaOS2 cells and incubated for 48 h. Total RNA was isolated from cells using the
RNaesy kit (Qiagen) and reverse transcribed into cDNA and synthesized biotin-
labeled cRNA following the manufacturer’s protocol (Affymetrix, Santa Clara, CA,
USA). The Human Genome U133 Plus 2.0 array (Affimetrix, comprised 1 300 000
distinct oligonucleotides, features 447 000 transcripts and variants, including
B39 000 of the best-characterized human genes) was used. Arrays were stained
using Fluidic station 450 according to the protocol, EukGE-WS2v5_450, and
scanned using the Affimetrix GeneChip Scanner 3000. The complete expression
data sets are available in online data repository ArrayExpress, under accession
number E-MEXP-2643.32

Screening of the results of microarray and ChIP sequencing.
To screen microarray, whole-gene expression was normalized with results of flag
vector-transfected cells (control). The genes higher expressed than control sample
were filtered for p53 responsible genes, and to identify p53S46A-related genes,
the genes expressed in mutant fraction were excluded. To screen ChIP
sequencing, candidate genes indicated by the downstream region were removed.
Overlapping of both results revealed p53-target genes in a phospho-ser46-specific
manner.

Real-time RT-PCR analysis. Isolation of total RNA was performed using
TRIsure (Nippon Gene, Toyama, Japan) according to the manufacturer’s protocol
after 48 h of the transfection. Total RNA (2 mg) was reverse transcribed into cDNA
using Superscript III First-Strand Synthesis System for RT-PCR (Takara Bio Inc.)
following the supplied protocol. The PCR reaction was performed using the KAPA
SYBR Green Master Mix (5 ml KAPA SYBR Green Master Mix, 0.3ml each of
10mM primers, and 4.7ml cDNA). PCR was performed using 7900 Fast Real-Time
RT-PCR System (Applied Biosystems, Foster City, CA, USA) under the following
condition: 42 cycles of two-step PCR (95 1C for 2 sec, 60 1C for 1 min). Forward
primer—50-CAATTGAGCGGACAACAGAA-30 and reverse primer—50-TTGGA
AGGTCAGGGATATTAGC-30 were used to amplify cDNA of the PALMD. Gene
expressions were normalized with GAPDH.

Figure 4 Loss of PALMD causes necroptosis-like cell death in response to DNA damage through ATP depletion. (a) ATP concentration in PALMD-depleted cells. U2OS
cells were transfected with non-silencing siRNA or siPALMD-1 (siPALMD) and treated or left untreated with ADR. The data represent the mean±S.D. from three independent
experiments, each performed in triplicates. *Po0.01. (b, left) Cell death morphology in PALMD-overexpressing cells. U2OS cells were co-transfected with green fluorescent
protein (GFP)-tagged PALMD and non-silencing siRNA and treated with ADR. The morphologies of the cell death were illustrated by time-lapse imaging and cell image was
captured at 5-min intervals from treatment. Upper panels present illustration of the cells just after treatment (alive) and lower panels show cell death (dead). The nuclei were
stained with Hoechst. The scale bars indicate 20 mm. (b, right) The transfection efficiency of GFP-PALMD and non-silencing siRNA was monitored. Cell lysates were
immunoblotted with anti-PALMD, anti-GFP, or anti-tubulin. (c, left) Cell death morphology in PALMD-depleted cells. U2OS cells were co-transfected with GFP vector and
siPALMD-1. Further procedure was performed as described in b. (d) PALMD-involved cell death was confirmed by fluorescence-activated cell sorting analysis. U2OS cells
were transfected with non-silencing siRNA or siPALMD-1 (siPALMD), and treated or left untreated with ADR. Cells were double stained with PI and AnV. PI�AnV�

populations were defined as viable cells, PI�AnVþ populations were identified as apoptotic and PI-positive populations indicated as necrotic/necroptotic cells. (e) Percentage
of viable (left panel), apoptotic (middle panel), or necrotic/necroptotic (right panel) cells from the data described in d was calculated. The data represent the mean±S.D. from
three independent experiments. *Po0.01
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Immunoblotting and antibodies. Cultured cells were washed twice with
PBS and resuspended in lysis buffer (50mM Tris-HCl, pH 7.6, 150mM NaCl,
10mM NaF, 1mM Na3VO4, 1mM phenylmethylsulfonyl fluoride, 1 mM dithio-
thretiol, 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 1C. The supernatants were
separated by sodium dodecyl sulfate-PAGE and transferred to nitrocellulose
membranes. The membranes were incubated with anti-PALMD (Proteintech,
Chicago, IL, USA), anti-p53 (Santa Cruz Biotechnology), anti-phospho-Ser46
(BioAcademia, Osaka, Japan), or anti-tubulin (Sigma-Aldrich). Immune complexes
were incubated with secondary antibodies and visualized by chemiluminescense
(PerkinElmer, Waltham, MA, USA) and Light capture II (Cooled CCD Camera
System; ATTO, Tokyo, Japan) using software, CS Analyzer (ATTO).

TUNEL assay. U2OS cells were cultured in poly-D-lysine-coated four-well
chamber slides. Cells were transfected with non-silencing siRNA, gene-specific
siRNAs (siPALMD-1, siPALMD-3, and sip53), or GFP-tagged plasmids.
Then cells were treated with 0.2mg/ml ADR and incubated for 24 or 6 h,
respectively. The apoptotic effect was measured using the Dead End Fluorometric
TUNEL system (Promega, Madison, WI, USA). Morphological changes in the
nuclear condensation of the cells undergoing apoptosis were detected by staining
with 40, 60-diamidino-2-phenylindole (DAPI).

Cell viability assay. The number of viable cells was counted by trypan blue
exclusion using a hemocytometer. Cells (1� 104) were seeded in 96-well plates
and transfected with non-silencing siRNA and siPALMD-1. In the following day,
cells were treated with 0.2mg/ml ADR. MTS assays were performed using the
CellTiter 96 AQ One Solution Cell Proliferation Assay Kit (Promega) following the
manufacture’s protocol. The absorbance was measured at 490 nm with use of a
multilabel counter (PerkinElmer).

Immunoflourencence assay. U2OS cells (1.5� 105) were cultured in
four-well chamber slides. In the following day, cells were treated with 0.2mg/ml
ADR and incubated for 24 h. Cells were fixed with 3% paraformaldehyde for
25min at 4 1C and rinsed with PBS and incubated with 0.1% Triton X-100 for
15min at room temperature. After washing with PBS and subsequent blocking
with 10% goat serum for 1 h, cells were incubated with anti-PALMD (1 : 100
dilution) overnight at 4 1C. Secondary antibodies were then applied for 1 h at room
temperature. Nuclei were stained with DAPI.

Subcellular fractionation assay. Subcellular fractionation assay was
performed as described elsewhere.3,4 Briefly, cell lysates were fractionated as
nuclear and cytoplasmic fractions. Purity of the fractions was monitored by
immunoblot analysis with anti-tubulin and anti-ORC2 (MBL, Woburn, MA, USA).
Immune complexes were incubated with secondary antibodies and visualized by
chemiluminescense (PerkinElmer) or Light capture II (Cooled CCD Camera
System; ATTO) using software, CS Analyzer (ATTO).

Imaging of the cell death morphology. U2OS cells were cultured in a
35-mm cell culture dish (Corning). Cells were co-transfected with non-silencing
siRNA and GFP-tagged PALMD or siPALMD-1 and GFP vector. In the following
day, cells were treated with 0.2mg/ml ADR and the nucleus was visualized with
Hoechst (Bisbenzimide H33342; Sigma, Kanagawa, Japan). Then, cells were
incubated in an Incubation system for microscopes (TOKAI HIT, Shizuoka, Japan)
under 5% CO2 at 37 1C combined with a fluorescence microscope (Bio-Zero BZ-
8000; Keyence, Osaka, Japan) equipped with a phase-difference lens (Nikon,
Tokyo, Japan). The cells were captured at 5-min intervals. For the flourescence
imaging, a halogen lamp was used with excitation (BP520-540HQ) and emission
(BP555-600HQ) filters. Image acquisition and analysis were performed using
analyzer software (BZ-H1TL; Keyence).

Intracellular ATP concentration. U2OS cells were transfected with non-
silencing siRNA or siPALMD-1. In the following day, cells were treated with 0.2mg/ml
ADR or left untreated and incubated for 24h. ATP concentration was determined using
the ATP detection kit (Invitrogen) according to the supplied protocol, and the
luminescence was measured using Infinite M200 PRO (TECAN, Männedorf, Switzerland).

Flow cytometry (FACS) analysis. U2OS cells were transfected with non-
silencing siRNA or siRNA of PALMD and incubated for 24 h. Cells were treated
with ADR (0.2mg/ml) or left untreated. Cells (1� 105) were stained with PI (Life
Technology, Carlsbad, CA, USA) and FITC-AnV (BD Biosciences, San Jose, CA,
USA) for 15min at 37 1C. FACS analysis was performed using Guava EasyCyte
Mini, Guava Technology.

Statistics. Statistical analysis was performed using two-tailed t-tests. Data
represent the mean±S.D. Po0.05 was considered as statistically significant.

Figure 6 Proposed model of the molecular function of PALMD. In response to
DNA damage, p53 is stabilized and activated by phosphorylation at ser46. Activated
p53 promotes PALMD expression. Accumulated PALMD in the cytoplasm localizes
into the nucleus in response to DNA damage to induce apoptosis. In the other side,
if PALMD is not induced, cells die with necroptosis-like cell death through ATP
depletion

Figure 5 Accumulation of PALMD is required to induce apoptosis. (a) PALMD localization by immunoflourescence in U2OS cells in normal condition (upper panels) and in
stressed condition by ADR (lower panels). U2OS cells were seeded in four-well chamber slides and treated or left untreated with ADR. The nuclei were stained with DAPI. The
scale bars indicate 20mm. (b) PALMD localization by the subcellular fractionation assay. U2OS cells were treated or left untreated with ADR and fractionated as cytoplasmic
and nucleic fractions. Both fractions were immunoblotted with anti-PALMD (top panel), anti-ORC2 (second panel), or anti-tubulin (bottom panel). (c) The map of the NLS
construct. To design mutant NLS (NLS-mut), arginine and lysine indicated in red within NLS region of wild-type PALMD (wt-PALMD) were substituted with threonine and
tagged to the green fluorescent protein (GFP) vector. (d) Subcellular fractionation assay of wt-PALMD and NLS-mut-transfected-cells. U2OS cells were transfected with
wt-PALMD (wt) or NLS-mut. Cells were treated (ADR, right panels) or left untreated with ADR (control, left panels) and incubated for 24 h. Cell lysates were fractionated into
cytoplasmic (Cyto) and nucleic (Nuc) fractions. Immunoblotting was performed using anti-GFP (top panel), anti-ORC2 (middle panel), or anti-tubulin (bottom panel).
(e) Apoptotic assay of wt-PALMD or NLS-mut-transfected cells. U2OS cells were transfected with empty GFP vector (GFP), wt-PALMD (wt) or NLS-mut. Cells were treated
with ADR and incubated for 6 h. The percentage of apoptotic cells was quantified with TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)-positive cells.
(f) Transfection efficiency of GFP, wt-PALMD, or NLS-mut. (g) Cells undergo death with wt-PALMD or NLS-mut transfection when endogenous PALMD is depleted.
The siRNA resistant-PALMD (si-wt-PALMD) or NLS-mut (si-NLS-mut) were co-transfected with siPALMD-1 and incubated for 24 h. The nuclei were illustrated with Hoechst.
Cell death was defined with cell blebbings and apoptotic body (arrow), and chromatin condensation (arrow head). The scale bars indicate 40 mm (yellow) or 10mm (white).
The percentage of the cell death in GFP-positive cells is shown in the right panel. The data represent the mean±S.D. from three independent experiments, each performed in
triplicates. *Po0.01
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