localization of p53 might be involved in the genesis and
development of HBL, and the acetylation status of p53
plays an important role in the cytoplasmic retention of
p53. Furthermore, the oxidative stress-induced apoptotic
cell death in Huh6 cells was strongly associated with the
active nuclear translocation of p53, which was distinct
from the CDDP-mediated nuclear accumulation of p53.
Thus, our present results provide a novel targeted approach
to enhance the HBL cell cytotoxity.

Experimental procedures
Cell culture

Human hepatoblastoma Huh6 cells and human hepatocellular
carcinoma HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Invitrogen, Catlsbad, CA) and peni-
cillin (100 1U/mL)/streptomycin (100 pg/mL). Cultures were
maintained at 37 °C in a water-saturated atmosphere of 5%
CO, in air.

RNA preparation and RT-PCR

Total RNA was extracted from cells exposed to cisplatin or hydrogen
peroxide using the RNeasy Mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. cDNA was reverse
transcribed from 1 ug of total RNA with random primers and
SuperScript II (Invitrogen) as recommended by the supplier.
Following the reverse transcription, the resultant cDINA was subjected
to the PCR-based amplification. For PCR analysis, oligonucleotide
sequences used were as follows: NOXA, 5'-GCAAGAATGGAA-
GACCCTTG-3' and 5-GTGCTGAGTTGGCACTGAAA-3;
Parc, 5’-CGTCTCCTGAGCTTTGGTTC-3' and 5-CCT-
CATCTTCCTGCTCCAAG-3; GAPDH, 5’-ACCTGACCTG-
CCGTCTAGAA-3 and 5-TCCACCACCCTGT TGCTGTA-%".
PCR. products were resolved by 2% agarose gel electrophoresis,
and visualized by ethidium bromide staining.

Western blot analysis

Cells were rinsed twice in ice-cold PBS and lyzed in SDS sample
buffer containing 62.5 mm Tris-HCL, pH 6.8, 2% SDS, 2% -
mercaptoethanol and 0.01% bromophenol blue, followed by a
brief sonication. After centrifugation at 10 000 g for 10 min at
4 °C, the supernatant was transferred to a new tube. The protein
concentration was measured by the Bradford protein assay (Bio-
Rad laboratories, Hercules, CA), using bovine serum albumin as a
standard. For Western analysis, equal amounts of protein were
separated by 10% SDS-PAGE, and electro-transferred on to
Immobilon-P membranes (Millipore, Bedford, MA). The membranes
were blocked overnight at 4 °C with TBS-T (50 mm Tris=HCl,
pH 8.0, 100 mm NaCl and 0.1% Tween 20) containing 5%
non-fat dry milk, and then incubated for 1 h at room temperature
with the monoclonal and-p53 (DO-1; Oncogene Research Products,
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Cambridge, MA), polyclonal ant-phosphorylated p53 at Ser-15
(Cell Signaling Technology, Beverly, MA), polyclonal anti-Parc
(Calbiochem, La Jolla), or with polyclonal anti-actin antibody
(20-33; Sigma Chemical Co., St. Louis, MO). After washing
with TBS-T, the membranes were incubated with a horseradish
peroxidase-conjugated appropriate secondary antibody
(Jackson ImmunoR esearch Laboratories, West Grove, PA) for 1 h
at room temperature. The chemiluminescence reaction was
performed using the ECL reagent (Amersham Biosciences,
Piscataway, NJ).

Subcellular fractionation

Cells were washed twice in ice-cold PBS and lyzed in lysis buffer
(10 mM Tris-HCI, pH 7.5, 1 mm EDTA, 0.5% NP-40) containing
a protease inhibitor mix (Sigma Chemical Co.) for 10 min at 4 °C.
Cell lysates were centrifuged at 10 000 ¢ for 10 min at 4 °C to
separate cytoplasmic fraction (supernatant). Insoluble materials
were washed three times with the lysis buffer and nuclei were
lyzed in 1x SDS sample buffer. The nuclear lysates were sonicated,
centrifuged, and the supernatant was collected. The protein
concentrations were determined by the Bradford protein assay
(Bio-Rad Laboratories). The nuclear and cytoplasmic fractions
were subjected to immunoblot analysis using the monoclonal
anti-Lamin B (Ab-1; Oncogene Research Products) or monoclonal
anti-0-tubulin antibody (Ab-2; NeoMarkers, Inc., Fremont, CA).

Indirect immunofluorescence

Huh6 cells on cover slips were fixed in ice-cold methanol for
5 min at room temperature and permeabilized with 0.2% Triton
X-100 for 3 min at room temperature. After blocking with 3%
bovine serum albumin in PBS, cover slips were incubated with
anti-p53 antibody (DO-1) in PBS for 1 h at room temperature
followed by incubation with rhodamine-conjugated secondary
antibody (Invitrogen) in PBS for 1 h at room temperature. Cell
nuclei were stained with DAPL.

Co-immunoprecipitation experiments

For co-immunoprecipitation experiments, cells were lyzed in lysis
buffer (25 mm Tris—-HCI, pH 8.0, 137 mm NaCl, 2.7 mm KCl,
1% Triton X-100) supplemented with protease inhibitor mixture
for 30 min at 4 °C, and clarified by centrifugation at 10 000 g for
15 min at 4 °C. Equal amounts of whole cell lysates were precleared
by incubation with 30 UL of 50% slurry of protein G-Sepharose
beads (Amersham Biosciences). After brief centrifugation, the
supernatants were collected and incubated with the normal mouse
serum (NMS), or with monoclonal and-p53 antibody (DO-1;
Oncogene Research Products) at 4 °C for 2 h. The immune
complexes were precipjtated with the protein G-Sepharose beads
for 1 h at 4 °C, and the nonspecific bound proteins were removed
by washing the beads with the lysis buffer three times at 4 °C.
Immunoprecipitated proteins were subjected to 10% SDS-PAGE,
and Western blot analysis was carried out using the polyclonal
anti-Parc andbody.

Genes to Cells (2007) 12, 461-471

Journal compilation © 2007 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.

469



470

H Yamamoto et al.

siRNA-mediated knockdown of p53

Huh6 cells were transfected with 2 ptg of the empty plasmid
(pSUPER; OligoEngine, Seattle, WA) or with pSUPER expres-
sion plasmid encoding siRNA against p53 (pSUPER-siRNA-
p53) by using FuGENE 6 transfection reagent as recommended by
the manufacturer (Roche Molecular Biochemicals, Mannheim,
Germany). Forty-eight hours after transfection, the wansfected
cells were put under a selection pressure of 400 pg/mL of G418
(Sigma Chemical Co.). Thereafter, the selection medium was
replaced every 3 days. Two weeks after the selecton in G418,
drug-resistant clones were isolated and allow to proliferate in
medium containing G418 (400 pg/mL).

Cell survival assay

Cell viability was determined by MTT assay and expressed as percent
viable cells. In brief, Huh6 or HepG2 cells were seeded in 96-well
microtiter plates (5 X 10° cells/well) with 100 UL of complete
medium. The next day, the medium was changed and cells were

. exposed to the indicated concentrations of hydrogen peroxide.

At the indicated time periods after the treatment with hydrogen
peroxide, 10 L of MTT labeling reagent were added to each
well, and the cultures were incubated for 1h at 37 °C. The
absorbance readings for each well were carried out at a wavelength
of 570 nmm using the microplate reader (model 450; Bio-Rad
Laboratories).

Apoptotic analysis

Apoptotic cells were detected by In Site Cell Death Detection Kit,
TMR red (Roche Molecular Biochemicals). In brief, Huh6 cells
were grown overnight on glass cover slips at 37 °C. Five hours
after the treatment with hydrogen peroxide, cells were washed in
PBS, fixed in 4% paraformaldehyde for 1 h at room temperature
and then permeabilized with 0.1% Triton X-100 for 2 min on ice.
The cells were subsequently incubated with TUNEL reaction
mixture for 1 h at 37 °C in a humidified atmosphere in the
dark. The cover slips were mounted onto microscope slides using
the VECTASHIELD containing DAPI (Vector Laboratories,
Burlingame, CA), and examined under a Fluoview laser scanning
confocal microscope (Olympus, Tokyo, Japan).

Tumor tissues and immunohistochemistry

Hepatoblastoma dssues, which were collected at Gunma Children’s
Medical Center, were obtained at surgery, immediately frozen
and stored at ~80 °C until use. Sections from formalin-fixed, paraffin-
embedded tumor samples were cut at 4-pm thickness and
subjected to immunostaining. In brief, antigen retrieval was
achieved by the reamment of deparaffinized sections with microwaves
in 0.1 M citrate buffer (pH 6.0) for 20 min, followed by cooling at
room temperature prior to incubation with the primary antibody.
Tissue sections were incubated with monoclonal ant-p53 antibody
(PAb240; Calbiochem) overnight at 4 °C and washed in PBS.The
bound antibody was detected using the strepto-avidin-biotin
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complex method (Nichirei Corp., Tokyo, Japan) and visualized by
diaminobenzidine tetrahydrochloride.
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Abstract

p53 is a key modulator of a variety of cellular stresses. In human neuroblastomas, p53 is rarely mutated and aberrantly expressed in
cytoplasm. In this study, we have identified a novel p53 mutant lacking its COOH-terminal region in neuroblastoma SK-N-AS cells.
p53 accumulated in response to cisplatin (CDDP) and thereby promoting apoptosis in neuroblastoma SH-SY5Y cells bearing wild-type
p53, whereas SK-N-AS cells did not undergo apoptosis. We found another p53 (p53AC) lacking a part of oligomerization domain and
nuclear localization signals in SK-N-AS cells. pS3AC was expressed largely in cytoplasm and lost the transactivation function. Further-
more, a 3'-part of the p53 locus was homozygously deleted in SK-N-AS cells. Thus, our present findings suggest that p53 plays an
important role in the DNA-damage response in certain neuroblastoma cells and it seems to be important to search for p53 mutations

outside DNA-binding domain.
© 2007 Elsevier Inc. All rights reserved.
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p53 plays a pivotal role in the regulation of cell cycle
arrest and apoptosis. p53 is one of the most frequently
mutated genes in human tumors [1,2] and p53-deficient
mice developed spontaneous tumors [3]. Upon a variety
of cellular stresses, p53 accumulates in nucleus through
post-translational modifications including phosphorylation
and acetylation and thereby exerting its function [4].
Pro-apoptotic function of p53 is closely linked to its
DNA-binding activity. p53 acts as a transcription factor
to transactivate a variety of its target genes. Indeed, 95%
of p53 mutations in human tumors occur within its
DNA-binding region and these mutations inactivate pro-
apoptotic function of p53 [4].

Alternatively, p53 is inhibited by various mechanisms.
MDM? acts as an E3 ubiquitin ligase for p53 and promotes
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its proteolytic degradation through ubiquitin—proteasome
pathway [5,6]. Subcellular distribution of p53 also plays a
key role in the regulation of p53 [4]. p53 contains three
nuclear localization signals (NLS 1, II, and III) in its
COOH-terminal region [7,8). In contrast to other human
tumors, p53 is rarely mutated in neuroblastomas [9].
Neuroblastoma cells showed a cytoplasmic localization of
wild-type p53 and exhibited an impaired p53-mediated cell
cycle arrest in response to DNA damage, suggesting that
there exists a mutation-independent mechanism of p53 inac-
tivation [10-12]. Intriguingly, Nikolaev et al. demonstrated -
that Parkin-like ubiquitin ligase termed Parc serves as an
anchor protein that tethers p53 in cytoplasm and thereby
regulating subcellular localization and function of p53[13].
In this study, we have identified a novel p53 mutant
(p53AC) homozygously deleted in neuroblastoma SK-N-
AS cells and our current studies suggest that p53 status
plays an important role in the cell fate determination of
certain neuroblastoma cells in response to DNA damage.
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Materials and methods

Cell culture and transfection. Neuroblastoma cells were grown in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Invitrogen) and antibiotic mixture in a humidified atmosphere of
5% CO; in air at 37 °C. For transfection, cells were transfected with the
indicated expression plasmids using Lipofect AMINE 2000 according to
the manufacturer’s instructions (Invitrogen).

Construction of p53 mutant. cDNA encoding p53 mutant was amplified
by PCR using cDNA from SK-N-AS cells. Forward and reverse primers
were 5'-AATATTTCACCCTTCAGGTACTAAG-3' (forward) and 5'-
CTCGAGTCACTGCCCCCTGATGGC-3 (reverse). Sspl and Xhol sites
shown in boldface type were introduced into forward and reverse primers,
respectively. PCR products were gel-purified and subcloned into pGEM-T
plasmid (Promega). Constructs were confirmed by sequencing and then
digested with Sspl and Xhol. The digested fragment was again gel-purified
and then ligated with the Sspl and BamHI fragment of FLAG-p53 to give
pcDNA3-FLAG-pS3CA.

RNA preparation and RT-PCR analysis. Total RNA was prepared
using RNeasy Mini kit (Qiagen) following the manufacturer’s protocol.
c¢DNA was synthesized using SuperScript II with random primers
(Invitrogen) and amplified by PCR using primers as described: p33: for-
ward, 5-CTGCCCTCAACAAGATGTTTTG-3, and reverse, 5'-CTA
TCTGAGCAGCGCTCATGG-3'; p2I1™*F!; forward, 5'-ATGAAATT
CACCCCCTTTCC-3', and reverse, 5'-CCCTAGGCTGTGCTCACTTC-
3': Bax: forward, 5'-TTTGCTTCAGGGTTTCATCC-3', and reverse, 5'-
CAGTTGAAGTTGCCGTCAGA-3'; pS3AIPI: forward, 5'-CCAAGTT
CTCTGCTTTC-3" and reverse, 5'-~AGCTGAGCTCAAATGCTGAC-3';
PUMA: forward, 5-TATGGATCCCGCACCATGGACTACAAGGA
CGACGATGACAAGGCCCGCGCACGCCAG-3' and reverse, 5'-TAT
GGATCCCTACATGGTGCAGAGAAAGTCCCCC-3'; and GAPDH:
forward, 5'-ACCTGACCTGCCGTCTAGAA-3', and reverse, 5'-TCCA
CCACCCTGTTGCTGTA-3'.

Southern blotting. Genomic DNA was digested with PstI, separated by
1% agarose gel electrophoresis, and transferred onto nylon membranes.
Hybridization was performed at 65 °C in a solution containing 1 M NaCl,
1% N-lauroyl sarcosine, 7.5% dextran sulfate, 100 yug of heat-denatured
salmon sperm DNA/ml, and radio-labeled DNA. After hybridization,
membranes were washed twice with 2x SSC/0.1% N-lauroyl sarcosine at
50 °C and exposed to an X-ray film at —70 °C.

Immunoblotting. Cells were lysed in lysis buffer containing 25 mM
Tris-HCI, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1% Triton X-100, and
protease inhibitor mixture (Sigma). Lysates were separated by SDS-
PAGE and transferred onto Immobilon-P membranes (Millipore).
Membranes were probed with anti-p53 (DO-1, Calbiochem), anti-p53
(PAb122, BD Pharmingen), anti-phosphorylated p53 at Ser-15 (Cell Sig-
naling) or with anti-actin (20-33, Sigma) followed by incubation with
HRP-conjugated goat anti-mouse or anti-rabbit IgG secondary antibody
(Cell Signaling). Immunoreactive bands were detected using chemilumi-
nescence (ECL, Amersham Biosciences).

Subcellular fractionation. Cells were lysed in lysis buffer containing
10mM Tris-HCI, pH 7.5, 1mM EDTA, 0.5% NP-40, and protease
inhibitor mixture (Sigma). Lysates were centrifuged to separate soluble
(cytosolic) from insoluble (nuclear) fractions. The nuclear and cytosolic
fractions were subjected to immunoblotting using anti-p53, anti-Lamin B
(Ab-1, Oncogene Research products) or with anti-tubulin-a (Ab-2,
NeoMarkers).

Array-based comparative genomic hybridization (CGH) analysis.
Whole genome arrays of 2464 bacterial artificial chromosome (BAC)
clones were hybridized simultaneously with 500 ng of target DNA (SK-N-
AS, RTBM1, and SH-SYS5Y) and reference DNA (normal female genomic
DNA). Target DNAs were labeled with Cy3-dCTP and reference DNAs
with Cy5-dCTP by random priming. Hybridization, scanning, and data
processing were conducted as described previously {14,15].

Cell survival assays. Cells were plated at a density of 5000 cells/well in
96-well tissue culture plates. After attachment overnight, medium was
replaced and treated with CDDP for 24 h. Cell viability was measured by
MTT assay.
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Flow cytometry. Floating and adherent cells were pooled and fixed in
ice-cold 70% ethanol for 4 h at —20°C. Cells were then stained with
10 mg/ml of PI (Sigma) in the presence of 250 mg/mi of RNase A at 37 °C
for 30 min in the dark. Number of cells with sub-G1 DNA content was
measured by flow cytometry (FACScan, Becton—Dickinson).

TUNEL assay. Apoptotic cells were identified using an in situ cell
detection, peroxidase kit (Roche Applied Science). Briefly, cells were fixed
in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The
labeling reaction was performed using TMR red-labeled dUTP together
with other nucleotides by terminal deoxynucleotidyl transferase for 1 h in
the dark at 37 °C. Then, cells were mounted and the incorporated TMR
red-labeled dUTP was analyzed using a Fluoview laser scanning confocal
microscope (Olympus).

Luciferase reporter assay. H1299 cells were co-transfected with
pcDNA3, FLAG-p53 or FLAG-p53AC expression plasmid, p53-respon-
sive luciferase reporter (p21%4", MDM2 or Bax), and pRL-TK Renilla
luciferase cDNA. Forty-eight hours after transfection, firefly and Renilla
luciferase activities were measured with dual-luciferase reporter assay
system according to the manufacturer’s instructions (Promega).

Colony formation assay. Forty-eight hours after transfection, SK-N-AS
cells were transferred to fresh medium containing G418 (400 ug/ml). After
16 days of selection, drug-resistant colonies were fixed in methanol and
stained with Giemsa’s solution.

Results
DNA-damage response in human neuroblastoma cells

To determine the effects of genotoxic agents on neurobl-
astomas, human neuroblastoma SH-SYSY and SK-N-AS
cells were exposed to cisplatin (CDDP) and their viabilities
were examined by MTT assays. As shown in Fig. 1A, their
viabilities were significantly decreased in response to
CDDP. To address whether CDDP could induce apoptosis,
we performed TUNEL assay. As shown in Fig. 1B, we
observed a higher number of TUNEL-positive SH-SY5Y
cells exposed to CDDP, whereas CDDP had undetectable
effects on SK-N-AS cells. We further determined apoptotic
cells as sub-G1 population by flow cytometry. As seen in
Fig. 1C, a significant increase in number of SH-SY5Y cells
with sub-G1 DNA content was observed after CDDP treat-
ment, whereas CDDP treatment of SK-N-AS cells resulted .
in an increase in S-phase cells but not in G2/M-phase cells.
Consistent with these results, thymidine kinase (S-phase
marker) [16] was increased in CDDP-treated SK-N-AS cells,
whereas Plk] (M-phase marker) [17] remained unchanged
regardless of CDDP treatment (data not shown).

We then examined whether p53-dependent apoptouc
pathway could be activated in response to CDDP. As
shown in Fig. 1D, p53 was phosphorylated at Ser-15 in
SH-SYSY cells exposed to CDDP. p53 remained
unchanged regardless of CDDP treatment, whereas p53
target genes including p21™**, Bax, and PUMA were
transactivated in response to CDDP In contrast, CDDP-
mediated phosphorylation of p53 at Ser-15 was undetect-
able in SK-N-AS cells. p21%4¥" was induced in response
to CDDP, however, CDDP-mediated up-regulation of
pro-apoptotic Bax and PUMA was undetectable, suggest-
ing that p53 pro-apoptotic function might be lost in
SK-N-AS cells.
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Fig. 1. Differential effects of CDDP on neuroblastoma cells. (A) Cell survival assays. Twenty-four hours after CDDP treatment, cell viability was analyzed
by MTT assays. (B) TUNEL staining. Twenty-four hours after CDDP treatment (20 pM), apoptotic cells were detected by TUNEL staining. Cell nuclei

were stained with DAPL. (C) FACS analysis. SH-SY5Y and SK-N-AS cells were treated as in (B). Twenty-four hours after CDDP treatment, cell cycle

distributions were analyzed by FACS. Shown are the representatives of three independent experiments. (D) CDDP-induced accumulation of p53 in

neuroblastoma cells. Twenty-four hours after CDDP treatment, lysates and total RNA were subjected to immunoblotting (upper panels) and RT-PCR

(lower panels), respectively. For protein loading control, actin levels were checked by immunoblotting. For RT-PCR, GAPDH was used as a loading

control. (E) Subcellular localization of p53. The indicated neuroblastoma cells were fractionated into cytoplasmic {C) and nuclear (N) fractions and

subcellular distribution of p53 was analyzed by immunoblotting. Tubulin-a and Lamin B were used as cytoplasmic and nuclear markers, respectively.

To investigate molecular mechanism(s) behind p53
dysfunction in SK-N-AS cells, we examined subcellular
localization of p53 in various neuroblastoma cells. As
shown in Fig. 1E, p53 was detected in cytoplasm and

nucleus of RTBMI1, LA-N-5, and IMR-32 cells bearing
wild-type p53 (data not shown). Of note, p53 was
abundantly expressed in cytoplasm of SK-N-AS cells
and its molecular mass was smaller than those of other

65



Y. Nakamura et al. | Biochemical and Biophysical Research Communications 354 (2007) 892-898 895

cells, indicating that it might be due to certain structural
aberrations.

Structural aberration of p53 in SK-N-AS cells

To address whether pS3 could have any aberrations in

SK-N-AS cells, we amplified the indicated genomic regions
of p53 using genomic DNA from SK-N-AS cells. RTBM1.

cells were used as a positive control. As shown in Fig. 2A,
PCR-based amplification using primer sets including PI,
P2, P6, and P7 successfully generated estimated sizes of
PCR products, whereas remaining primer sets (P3-P5)
did not, suggesting that the genomic region containing
exons 10 and 11 of p53 might be lost in SK-N-AS cells.
- To confirm genomic aberrations within p53 locus in SK-
" N-AS cells, we performed Southern analysis. Radio-labeled
P53 cDNA probe failed to detect PszI fragment (2.0 kb in
length) which contains exons 10 and 11 in SK-N-AS cells
(Fig. 2B). Our array-based comparative genomic hybrid-
ization (CGH) analysis demonstrated that there exists a
large range of allelic deletion of chromosome 17p where
p53 is located in SK-N-AS cells (Fig. 2C). Furthermore,

A 3 C

Exon9 Exon 10° Exon 11

anti-p53 antibody which recognizes p53 extreme COOH-
terminal portion could not detect p53 in SK-N-AS cells
(Fig. 2D). Collectively, our results suggest that p53
COOH-terminal region is homozygously deleted in SK-
N-AS cells. We then cloned p53 ¢cDNA. As shown in
Fig. 2E, a newly identified p53 (p53AC) was composed of
369 amino acids including unique COOH-terminal struc-
ture (estimated molecular mass of 49 kDa), lacked a part
of oligomerization domain, and completely lost NLS II
and III. The 3'-side of intron 9 and the downstream region
containing exons 10 and 11 were deleted in SK-N-AS cells.

- Its unique COOH-terminal amino acids were derived from

intron 9, suggesting that accurate splicing event might be
abrogated and thereby generating pS3AC.

Dysfunction of p534C

~ To ask whether pS3AC could have functional differences
as compared with wild-type p53, FLAG-p53 or FLAG-
pS3AC was expressed in SK-N-AS cells and their subcellu-
lar localization was examined. As shown in Fig. 3A,
FLAG-p53 was detectable in cytoplasm and nucleus,
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Fig. 2. p53 COOH-terminal region is deleted in SK-N-AS cells. (A) Genomic structure of human p53 locus and positions of PCR primers (P1-P7) are
shown. ATPIB2 encodes ATPase, Na*/K™ transporting B2 (upper panel). Genomic DNA from RTBM1 and SK-N-AS cells was subjected to PCR using
the indicated primers (lower panels). (B) Southern blot analysis. Genomic DNA was digested with Psil, separated by 1% agarose gel, transferred onto
nylon membrane, and probed with the radio-labeled p53 cDNA. Schematic diagram of human p53 and positions of PstI sites are also shown. (C) Array-
based comparative genomic hybridization (CGH) analysis. Hybridization was performed as described under Materials and methods. Arrays were scanned
and images processed using custom software. We normalized relative ratios of tumor and normal signals by setting the value of the median relative ratio
equal to 1. The data were then transformed into log 2 space and plotted as a histogram to determine cutoffs for scoring loss or gain. Three Gaussian
distribution curves were fitted to the histogram, and values >3 SD from. the central Gaussian were scored as losses or gains for that tumor. (D)
Immunoblotting. Lysates from RTBM1 and SK-N-AS were processed for immunoblotting with the specific antibody against p53 extreme COOH-terminal
portion. (E) Amino acid sequence alignment of wild-type p53 and p53AC. The different amino acid residues between them are boxed.
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PCR, respectively (left panel). (Right panel) Luciferase reporter assays. p53-deficient H1299 cells were co-transfected with pcDNA3, FLAG-p53 or -
FLAG-p53AC expression plasmid, p53-responsive luciferase reporter (p21%4F . MDM2 or Bax) and Renilla luciferase c¢DNA. Forty-eight hours after
transfection, luciferase activities were measured. (C) Colony formation assay. Forty-eight hours after transfection, SK-N-AS cells were transferred to fresh
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the number of colonies was scored (right panel).

whereas FLAG-p53AC was largely expressed in cytoplasm.
Next, we examined transcriptional potential of p53AC in
SK-N-AS cells. As seen in left panel of Fig. 3B, FLAG-
p53 but not FLAG-p53AC was phosphorylated at Ser-15.
Consistent with these results, FLAG-p53 transactivated
p21"4F1 and pS34IPI1. In contrast, FLAG-p53AC failed
to transactivate p21"“*! and p53AIPI. Similar results were
also obtained by luciferase reporter assays (Fig. 3B, right
panel). To examine effects of COOH-terminal deletion on
-pro-apoptotic activity of p53, we performed colony forma-
tion assays. SK-N-AS cells were transfected with empty
plasmid, FLAG-p53 or FLAG-p53AC expression plasmid
and maintained in medium containing G418 for 16 days:
As shown in Fig. 3C, number of drug-resistant colonies
was significantly reduced in cells expressing FLAG-p53.
Intriguingly, enforced expression of FLAG-p53AC resulted
in a decrease in number of drug-resistant colonies but to a
lesser degree as compared with that in cells expressing
FLAG-p53. These observations suggest that COOH-termi-
nal deletion reduces transcriptional and pro-apoptotic
activities of p53.

Discussion

In this study, we have identified p53AC in SK-N-AS
cells. Consistent with the recent report [13], p53 was
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predominantly expressed in cytoplasm of SK-N-AS cells.
According to their results, Parc inhibited p53 nuclear trans-
location through the direct interaction with its COOH-ter-
minal region. Since p53 contains three NLSs in its COOH-
terminal region, Parc might inhibit its nuclear access by
masking its NLSs [13]. In accordance with these findings,
p53 COOH-terminal peptide inhibited its cytoplasmic
retention [12]. Based on our immunoprecipitation experi-
ments, wild-type p53 but not pS3AC was co-immunopre-
cipitated with the endogenous Parc in SK-N-AS cells
(data not shown), suggesting that cytoplasmic retention
of p53AC is regulated in a Parc-independent manner.
p53AC lacks NLS II and III but retains NLS L Although
Kim et al. described that importin-o interacts with NLS I
of p53 and mediates its nuclear import [18], NLS II
and/or III might play a major role in nuclear import of
p53 in SK-N-AS cells.

p53 phosphorylation is significantly associated with its
pro-apoptotic function [4]. Exogenously expressed wild-
type pS3 but not p53AC was phosphorylated at Ser-15 in
SK-N-AS cells without DNA damage and transactivated
p21"A4F! and p5341IP1. Rodicker and Putzer described that
exogenously expressed p53 is phosphorylated at Ser-15
without DNA damage [19]. Although it is unknown why
exogenously expressed p53 but not p53AC is phosphory-
lated at Serl5 without DNA damage, it might be at least
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in part due to its cytoplasmic retention. Colony formation
assays demonstrated that wild-type p53 markedly reduces
number of drug-resistant colonies in SK-N-AS cells, sug-
gesting that there might not exist functional disruptions
of downstream mediators of p53 in SK-N-AS cells. In
response to CDDP, SH-SY5Y cells underwent apoptosis
in association with a significant induction of p53. On the
other hand, SK-N-AS cells did not undergo apoptosis in
response to CDDP, suggesting that p53 status might deter-
mine neuroblastoma cell fate to survive or to die. Intrigu-
ingly, CDDP treatment of SK-N-AS cells induced an
accumulation of S-phase cells accompanied with up-regula-
tion of p2I1™4¥! Since pS53AC failed to transactivate
p21%4F and CDDP had undetectable effects on p73 and
p63 (other members of p53 family) (data not shown),
CDDP-mediated up-regulation of p2I%“4f! in SK-N-AS
cells is regulated in a p53 family-independent manner.
Knudsen et al. reported that CDDP-mediated DNA
damage induces an intra-S-phase cell cycle arrest, which
is correlated with a protection against apoptosis [20]. Thus,
the genome maintenance system might delay the onset of
mitosis, and thereby providing time to complete DNA
repair and/or DNA replication before cell division in
SK-N-AS cells. Further efforts should be necessary to
address this issue.

Majority of p53 mutations is detected within its DNA-
binding region [21]. SK-N-AS cells have been believed to
express wild-type p53 {22]. Much of information regarding
p53 mutations was derived from sequence analysis of exons
5-8 which encode its DNA-binding domain [4]. Indeed,
there exist missense mutations in p53 oligomerization
domain [23]. According to their results, Leu to Pro substi-
tution at 344 inhibited the oligomerization of p53 and abol-
ished its DNA-binding activity. Since p53AC lacks a part
of oligomerization domain including Leu-344, p53AC
might exist as a monomeric latent form. Recently, Bourdon
et al. described that human p53 is expressed as multiple iso-
forms including p53p and pS53y [24]. Based on amino acid
sequence comparison, pS3AC was distinct from p53p and
p53y (data not shown). During the preparation of our
manuscript, Goldschneider et al. reported that SK-N-AS
cells express p53p [25]. This discrepancy might be attribut-
ed to co-expression of p53f and p53AC in SK-N-AS cells
and/or due to the acquired heterogeneity of SK-N-AS cells
during culture. Additionally, murine p353 expresses an alter-
native splicing isoform termed ASp53 with different
COOH-terminus from that of wild-type p53 [26]. ASpS3
displays an enhanced transcriptional activity as compared
with wild-type p53, indicating that p5S3AC is distinct from
human counterpart of ASp53.
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Abstract. In the present study we have successfully isolated
neuroblastoma cells from primary human neuroblastoma
tissues by using a magnetic bead-mediated purification
system. Since primary neuroblastoma tissues contained CD3-
and CD19-positive lymphocytes, total cell suspensions were
prepared and incubated with magnetic beads coated with anti-
CD3 or with anti-CD19 antibody. After magnetic separation,
unbound materials were recovered and analyzed by immuno-
histochemical staining for NB84, one of the neuroblastoma
markers. Immunohistochemical and FACS analyses
demonstrated that NB84-positive cells were enriched in the
unbound fraction. Subsequently, unbound materials were
seeded on cell culture plates and maintained at 37°C overnight.
After incubation, non-adherent cells were collected and stained
with anti-NB84 antibody. Under our experimental conditions,
a significant increase in the number of NB&4-positive cells
was observed. Furthermore, our purified NB84-positive cells
responded to all-frans retinoic acid and nerve growth factor
better than the initial ‘primary cells. Collectively, our present
results suggest that magnetic bead-mediated purification
enriches neuroblastoma cells which retain their biological
properties.

Introduction

Neuroblastoma is one of the most common early childhood
solid tumors of the peripheral nervous system arising from an
as yet unidentified population of neural crest cells (1), and is
clinically and cytogenetically divided into two major sub-
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groups with distinct biological properties (2). One subgroup
of tumors in the early stages displays favorable prognosis and
usually occurs in patients <1 year of age. They have no MYCN
gene amplification and often differentiate and/or regress
spontaneously. In sharp contrast, tumors that occur in patients
>1 year of age usually possess MYCN gene amplification and
allelic loss in the distal part of the short arm of chromosome 1,
and are often aggressive with an unfavorable prognosis in
spite of an intensive multimodal therapy (3). Additionally, it
has been shown that high expression levels of neurotrophin
receptor genes TrkA and TrkB are favorable and unfavorable
prognostic indicators, respectively (4-6). However, the precise
molecular mechanisms behind-disease progression and tumor
regrowth are still unclear. From a clinical point of view,
aggressive neuroblastomas are the most problematic, and it is
quite difficult to decide which therapeutic strategy is suitable.

As described previously (7), neuroblastomas exhibit
heterogenous morphologies with tumors composed of a
mixture of neuroblasts, ganglion cells, non-neuronal
Schwann-like cells and stromal cells. Indeed, human neuro-
blastoma-derived cell lines consist of heterogenous sub-
populations of cells which show distinct morphological and
biochemical features (7-10). The established neuroblastoma
cell lines spontaneously give rise to diverse populations of
neuroblastic (N-type) and Schwann-like (S-type) cells (9,10).
In addition to N- and S-type cells, cells with intermediate
morphology (I-type) have also been cloned (11), and these
three subtypes have an ability to interconvert or trans-
differentiate spontaneously (12), suggesting that N-type to S-
type differentiation might reflect in vivo differentiation of the
tumor. To better understand the biological behavior as well
as molecular events in vivo, it seems to be important to remove
the additional components such as non-neuronal Schwann-
like and stromal cells from neuroblastomas in culture.

In the present study, we have obtained successful results
isolating neuroblastoma cells from primary neuroblastoma
tissues by using magnetic bead-mediated purification.

Materials and methods

Patient population. Tumors were staged following the
International Neuroblastoma Staging System criteria (13).
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The patients were treated according to the protocols proposed
by the Japanese Infantile Neuroblastoma Cooperative Study
(14) and the Study Group of Japan for Treatment of Advanced
Neuroblastoma (15). All patients agreed to participate and
provided written informed consent. Our present study was
approved by the institutional ethics review committee.

Primary culture. Fresh human neuroblastoma tissues were
minced and incubated with RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum, penicillin
(50 U/ml), streptomycin (50 pug/ml) and 100 pg/ml of OPI
(Sigma, St. Louis, MO, USA) in the presence of 500 units/ml
of collagenase (Sigma) at 37°C for 1 h. After incubation,
tumor tissues were dispersed by using a plastic syringe with
an 18-gauge needle, seeded on tissue culture plates precoated
with collagen, and cultured at 37°C with 5% CO, in a
humidified incubator. Where indicated, cells were treated
with the indicated combinations of all-trans retinoic acid
(ATRA, Sigma) and nerve growth factor (NGF, Sigma), and
their effects on neurite outgrowth were examined with a
phase-contrast microscope.

Purification of neuroblastoma tumors. The magnetic beads
were conjugated with anti-mouse IgG. After incubation, the
magnetic beads (Dynal, Oslo, Norway) were washed in PBS
and then incubated for 4-8 h with monoclonal anti-CD3
(DHCT1, Ancell, Bayport, MN) or with anti-CD19 (BU12,
Ancell) antibody at 4°C. The indicated beads were mixed and
incubated for 1 h at 4°C with cell suspensions before magnetic
separation to isolate the two fractions: cells bound to the beads
(lymphocytes) versus cells not bound to the beads (neuro-
blastomas, Schwann cells and fibroblasts). The latter cell
fraction was subsequently cultured in a standard medium
overnight at 37°C, and then separated into adherent cells
(Schwann cells and fibroblasts) and non-adherent cells
(neuroblastomas).

Measurement of cell viabiliry. The trypan blue dye exclusion
experiments were carried out by incubating the cell suspension
with an equal amount of 0.3% trypan blue solution (Sigma)
for 5 min at room temperature. After the incubation, the
number of cells excluding trypan blue was measured by using
a hemocytometer to estimate the number of intact viable cells.

Immunohistochemistry. Neuroblastoma tissues were fixed in
10% formaldehyde, embedded in paraffin, and 3-pm sections
were subjected to immunostaining. Before incubating with
anti-NB84 antibody (NB84a, Novocastra Laboratories,
Newcastle, UK), the sections were treated with 0.05% Pronase
in 50 mM Tris-HCI (pH 7.5) for 5 min. The sections were
stained with anti-NB84 antibody at 4°C overnight, processed
for the biotin-streptavidin method (Nichirei, Tokyo, Japan),
and visualized with dianminobenzidine solution. Cell nuclei
were stained with hematoxylin and eosin (H&E).

Flow cytometry. Cells (3-5x105) were washed in ice-cold
PBS, and fixed in 0.25% paraformaldehyde for 15 min at
room temperature. After washing in PBS, cells were incubated
with anti-CD3 or with anti-CD19 antibody followed by
incubation with FITC-conjugated isotype-specific secondary
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antibody (Invitrogen, Carlsbad, CA) at 4°C for 30 min. After
washing in PBS, analysis was performed by FACS flow
cytometer (Becton Dickinson, San Diego, CA). Cells were
properly gated and histograms [FITC-fluorescence (x-axis)
versus counts (y-axis)] were plotted to illustrate the
logarithmic fluorescence intensity.

Results

Immunohistochemical analysis of human primary neuro-
blastomas. The 52 examined fresh human primary neuro-
blastoma samples were divided into 38 non-disseminated
tumors with excellent outcome (stage 1, 2 and 4s) and 14
disseminated tumors with unfavorable outcome (stage 3 and
4). These primary samples were subjected to primary cultures
according to a standard protocol, and their viability was
examined by trypan blue dye exclusion assay. Under our
experimental conditions, 91 and 94% of non-disseminated
and disseminated cells were viable, respectively (data not
shown). In accordance with recent observations (16), the
represented immunohistochemical analysis revealed that
surgically resected tumor tissues (case 625) contained NB84-
positive neuroblastoma cells as well as lymphocytes,
fibroblasts and Schwann cells (Fig. 1A). Similar results were
also obtained in immunohistochemical analysis of total cell
suspensions prepared from case 625 (Fig. 1B). NB84 has been
considered to be one of the neuroblastoma markers (17).

Purification of neuroblastoma cells by using magnetic beads.
To examine the amounts of lymphocytes included in primary
neuroblastoma samples, we performed FACS analysis. For
this purpose, total cell suspensions prepared from 24 cases
including 14 non-disseminated tumors and 10 disseminated
tumors were incubated with magnetic beads conjugated with
anti-CD3 or with anti-CD19 antibody, and the unbound
materials were again subjected to the magnetic bead treatment.
Then unbound materials were processed for FACS analysis
to determine the number of CD3- or CD19-positive cells.
The representative data (case 625) are shown in Fig. 2A.
Total cell suspensions contained 41% CD3-positive cells (T
cells) but no CD19-positive cells (B cells). As expected,
magnetic bead treatment resulted in a complete removal of
CD3-positive cells. The cell viability of the bound materials
(lymphocyte fractions) derived from non-disseminated and
disseminated tumors was 81 and 79%, respectively (data not
shown). On the other hand, the cell viability of the unbound
materials prepared from non-disseminated and disseminated
tumors was 94 and 92%, respectively (data not shown). We
then examined the unbound materials by immuno-
histochemical analysis. As shown in Fig. 2B, NB84-positive
cells were relatively enriched after magnetic bead-mediated
separation. The unbound materials still contained NB84-
positive neuroblastoma cells as well as fibroblasts and
Schwann cells. According to our preliminary observations,
neuroblastoma cells were less adherent than Schwann cells as
well as fibroblasts to culture plates (data not shown). To
separate NB84-positive neuroblastoma cells from fibroblasts
and Schwann cells, the unbound materials were seeded on cell
culture plates and incubated at 37°C overnight. After
incubation, non-adherent cells were recovered and subjected
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Anti-NB84

Figure 1. Immunohistochemical staining for NB84 in human primary neuroblastoma tissues. (A) Clinical samples of the patient with neuroblastoma (case
625) were subjected to H&E staining. Alternatively, these primary samples were processed for immunohistochemical staining with control IgG or with anti-

NB84 antibody. (B) H&E and immunohistochemical staining of cell suspensions prepared from primary neuroblastoma (case 625).
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Figure 2. Flow-cytometric analysis of primary neuroblastoma. (A) Total cell suspensions prepared from primary neuroblastoma (case 625) were analyzed by
flow cytometry for the expression of CD3 and CD19 before and after magnetic separation. (B) Immunohistochemical analysis of neuroblastoma cell
suspensions (case 625) after magnetic separation (CD3- and CD19-negative cells). (C) After magnetic separation of neuroblastoma cell suspensions (case
625), CD3- and CD19-negative cells were maintained overnight, and non-adherent cells were collected followed by immunohistochemical staining.
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NGF (-)

Figure 3. Neurite extension of primary neuroblastomas in response to NGF and/or ATRA. Total cell suspensions (A) and CD3- and CD19-negative non-
adherent cells (B) prepared from case 625 were treated with or without the indicated combinations of NGF (100 ng/ml) and ATRA (5 M) for seven days, and

their neurite outgrowth was examined.

to immunohistochemical staining with anti-NB84 antibody.
As shown in Fig. 2C, NB84-positive neuroblastoma cells
were efficiently enriched by our present procedure.

Neurite extension in response to ATRA and/or NGF. To
address whether magnetic bead-mediated enrichment of
neuroblastoma cells could affect their biological behavior,
we compared the degree of neurite outgrowth between cells
before and after the selection. To this end, total cell suspensions
and CD3- and CD19-negative non-adherent cells prepared
from case 625 were cultured in the presence or absence of
ATRA and/or NGF. Seven days after treatment, cells were
observed with a phase-contrast microscope. Representative
data are shown in Fig. 3A and B. ATRA alone had undetectable
effects on both cells, whereas NGF treatment led to a
formation of neurites in both cells. To note, treatment of CD3-
and CD19-negative non-adherent cells with the combination
of ATRA and NGF significantly enhanced neurite outgrowth
as compared with total cell suspensions, suggesting that
NB84-positive neuroblastoma cells purified by magnetic
bead-mediated separation retain the biological properties of
primary neuroblastomas.

Discussion

To understand the biological properties of neuroblastomas
in vivo, it is necessary to isolate neuroblastoma cells from

fresh neuroblastoma tissues in culture. As described previously
(18), growth factors have an ability to promote proliferation
or differentiation of neuroblastoma cells through interactions
with their specific receptors. Among them, NGF, which
induces normal adrenal cells to differentiate into cells identical
to sympathetic neurons, plays a key role in the development
of neuroblastomas (19). It has been well established that the
high-affinity NGF receptor TrkA gene is highly expressed in
low-stage neuroblastomas but not in advanced neuroblastomas
(4). Several lines of evidence siiggest that NGF responsiveness
of neuroblastoma-derived cell lines is closely associated with
the expression levels of TrkA and the low-affinity NGF
receptor gene p75¥® (20,21). Since p75%™® alone had
undetectable effects on NGF responsiveness of neuroblastoma
cell lines (22), we sought to isolate neuroblastoma cells from
primary neuroblastoma tissues by using magnetic beads
coated with anti-p75N™® antibody. Under our experimental
conditions, we failed to enrich neuroblastoma cells due to
diverse expression levels of p75N® in primary neuroblastoma
samples (data not shown).

During the preparation of primary neuroblastoma samples,
we noticed that primary neuroblastoma tissues contain
substantial amounts of lymphocytes. We then employed
magnetic beads coated with anti-CD3 or anti-CD19 antibody
to remove lymphocytes from primary neuroblastoma samples.
After magnetic separation, the unbound materials were
cultured overnight and the non-adherent cells were collected.
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Table I. FACS analysis of advanced neuroblastomés.

1319

Total cell suspension

Cells after treatment with beads

Lymphocytes NB cells Lymphocytes NB cells

Case Age Stage Total (%) CD3 (%) CD19(%) NBS84(%) CD3 (%) CD19(%)  NB84 (%)
548 2 years 4 4 4 0 ND ND ND ND
559 1 year 3 20 20 0 ND 0 0 ND
564 2 years 4 20 7 13 ND 0 0 ND
580 9 months 3 21 9 12 ND ND ND ND
581 1 year 4 31 31 0 ND ND ND ND
602 1 year 4 13 13 0 17 0 0 50
603 2 years 4 15 4 11 ND ND ND ND
613 4 years 4 56 28 28 16 0 0 51
615 - 7 months 3 15 11 4 ND 0 0 ND
649 6 years 4 0 0 0 22 0 0 56
ND, not detefmined.
Table II. FACS analysis of neuroblastomas in stages 1,2 and 4s.

Total cell suspension Cells after treatment with beads

Lymphocytes NB cells Lymphocytes NB cells

Case Age Stage Total (%) CD3 (%) CDI19(%) NB84 (%) CD3 (%) CDI19 (%) NB84 (%)
601 9 months 2 28 20 8 ND ND ND ND
609 7 months 1 58 44 14 ND 0 0 ND
611 7 months 4s 57 57 0 ND 0 0 ND
619 9 months 2 83 72 11 50 0 0 ND
624 8 months 1 96 48 48 ND 40 34 ND
625 7 months 1 41 41 0 66 0 0 72
627 7 months 1 15 15 0 0 0 0 ND
641 7 months 1 0 0 0 64 0 0 65
643 1 year 1 0 0 0 78 0 0 86
678 7 months 1 15 14 1 86 2 0 95
684 8 months 1 4 4 0 95 0 0 97
687 8 months 1 11 10 1 86 2 1 75
711 7 months 1 20 19 1 79 0 0 95
716 8 months 1 20 18 2 22 2 1 60
ND, not determined.
FACS analysis revealed that our procedure successfully ~ Acknowledgements

enriches NB84-positive viable neuroblastoma cells (Tables I
and II), indicating that NB84-positive neuroblastoma cells
can be separated from Schwann cells as well as from fibro-
blasts by taking advantage of their differential adhesion.
Moreover, NB84-positive neuroblastoma cells responded to
ATRA and NGF, suggesting that our enriched materials
retained the biological properties of primary neuroblastomas.
Collectively, our magnetic bead-mediated isolation system
provides fresh and enriched neuroblastoma cells in culture.
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Silencing Ku80 using small interfering RNA enhanced
radiation sensitivity in vitro and in vivo
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Abstract. Ku80 is an important component of DNA double-
strand break repair, and Ku80 deficiency leads to extreme
sensitivity to ionizing radiation. We studied whether radiation
therapy combined with Ku80 silencing by small interfering
RNA enhances radiation sensitivity in vitro and in vivo.
Seven human cancer cell lines were transfected with Ku80
siRNA included in hemagglutinating virus of Japan envelope
vector. H1299 cells were implanted into male BALB/C nu/nu
nude mice treated with Ku80 siRNA and irradiation. The
survival rate of cell lines transfected with Ku80 siRNA
decreased by 10% to 26% with 2-Gy irradiation compared
with untransfected cell lines. The gamma-H2AX phos-
phorylation-positive rates of Ku80 siRNA combined treatment
0.5 h after irradiation in A549 cells and 6 h in H1299 cells
were significantly higher (77.6%, p=0.033 and 76.7%, p=0.026,
respectively), compared with the groups not treated with
siRNA. H1299 xenograft tumors treated with combined
therapy decreased in volume and re-grew slowly compared
with radiation alone. Our results indicate that combined
therapy consisting of Ku80 siRNA and irradiation contributes
to inhibition of tumor growth and may be a novel strategy for
cancer treatment.
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Abbreviations: DSBs, double-strand breaks; NHEJ, non-homologous
end-joining; DNA-PKcs, DNA-dependent protease kinase catalytic
subunits; siRNA, small interfering RNA; HVJ, hemagglutinating
virus of Japan; HVJ-E, HVJ envelope; PBS, phosphate-buffered
saline; xrs-5, X-ray-sensitive mutant 5; CHO K1, Chinese hamster

ovary

Key words: Ku80, small interfering RNA, HVJ envelope, radiation
sensitivity
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Introduction

Radiation therapy is a standard treatment for patients with many
kinds of cancers. Therapeutic strategies and protocols have
been developed and the effectiveness of radiation therapy has
greatly improved. However, it is difficult to predict the
efficacy and side effects before therapy. Even in patients
with the same stage of carcinoma, different responses and
resistance to radiation therapy frequently affect the therapy.
Radiation therapy with enhanced efficacy using a molecular
technique is not yet established. A novel strategy based on a
biologic mechanism should optimize the treatment of patients
with carcinoma.

DNA double-strand breaks (DSBs) are potentially lethal
DNA lesions induced by ionizing radiation (1,2). DSBs can
be repaired by homologous recombination or non-homologous
end-joining (NHEJ) (1,2). In mammals, NHEJ is especially
important for repairing radiation-induced DSBs. Several
factors, including Ku70, Ku80, DNA-dependent protease
kinase catalytic subunits (DNA-PKcs), artemis, X-ray-
complementation group 4, and DNA ligase IV, participate in
this pathway (3-5). Ku works in a comparatively early stage.
The Ku70/80 complex binds to the DSB ends, recruits DNA-
PKecs, and initiates repair (3,6). Ku deficiency leads to
extreme sensitivity to radiation (7,8).

Small interfering RNA (siRNA), has been used widely to
silence gene expression, and has been evaluated as an
attractive tool for use in therapeutics of many cancers (9-14).
Some studies have reported that silencing the various repair
genes, ATM, ATR, and DNA-PKcs (15,16), Rad51 (17), NBS1
(18,19), and Mrell (20), increased radiation sensitivity.
However, the efficacy of Ku80 silencing for radiation
sensitivity has not yet been evaluated.

siRNA technology is a powerful method of gene down-
regulation; however, in vivo, it has been difficult to achieve
high efficacy using the siRNA delivery system. The hemag-
glutinating virus of Japan (HVJ; Sendai virus) envelope vector
is a new reagent for the transfection of DNA, protein, and
oligonucleotides (21-26). The HV]J envelope (HVI-E) vector
was constructed with inactivated particles and therefore has
no viral activity. Using the HVJ-E system, the efficiency of
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gene transfer into various cell lines is greatly enhanced, even
when injected into organs directly in in vivo experiments
(21-23).

We hypothesized that radiation therapy combined with
Kug0 silencing might enhance radiation sensitivity, because
of the reduced reparative ability of DSBs. In the current
study, the expression of Ku80 was alternately inhibited using
siRNA included in HVI-E, and we studied in vitro and in
vivo whether radiation sensitivity could be enhanced
regardless of the type and radiation survival rate of the
cancer cell lines.

Materials and methods

Cell lines and treatment. A549 and H1299 cells, which are lung
carcinomas, were obtained from the American Type Culture
Collection (Rockville, MD). A549 cells express normal p53,
and H1299 cells are null for the p53 gene. TE13 (esophageal
carcinoma), PANC-1 (pancreas carcinoma), MIAPaCa-2
(pancreas carcinoma), DU-145 (prostate carcinoma), and
ME-180 (cervical carcinoma) cells were obtained from the
Cell Resource Center for Biomedical Research Institute of
Development, Aging and Cancer Tohoku University (Miyagi,
Japan). All cells were maintained as a monolayer in
Dulbecco’s modified Eagle's medium (Sigma, St. Louis,
MO), supplemented with 10% fetal bovine serum, and grown
at 37°C in a humidified atmosphere of 5% carbon dioxide.
Exponentially grown cells were used for all experiments.

Clonogenic assay. To evaluate radiation sensitivity, surviving
fractions were measured using a standard colony-formation
assay (27). Briefly, the cells were counted and the appropriate
number seeded into 60-mm dishes in triplicate for each dose.
Six hours later, when all cells had attached but not yet
divided, the cells were irradiated with doses ranging from
0 to 6-Gy using an MBR-1520R-3 (Hitachi, Tokyo, Japan)
generator operated under 150 kVp and 20 mA with a 1-mm
aluminum filter. The dose rate was about 2-Gy/minute.
Colonies obtained after 10 to 14 days were stained with crystal
violet and contained >50 cells.

siRNA transfection. The siRNA used for Ku80 gene silencing
was designed by Qiagen (Valencia, CA). The target sequence
was AAG CGA GTA ACC AGC TCA TAA, and the siRNA
sense sequence was r{GCG AGU AAC CAG CUC AUA
A)dTdT.

Transfection of Ku80 siRNA was conducted with HVJ-E
according to the manufacturer's recommendations (Ishihara
Sangyo Kaisha, Ltd., Osaka, Japan). Briefly, cells were
seeded into 6-well plates for 24 h before siRNA transfection.
One microgram of siRNA was prepared to make complexes
with HVJ-E according to the manufacturer's instructions
(Ishihara Sangyo Kaisha, Ltd.). Several cell lines were trans-
fected with Ku80 siRNA included in HVJ-E in medium
supplemented with 10% fetal bovine serum. Forty hours after
transfection, the cells were trypsinized and some were irradiated
for clonogenic assay. The rest of the cells were lysed to extract
protein for Western blotting.

Western blot analysis. Cells were lysed in lysis buffer [SO mM
Tris-HC1 (pH 8.0}, 450 mM NaCl, 1% Triton X-100, 1 mM
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EDTA (pH 8.0), and 0.6 mM PMSF] containing a protein
inhibitor cocktail (4-benzenesulfonyl, fluoride, pepstatin A,
E-64, bestatin, leupeptin, and aprotinin) (Sigma). Protein
concentrations of lysates were determined using a protein
assay kit (Bio-Rad, Hercules, CA). Forty micrograms of
protein was loaded and electrophoresed on 10% sodium
dodecyl sulfate polyacrylamide gels. After blotting the nitro-
cellulose membranes, the protein was probed with primary
mouse monoclonal Ku70, Ku80 (Santa -Cruz Biotechnology,
Inc., Santa Cruz, CA), and B-actin (Sigma) antibodies then
with secondary horseradish peroxidase-conjugated goat
anti-mouse IgG antibody (Santa Cruz Biotechnology, Inc.).
The immunoreactive bands were visualized using enhanced
chemiluminescence on X-ray film (ECL Western Blotting
Detection Reagent, GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ).

Immunofluorescent staining for gamma-H2AX. Cells were
seeded onto chamber slides (Nalge Nunc International,
Naperville, IL)) and transfected with the HVJ-E vector con-
taining Ku80 siRNA for 40 h according to the manufacturer's
instructions (Ishihara Sangyo Kaisha, Ltd.). After transfection,
the cells were irradiated with 2-Gy or treated immediately
without irradiation. Irradiated cells were treated using the
following procedure after 30 min or 6 h. The cells were fixed
with 1% paraformaldehyde solution in phosphate-buffered
saline (PBS) for 30 min at room temperature, soaked in -20°C
99% methanol for 5 min, and incubated in 3% bovine serum -
albumin with 0.2% Tween-20 in PBS for 1 h at 37°C. The
cells were probed in primary mouse monoclonal anti-phospho-
H2A X (ser139) antibody (Upstate Biotechnology, Lake
Placid, NY) at a dilution of 1:300 for 1.5 h at 37°C and then
in secondary Cy2-goat anti-rabbit IgG antibody at a dilution
of 1:400 for 1 h at room temperature.

Fluorescence images were captured by Axioskop2 plus
confocal microscopy equipped with a CCD camera and
quantitated using AxioVisio Release 4.3 software (Carl Zeiss,
Oberkochen, Germany). Significant colocalization of nuclear
foci was determined by visualization of green spots on a
DAPI background.

Gamma-H2AX foci were determined in five fields and at
least 50 cells of each experiment. The cells were classified
as positive when more than 10 foci were counted in the
nucleus.

In vivo xenograft model. In vivo studies were carried out in
accordance with the Guidelines for Animal Experimentation
of Chiba University. Four-week-old male BALB/C nu/nu nude
mice were obtained from Charles River Japan Inc. (Yokohama,
Japan). To generate tumor xenografts, 5.0x106 viable H1299
cells were subcutaneously injected into the right hind legs.
Tumors were measured in two dimensions with calipers and
the volume was estimated using the following calculation:
(major axis) x (minor axis) X {minor axis) x 1/2.

We generated two protocols, one for one fraction and the
other for five fractions. For one fraction, when the tumors
reached 150-200 mm? (day 0), the mice were randomly
divided into three groups: control (no radiation; n=11),
radiation alone (4-Gy in one fraction on day 1; n=6), and
KuB80 siRNA treatment with radiation (siRNA injection on
day 0 and 4-Gy in one fraction on day 1; n=6). For five
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fractions, when the tumors reached 750-1000 mm? (day 0), the
mice were randomly divided into three groups: control (no
radiation; n=10), radiation alone (4-Gy in one fraction on days
1,2, 3,4, and 5; n=7), and Ku80 siRNA treatment with
radiation (siRNA injection on days 2 and 4, and 4-Gy in one
fraction on days 1, 2, 3, 4, and 5; n=8).

Gene delivery. H1299 xenograft tumors in the hind legs of
nude mice were treated with Ku80 siRNA included in HVJ-E.
The HVJ-E complex included Ku80 siRNA prepared as
previously described. Ku80 siRNA was injected directly into
the tumors. Bach injection was diluted in a total volume of
50 ul of 0.9% sodium chloride solution and administered in
one pass using a 27-gauge needle.

Statistical analysis. Statistical analysis was performed using
SigmaStat 3.1 (Point Richmond, CA). For a single
comparison, the level of statistical significance was
confirmed using Student's t test. p<0.05 were considered
statistically significant.

Results

Down-regulation of Ku80 protein expression by siRNA in
A549 and H1299 cells. To determine whether Ku80 silencing
contributes to radiation sensitivity, two siRNAs were designed
and screened for the ability to down-regulate target protein
expression. To determine the best protocol for silencing
Ku80 protein expression, the cells were transfected with
siRNA/HVIJ-E complexes at various times, and protein extracts

were obtained from 6 to 96 h after transfection. Western blot

analyses showed that siRNA/HVJ-E complexes minimized
Ku80 expression 40 h after transfection compared with
untransfected cells (data not shown). We used 40 h of treatment
with siRNA for the experiments.

Western blot analysis of Ku80 protein expression in A549
and H1299 cells was performed 40 h after transfection
with Ku80 siRNA (Fig. 1A). Ku80 protein expression was
suppressed, indicating successful gene silencing by siRNA.
In cells transfected with Ku80 siRNA, Ku80 protein decreased
compared with the transfected HVI-E or the untransfected
cells. Interestingly, although the cells were transfected with
Ku80 siRNA, Ku70 protein expression also was suppressed
and correlated with Ku80 expression level in both cell
lines. The A549 cells are wild-type cells of the p53 gene
- and the H1299 cells are the null type. The efficiency of the
suppression did not depend on the p53 gene status.

Cellular sensitivity after treatment with Ku80 siRNA. The
A549 and H1299 cells exhibited a typical clonogenic survival
curve with a shoulder signifying cellular repair capacity.
Doses of 2, 4, and 6-Gy of irradiation alone killed about 31,
60, and 84% of the A549 cells, and 21, 53, and 76% of the
H1299 cells, respectively (Fig. 1B). Furthermore, the survival
rates of cells transfected with HVJ-E alone were close to the
rate for the original cells. However, Ku80 siRNA enhanced
cell killing in 57, 86, and 96% of the A549 cells and 35, 71,
and 90% of the H1299 cells, respectively. siRNA inhibition
of Ku80 protein confirmed enhanced radiation sensitivity in
siRNA-transfected cells compared with the transfected
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Figure 1. Down-regulation of Ku80 protein and radiation sensitivity in A549
and H1299 cells. Western blotting: after treatment with HVJ-E including
Ku80 siRNA for 40 h, the protein expression of Ku80 is suppressed
compared with the cell lines without siRINA or those treated with only HVJ-E.
Actin serves as a loading control. Lane 1, Ku80si/A549; lane 2, HVI-E/A549;
lane 3, A549; lane 4, Ku80si/H1299; lane 5, HVJ-E/H1299; and lane 6,
H1299 (A). Clonogenic assay: in the cell line treated with Ku80 siRNA, the
surviving fraction of the A549 cells treated with 2-Gy irradiation is reduced
by 26%, and the surviving fraction of the H1299 cells is reduced by 14%
compared with the untreated cell line. Radiation sensitivity is enhanced by
treatment with Ku80 siRNA. All experiments were performed in triplicate.
Data are presented as the mean + SE (B).

HVI-E or the untransfected cells. We focused on the results
of 2-Gy irradiation, which is the usual dose for a single
fraction in the clinic. The increased radiation sensitivity at
2-Gy irradiation corresponded to 26 and 14% for Ku80
silencing in the A549 and H1299 cells, respectively. -

Radiation sensitivity enhancement by Ku80 siRNA in several
human cancer cell lines. After controlling and suppressing
Ku80 in tumor cells alternately using siRINA, it was important
to verify if radiation sensitivity can be enhanced regardless of
the modality and radiation survival rate of a tumor. Another
five cancer cell lines, TE13, PCNA-1, MIAPaCa-2, DU-145,
and ME-180, were selected for the Ku80 siRNA experiments,
because radiation therapy is usually effective for these cancers.
Western blot analyses of Ku80 protein expression in all cell
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1 Figure 2. Enhanced radiation sensitivity by Ku80 siRNA in several human
cancer cell lines. Western blotting: Ku80 expression of all cell lines treated
.§ with siRNA is suppressed compared with the cell line without transfection.
g Actin serves as a loading control. Lane 1, Ku80si/TE13; lane 2, TE13; lane 3,
= 0 e K2 Ku80si/PANC-1; lane 4, PANC-1; lane 5, Ku80si/MIAPaCa-2; lane 6,
E MIAPaCa-2; lane 7, Ku80si/DU-145; lane 8, DU-145; lane 9, Ku80si/ME-180;
@ and lane 10, ME-180 (A). Clonogenic assay: in the cell lines treated with
siRNA, the fraction of the TE13 cells surviving 2-Gy irradiation is decreased
o ) Y . by 10%, that of PANC-1 by 11%, that of MIAPaCa-2 by 25%, that of DU-145
Dose (Gy) by 15%, and that of ME-180 by 16% compared with the untreated cell line.
All experiments were performed in triplicate. Data are presented as the

lines were performed as described previously. After transfection
of KuB0 siRNA, Ku80 protein expression was suppressed
compared with the untransfected cells (Fig. 2A).

In the cell lines treated with siRNA, surviving fractions of
TE13 treated with 2-Gy irradiation decreased by 10% that
of PANC-1 by 11%, that of MIAPaCa-2 by 25%, that of DU-
145 by 15%, and that of ME-180 by 16% compared with
untreated cell lines (Fig. 2B). We observed enhanced
radiation sensitivity regardless of the cancer type.

Reduced reparative ability of DSBs resulting from combined
radiation and siRNA treatment. Ku80 siRNA apparently
enhanced radiation sensitivity in several human cancer cell
lines. According to the biologic mechanism, we hypothesized
that radiation therapy combined with Ku80 silencing would
reduce the DSBs reparative ability. Thus, immunofluorescence
detection of gamma-H2AX nuclear foci was performed to
detect DSBs. _
Gamma-H2AX foci were detected after 2-Gy irradiation
in the A549 and H1299 cells. Gamma-H2AX foci stained

mean + SE (B).

green; all cells counterstained blue with DAPI for nuclear
DNA (data not shown). When >10 gamma-H2AX foci
were seen in the cell, it was determined as positive. In both
cell lines, positive rates of gamma-H2AX foci immediately

“increased and decreased over time. The two positive rates

80

with siRNA, at 0.5 h after irradiation in A549 cells and at 6 h
in H1299 cells, were significantly higher by 77.6% (95% CI,
70-85; p=0.033) and 76.7% (95% CI, 68-86; p=0.026)
compared with no siRNA treatment, 64.1 and 57.5%,
respectively (Fig. 3). This suggested that the ability of the
DSB repair decreased after radiation and siRNA treatment
compared with radiation alone.

Suppression of tumor growth by Ku80 siRNA in HI299
xenograft models. To examine further effects of Ku80 siRNA,
we conducted in vivo experiments with H1299 xenograft
tumors. We used the in vivo radiation dose of 4-Gy to
simplify ascertaining the effect after treatment.

Before testing the two protocols, we first investigated the
post-irradiation effects to estimate the efficiency of Ku80



