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TABLE 2.—Reported genes whose expression changed during and/or after
benzene inhalation,

Category Gene name Reference
Metabolic CYP 2EL Zhang et al., 2002
enzyme Myeloperoxidase Schattenberg et al., 1994

Cell cycle pi3 Boley et al., 2002

p2l (waf 1)

Cyclin G

Gadd 45
Apoptosis Bax-alpha Boley et al., 2002
Oncogene c-fos Ho and Witz, 1997

elucidated the up- or downregulation of genes functioning
after 2-week exposure to 300 ppm benzene (Table 3): First,
among cell-cycle-related genes, in addition to p53 and p2!
which are known to be upregulated to various extents de-
pending upon the time course and the detection methods,
Rb-related genes, such as the Rb-related protein p130 and
the Rb-binding protein p48 are significantly upregulated; fur-
thermore, elongation factor 1-delta shows a high expression
level associated with the G2/M cell cycle checkpoint; vice
versa, a significant downregulation of cyclin D1 and BimB
is also recognized. Less significant changes in expression
of cyclin G and Gadd45 are noted as previously reported.
Second, among DNA-damage/repair-related genes, those en-
coding ADP-ribosylation factor-like protein 1 and Rad5l
are significantly upregulated. The altered expression of other
genes in the same category such as Metaxin, ERCC-3, and
the DTR111 precursor are also noted, although p-values are
not statistically significant. Third, among oxidative-stress-
related genes, mitogen-activated protein kinase 2, which re-
sponds primarily to stress and inflammatory stimuli, is sig-
nificantly upregulated, and the known typical ROS absorber
genes, such as those encoding GST-1 and UDP glucuronosyl-
transferase show mild but significant increases. C3h-dioxin-
inducible cytosolic aldehyde dehydrogenase-3, Cytochrome
coxidase Vb, and lactate dehydrogenase are also upregulated.
Fourth, among growth-factor-related genes, those encoding
the hepatocyte-growth factor-like protein shows significant
upregulation, associated with a slight increase/decrease in

TABLE 3.—pJ33-related genes whose expression level decreased or increased
by benzene exposure, but unchanged in the wild-type mice.

WT: unchanged
p53-KO: decreased

CalDAG-GEFI, Cbfa2, Detnl, Fri, Grl-1, [g/EBP,
Klra3, Mek5, MEP, Mipl, B-myb, Nog, PBX?2,
Prkm3, PTPalpha, Rad50, Rad51, Zfp94

24p3, 4E-BP2, Abcg2, ACRP, Activine, Ahd3, Alp,
Anx3, AOE372, Apafl, BAG-1, BAP, bel-2,
Calcyelin, Canexin, Caspase 9, Caspase 95,
CCR1, CD3 theta, CD71, CD143, Cox5b,
Cox7al, COX8H, Ctla-2a, Cuw/Zn-S0D, Cyclin
B1, DCIR, Dnmt2, Dpagt2, E4BP4, EPO, FACS,
Fes, elkl, G6PD, G6PD-2, Galbp, Gapdh, Gedh,
(Gdi2, Growth hormone, Gnb-1, Gng3lg, H-2T18,
HES-1, IGF-1, IL1be, IL-4, IL-9, ISR1, LDH-1,
LDH-2, mLigl, Lipo I, Lrf, Ly-3, Ly-40, Jam,
INK2, Kecl, KSR, M-CSF, Mac-1 alpha, Mché,
Mgll, MHR23A, MmCEN3, Mradl7, MRP14,
Mtx2, NFATp, NL, Nmol, OERK, PAFR, Pde8§,
PERK, PGRP, Pla2g2c, PLGF, Pop2, Prkm?9,
Prtn3, RBP-L., Rga, S100A13, Siva, Smad 6,

SPRR2J, Statd, Stat 5B, TCF4, TOMI, Trypsin 2,

Tst

Ses reference, Yoon et al, (2003),

WT: unchanged
p53-KO: increased
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expression level, with less significant p-values, for the fol-
lowing genes: fibroblast growth factor (FGF)-15, FGF-b,
G protein-coupled receptor, growth factor-induced delayed-
early-response protein, insulin-like growth factor 1 receptor
precursor, insulin-induced growth response protein ¢l-6, tu-
mor growth factor (TGF)-beta 1, TGF-beta 1 masking pro-
tein, and tumor necrosis factor alpha. Fifth, among the gene
expression profiling of oncogenes, RhoB, which is possibly
related to the genotoxic effect of benzene metabolites, shows
a high expression level. Finally, hemopoiesis-related genes
also show particular changes in their expression level, but
the profiling of such genes led to the elucidation that benzene
generally induces suppression of cell proliferation without
an increase in cytokine gene expression levels.

It is of interest to determine gene expression in p53-KO
mice with or without exposure by benzene inhalation (Yoon
et al,, 2003). In Table 3, the annotated genes were all down-
regulated (top) or upregulated (bottom) after benzene expo-
sure, although their expressions were not altered in the wild-
type mice, implying that the expressions of these genes are
masked by the homeostasis governed by p53 gene regula-
tion. Thus, this study on p53-KO mice led to the elucidation
of hidden gene alterations in wild-type mice, which we do
not generally observe in toxicological examination.
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Abstract

Friend leukemia virus (FLV) infection strongly enhances +y-irradiation-induced apoptosis of hematopoietic cells of C3H hosts leading to a
lethal anemia. Experiments using p53 knockout mice with the C3H background have clarified that the apoptosis is p53-dependent and would
not be associated with changes of cell populations caused by the infection with FLV. In bone marrow cells of FLV + total body irradiation (TBI)-
treated C3H mice, the p53 protein was prominently activated to overexpress p2/ and bax suggesting that apoptosis-enhancing mechanisms
lay upstream of p53 protein in the signaling pathway, Neither of DNA-dependent protein kinase (DNA-PK)-deficient SCID mice nor ataxia
telangiectasia mutated (A734) gene knockout mice with the C3H background exhibited a remarkable enhancement of apoptosis or p53 activation
on FLV + TBI-treatment indicating that DNA-PK and ATM were both essential. ATM appeared necessary for introducing DNA damage-
induced apoptosis, while DNA-PK enhanced p53-dependent apoptosis under FLV-infection. Surprisingly, viral envelope protein, gp70, was
co-precipitated with DNA-PK but not with ATM in FLV + TBI-treated C3H mice. These results indicated that FLV-iafection enhances DNA
damage-induced apoptosis via p53 activation and that DNA-PK, in association with gp70, might play critical roles in modulating the signaling
pathway.

@ 2004 Elsevier Ltd. All rights reserved,

Kevwords: DNA damage; Apoptosis; Friend virus; DNA-PK; ATM

1. Introduction

p53 has important roles in the cellular response to DNA
damage-inducing agents such as ionizing irradiation [1-3].
Ionizing irradiation induces DNA-double strand breaks in
cells, and then the stabilization and accumulation of p53
protein by phosphorylation of the N-terminal serine residues,
leading to a disruption of MDM?2 interaction which nega-
tively regulates p33 [4,5]. In response to DNA damage, p353
protein is also activated by phosphorylation or acetylation
allowing conformational changes convenient for the DNA

* Corresponding author. Tel.: +81 3 5803 5399; fax: +81 3 5803 0123.
£-mail address: masa_pth2@med.tmd.ac.jp (M. Kitagawa).
! These authors contributed equally to this work.

0145-2126/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.leukres.2004.07.003

binding domain to play arole. Activated p53 binds to specific
DNA sequences and acts as the transcription factor whose
target genes are mainly involved in cell cycle arrest and
apoptosis. Although the mechanisms for the activation of p53
after DNA-double strand breaks are still unclear, the catalytic
subunit of DNA-dependent protein kinase (DNA-PK) and
ataxia telangiectasia mutated (ATM) kinase are candidates
for the upstream activator or the regulator of p33 [6,7).
These proteins have homology and are members of the phos-
phatidylinosito! 3 (PI3} kinase family that can phosphorylate
p33 in vitro. Wang et al. [3) have proposed that DNA-PK
and ATM are similar in the selective activation of p33, but
dissimilar in that DNA-PK selects for apoptosis but not cell
cycle arrest, and ATM for cell cycle arrest but not apoptosis.
However, others have demonstrated that not DNA-PK but
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ATM functions as the major activator of p53 in response to
DNA damage in vivo [9-15]. On the other hand, the main role
of DNA-PK in vivo is thought to promote the rejoining of
DNA breaks by non-homologous end-joining [16,17]. There-
fore, the control mechanisms of these kinases, linking DINA
damage to p53-dependent apoptosis, are still controversial.

Viral infection has been known to have various effects on
the apoptotic signaling pathways of cells, negatively and pos-
itively. For example, viral FLICE-inhibitory proteins prevent
apoptosis induced by death receptors [18] and the ets-2 tran-
scription factor inhibits apoptosis through a be/-xL-dependent
mechanism [19]. In contrast, HIV-infection causes apoptosis
in CD4* T cells via various pathways [20], and Moloney
murine leukemia virus is shown to enhance thymocyte apop-
tosis [21]. HTLV-I Tax expression promotes anti-apoptotic or
apoptotic processes in T cells according to the experimental
conditions [22].

Recently we found that Friend leukemia virus (FLV) in-
fection strongly enhanced DNA damage-induced apoptosis
in mice of an FLV-susceptible C3H strain [23]. Mice were
infected with FLV and then treated with split low dose «-
irradiation (total body irradiation: TBI). Surprisingly, FLV +
TBI-treated C3H hosts died within 10 days after TBI treat-
ment, while mice just infected with FLV survived for more
than 40 days. The hematopoietic cells, especially erythroid
cells of FLV + TBI-treated C3H mice, revealed frequent apop-
tosis causing lethal anemia in these mice. Experiments using
p33 knockout mice with the C3H background clarified that
the apoptosis was p53-dependent and would not be associ-
ated with changes of cell populations caused by the infection
with FLV [23]. Regarding apoptosis and FLV infection, an
enhancement of anti-apoptotic signaling has been observed
in transformed cell lines [24,25] as well as primary erythrob-
lasts [26]. However, effects of FLV-infection on pro-apoptotic
signaling have been unknown. In the present study, we used
C3H-SCID mice in which the activity of DNA-PK would
be deficient [27-29] and AT knockout mice with the C3H
background to elucidate the mechanisms behind the enhanced
apoptotic signaling in C3H cells after FLV + TBI-treatment.
The results indicated that enhanced apoptosis in vivo required
both DNA-PK and ATM. To further demonstrate the reg-
ulatory mechanisms of p53-dependent apoptotic pathways,
these PI3 kinases as well as viral protein were analyzed and
the relation between FLV-infection and the enhanced DNA
damage-induced apoptosis was discussed, The mechanism
of enhanced p53-dependent apoptosis in the present system
might aid in generating a novel gene therapy model using p53
by controlling the p53-dependent cell death.

2. Materials and methods

2.1, Mice

Eight to ten-week-old male C3H/He mice (C3H, H-2%
Fv-2%), C3H-SCID mice and ATM knockout mice with the

- 232 -

C3H background (C3IH-ATM =/=) were bred from our colony
at the Animal Production Facility of the National Insti-
tute of Radiological Sciences in Chiba. Methods for the
generation of the knockout construct and ATM ™/~ mice
were described elsewhere [30). The SCID and ATM /-~
mice with the C3H background were generated by crossing
CB.17-SCID and 129/Sv ATM~/~ mice to the C3H strain
of mice, respectively, followed by backcrossing through
more than 20 generations. All of the mice were reared
and treated in accordance with the guidelines governing the
care and use of laboratory animals at the National Insti-
tute of Radiological Sciences (approval numbers 1997-4 and
1997-17) and also the guidelines established by the Animal
Experiment Committes of the Tokyo Medical and Dental
University.

2.2. Viral infection and total body irradiation

An NB-tropic Friend leukemia virus (FLV) complex, orig-
inally from Dr. C. Friend, was prepared as described earlier
[31,32] and injected i.p. into mice at a highly leukemogenic
dose of 10* PFU/mouse [33]. On day 7 after inoculation with
FLV, 8-10-week-old mice were treated with 3 Gy of total
bedy irradiation (TBI). A dose of 3 Gy TBI was delivered
from a GAMMA-CELL-40 at a dose rate of 1.12 Gy/min.
Sham-treated mice that were not irradiated were also pre-
pared in each experiment.

2.3. Detection of apoptotic cell

Fresh bone marrow tissue was mounted in an OCT com-
pound (Sakura, Tokyo, Japan), frozen with liquid nitrogen
and cut to make 810 pm-thick frozen sections. To iden-
tify apoptotic cells on frozen tissue sections by terminal
deoxytransferase (TdT)-mediated dUTP nick end labeling
(TUNEL), an in situ cell death detection kit, fluorescein
(Boeringer Mannheim, Mannheim, Germany) was used as
described previously [34]. Briefly, frozen sections were fixed
with a 4% paraformaldehyde solution for 20 min, washed
with phosphate-buffered saline (PBS), incubated in 0.1%
sodium citrate—0.1% Triton X-100 for 2 min, washed with
PBS and then incubated with fluorescein isothiocyanate
(FITC)-labeled dUTP and TdT at 37°C for 60 min. Sec-
tions were then observed by fluorescence microscopy and
the TUNEL-positive cell ratio was determined by dividing
the cell number of positively stained cells by the total cell
number (counting more than 1000 cells).

2.4, Antibodies

The mouse monoclonal anti-p53 antibody Pab421
{Oncogene Research Product, Cambridge, MA) was used
for immunoprecipitation. Cocktails of the mouse mono-
clonal anti-DNA-PK antibodies 18-2, 25-4, and 42-psc
{NeoMarkers, San Jose, CA) and the rabbit polyclonal
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anti-ATM antibody Ab-3 (Oncogene Research Product)
. were used for immunoprecipitation or as primary antibodies
for immunoblotting. The mouse monoclonal anti-p53
antibody Pab240 (Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit polyclonal phospho-p53 (Serl5) antibody {Cell
Signaling Technology Inc., Beverly, MA), goat polyclonal
antibody for Friend MuLV (ATCC, Manassas, VA), goat
polyclonal anti-Moloney MuLV gp70 antibody (Quality
Biotech, Camden, NJ) which is known to cross-react with F-
MuLV gp70 [34], goat polyclonal anti-Raucher MuLV gp70
antibody (ATCC) which is expected to cross-react with F-
MuLV gp70 and rabbit polyclonal anti-actin antisera (Sigma
Chemicals) were used as primary antibodies for immunoblot-
ting. Horseradish peroxidase-conjugated anti-mouse 1gG
antibody (Dakopatts, Glostrup, Denmark), horseradish
peroxidase-conjugated anti-rabbit antisera {Dakopatts),
and horseradish peroxidase-conjugated anti-goat IgG an-
tibody (Dakopatts) were used as secondary antibodies for
immunoblotting.

2.5, Immunoprecipitation and immunoblotting analysis

The bone marrow cells from each experimental group
of mice were suspended in Iscove’s modified Dulbecco’s
medium {IMDM; Sigma Chemicals, St. Louis, MQ) contain-
ing 10% fetal bovine serum and pelleted. Cell lysates were
prepared by incubating cell pellets on ice for 15 min in ice-
cold lysis buffer containing 10 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 1% Nonidet P-40, 0.02% NaN3, | mM PMSF, 0.1%
aprotinin, 100 uM leupeptin, and 100 uM TPCK (Sigma
Chemicals). Supernatants were separated from debris by cen-
trifugation at 12,000 rpm for 5 min at 4 °C. Protein concen-
trations were determined using a Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA). Cell lysates which
contained 100 g of protein were incubated with antibod-
ies and protein A-sepharose beads (Amersham Life Science,
Buckinghamshire, England). The resulting immunoprecipi-
tates or whole cell lysates of 50-100 ug were subjected to
6-12.5% SDS-PAGE. Gels were transferred electrophoret-
ically to nitrocellulose membranes {Schleicher and Schull,
Dassel, Germany). The membranes were blocked in 10%
skim milk tn PBS, incubated with primary antibodies, and
after washing, were incubated with peroxidase-conjugated
secondary antibodies. Bands in the washed membrane were
detected with an enhanced chemiluminescence (ECL) sys-
tem (Amersham Life Science) as described previously [35].
In a part of gp70 experiments, cell lysate was divided into
two fractions, cytoplasmic and nuclear fraction, according to
the protocol by Dignam et al. [36], and then, these fractions
were used for immunoprecipitation and immunoblotting.

2.6. Reverse transcription (RT)-polymerase chain
reaction (PCR)

To determine the activation of p2/ and bax, known as
downstream molecules of p53, and to examine the expres-

sion of DNA-PK and ATM genes at the mRNA [evel, an
RT-PCR was performed for each experimental group. The
RNA was extracted from the bone marrow using an RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manu-
facturer’s directions. Tissue RNA (100ng) was used as a
template for the amplification. Complementary (¢)DNA was
synthesized using Rous-associated virus reverse transcriptase
(TakaraBiomedicals, Kyoto, Japan). The PCR was performed
as described elsewhere [34]. Oligonucleotides as specific
primers for p27 and bax were synthesized by a commercial
laboratory (Life Technologies Oriental, Tokyo, Japan). As a
control reaction, f-actin was also detected in each run. The
sequences of primers were as follows: p2/: 5’ PCR primer
AATCCTGGTGATGTCCGACC, 3' PCR primer TTGCA-
GAAGACCAATCTGCG; bax: 5 PCR primer CCAGCTCT-
GAACAGATCATG, 3’ PCR primer AGCTCCATATTGC-
TATCCAG; DNA-PK: 3" PCR primer GAATTCACCA-
CAACCCTGCT, 3’ PCR primer GCTTTCAGCAGGTTCA-
CACA; ATM: 5' PCR primer TTACGATGGCAACAGCA-
GAG, 3’ PCR primer TCCAGTTCTCGCTGAACCTT; 8-
actin: 5’ PCR primer TGGAATCCTGTGGCATCCATGA, 3’
PCR primer ATCTTCATGGTGCTAGGAGCCAG. The ex-
pected sizes of the PCR products were 461 bp for p27, 187 bp
for bax, 188 bp for DNA-PK, 225bp for ATM, and 175bp
for B-actin. X 174/Haelll-cut DNA was run in parallel as a
molecular size marker.

2.7. Kinase assays

Kinase assays were performed according to the protocol of
Shangary et al. [37] with our modification. Cell lysates were
incubated with anti-DNA-PK or anti-ATM antibody for2 hon
ice and then, mixed with 25 pl of protein A-sepharose beads
rocking at 4°C for 1 h. The immunoprecipitates obtained
with anti-DNA-PK or anti-ATM antibody was centrifuged,
washed three times, and used for kinase assays. The immuno-
precipitate was mixed with the substrate, 1 g of p53 protein
(p53 (1-393), Santa Cruz Biotechnology, Santa Cruz, CA),
along with 5 uM cold ATP in kinase buffer (50 mM HEPES,
pH7.5,100 mM KCI, 10 mM MgCl;, 0.2 mM EGTA, 0.1 mM
EDTA, and | mM dithiothreitol). The kinase reaction was car-
ried out at room temperature for 30 min and terminated by
adding an equal volume of SDS sample buffer followed by
heat inactivation. The reaction products were subjected to
10% SDS~PAGE and transferred onto a nitrocellulose mem-
brane. The membrane was processed for immunoblotting us-
ing the phospho-p353 (Serl5) antibedy as described above and

. then, analyzed.

2.8. Densitometric analysis

The densities of the bands were measured by densitometric
analysis with an ImageQuant scanning imager (Molecular
Dynamics, Sunnyvale, CA). The relative intensities of the
bands were calculated by comparing the density of the sample
with that of the control.
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3. Results

3.1. FLV + TBI treatment leads to an overexpression of
downstream molecules of pin the bone marrow of C3H
mice

To address the molecular basis for the p53-dependent
apoptosis in FLV + TBI-treated C3H mice, downstream
molecules of p53 signaling were analyzed in bone marrow
cells using the RT-PCR technique. As expected from the pre-
vious observation that p53 was stabilized and accumulated in
response to genotoxic stress [1-3], mRNA levels for p2{ and
bax, both of which were p53-target genes, exhibited overex-
pression after treatment with TBI alone (Fig. 1). However,
bone marrow cells from FLV + TBI-treated C3H mice exhib-
ited a much greater expression of p2/ as well as bax, in spite
that the expression of B-actin mRNA was a little weaker in
FLV + TBI-treated sample. These results suggested that genes
encoding downstream molecules of p53 would be widely up-
regulated after FLV + TBI-treatment.

3.2, SCID mice and ATM knockout mice with the C3H
background are refractory to the apoptosis enhanced by
FLV + TBI treatment

To investigate the role of upstream molecules of p33, P13
kinases, in FLV + TBI treatment, DNA-PK-deficient SCID
mice and ATM knockout mice with the C3H background were
analyzed. First, apoptotic cells of the bone marrow were iden-
tified using the TUNEL method (Fig. 2A). When mice were
treated with TBI alone, apoptotic cells were more signifi-
cantly frequent in the bone marrow of C3H-SCID (9.5 +
0.9%, mean £ S.E.M.} than wild type C3H (6.1 £ 0.7%) at
3h {p <0.01, Student’s r-test). These findings were consis-
tent with the previous findings that SCID mice and cells are
hypersensitive to ionizing irradiation [17]. Conversely, bone

C3H
Bone marrow
FLV
- * - +
TBI -~ - + +

(3 hrs after TBI }~

Fig. 1. RT-PCR analysis for the expression of p2! and bar mRNA in the
bone marrow of C3H mice. RNA samples were prepared from the bone
marrow of untreated, FLV-treated, TBI-treated, and FLV + TBI-treated C3H
mice 3 hafter TBI treatment (+, present; —, absent), Although TBI-treatment
induced a slight increase in the expression of p2/ and bax mRNA, FLV +
TBI-treatment induced a remarkable increase of p2/ and bax expression.
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marrow cells of C3H ATM~/~ mice exhibited significantly
lower percentages of apoptotic cells (2.8 £ 0.2%) than those
of wild type C3H mice (p < 0.001). In wild type C3H mice,
apoptotic bone marrow cells were much more frequent in
FLV + TBI-treated mice as compared with TBI-treated mice
(Fig. 2A). Although the data are not shown, apoptotic cells
before 3h after FLV + TBI were fewer than those at 3 h.
Thus, the peak apoptosis was observed at 3 h after FLV +
TBI-treatment. However, in C3H-SCID and ATM~/~ mice,
the frequency of apoptotic cells after FLV + TBI treatment
was similar to that after TBI-alone treatment. Thus, the en-
hancing effect of FLV infection on irradiation-induced apop-
tosis appeared negative in the bone marrow of C3H-SCID and
ATM ™/~ mice. Although the data is not shown, gp70 protein
levels of bone marrow cells were similar in wild, SCID, and
ATM =/~ mice after infection with FLV. Fig. 2B shows the
actual figures of TUNEL reaction in the bone marrow of wild
C3H mice with sham-treatment (a), TBI alone (b), and FLV
+ TBI treatment (¢).

3.3. p33 is accumulated and phosphorylated in the bone
marrow of C3H mice after FLV + TBI treatment but not
in SCID and ATM knockout mice

Next, bone marrow cell lysate was immunoprecipitated
with anti-p33 antibody and then, the precipitate was ana-
lyzed for p53 phosphorylated at Ser-18 by immunoblotting.
As shown in Fig. 3, TBI-treated mice exhibited a slight in-
crease in intensity of the phosphorylated p53 signal 3 h afier
TBI with a return to the control level by 12 h. By contrast,
phosphorylation was prominent in bone marrow cells from
FLV + TBl-treated C3H mice 3 and 12 h after TBI. Although
FLV-infection alone caused weak signals of p53 accumula-
tion and phosphorylation (FLV (+), Oh), this may be associ-
ated with the fact that retroviral integration to the host DNA
would be recognized as a mild DNA damage by the host
cells [38]. Concerning the discrepancy between the timing
of apoptosis as measured by TUNEL assay and the activa-
tion of the p53 pathway in FLV + TBI-treated C3H mice,
several comments may have to be added. Although we could
observe the peak of apoptosis at 3 h after FLV + TBI, the
reaction might actually continue even after this period. Be-
cause the macrophage-lineage cells should be activated and
eliminate these apoptotic cells thereafter by phagocytosis and
thus, the number of apoptotic figures may represent the bal-
ance of apoptosis and the activity of cells with phagocytosis.
We might be able to detect the increased or peak apopto-
sis before the activation of macrophage-lineage cells occur.
Therefore, we might detect the pS3 activation still at 12 h after
FLV + TBI Actual apoptosis may continuously be induced
because the in vivo experiments revealed remarkable loss of
bone marrow hematopoietic cells in due course resulting in
almost depletion by 20 days after FLV + TBI treatment.

As shown in Fig. 3, bone marrow cells of TBI-treated
SCID mice exhibited p53 accurnulation and phosphoryla-
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Fig. 2. {A) Apoptotic cell ratio and p53 status in the bone marrow of wild type, SCID, and ATM~/~ mice with the C3H background after treatment with
FLV and/or TBI, The TUNEL-positive cell ratio of bone marrow cells from FLV (=) or FLV (+) C3H wild type, C3IH-SCID, and C3H-ATM~/~ mice after
treatment with TBI (3 Gy). Error bars indicate standard errors of the means calculated from the data from three to five mice at each point. C3H wild type mice
exhibited a prominent increase in the ratio of TUNEL-positive cells with a peak at 3 h after TBI treatment, however in SCID and ATM =/~ mice, the frequency
of TUNEL-positive cells in FLV-infected mice was similar to that in FLV () mice after TBI treatment. (B} Apoptotic cells in the bone marrow of TBI-treated or
FLV + TBI-treated mice with the C3H background. TUNEL staining of bone marrow specimens from a sham-treated control mouse (&), TBI-treated mouse (b),
and FLV + TBI-treated mouse (c). Bone marrow samples were isolated at 3 h after TBI (3 Gy)-weatment and stained for apoptotic cells (original magnification,
130x ). Note the many TUNEL-positive cells in the FLV + TBI-treated C3H mouse in contrast to the TBI alone-treated mouse,

tion, whereas TBI-treated ATM~/~ mice showed almost no
signal for p53 and phospho-p53 protein. After FLV + TBI-
treatment, the expression of p533 and phospho-p53 protein
did not show a remarkable increase in the bone marrow cells
of either mice. These results indicated that ATM was re-
quired for the activation of p53 in response to TBI alone,
but DNA-PK as well as ATM was required for enhanced p33
activation in C3H bone marrow cells after treatment with
FLV + TBL

3.4. DNA-PK is overexpressed after treatment with FLV
+ T8I

To determine the expression dynamics of DNA-PK and
ATM afier TBI treatment at the protein level, immunoblot-
ting was performed using whole lysate from C3H bone mar-
row cells. In FLV-free (=) mice, DNA-PK expression seemed
stable after TBI treatment, however, FLV-infected (+) mice
exhibited a prominent increase of DNA-PK expression after
the treatment (Fig. 4A). In contrast, the expression of ATM
was slightly up-regulated both in FLV {—) and FLV (+) mice
peaking at 3 h after TBI, although the pattern of dynamics
and the intensity of bands were similar in the FLV (—) and
FLV (+) conditions. ATM usually introduces p53-dependent
apoptosis after TBI treatment. We interpreted the role of ATM
in FLV + TBI-treatment as the trigger for elevating the ba-
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sic level of p53-activation by TBI. Therefore, the kinetics
of ATM protein expression appeared equivalent in mice re-
gardless of FLV infection. In contrast, DNA-PK may not be
essential for DNA-damage-induced apoptosis itself because
SCID mice exhibited certain level of apoptosis after TBI-
treatment as shown in Fig. 2A, but would be important for
additional activation of p53 by FLV-infection.

Next, to test whether the overexpression of DNA-PK pro-
tein is correlated with the expression at the mRNA level, RT-
PCR assays were performed for DNA-PK and ATM mRNA
in each experimental group. As shown in Fig. 4B, the mRNA
expression of DNA-PK and ATM appeared rather stable af-
ter treatment with FLV, TBI or FLV + TBI, although ATM
expression was slightly enhanced by FLV-infection. These
results in Fig. 4A and B suggested that mechanisms such
as post-transcriptional regulation might control the protein
levels of these PI3 kinases in TBI- or FLV + TBI-treated
mice. Further study should clarify the discrepancy of DNA-
PKIATM expression at the protein level and the mRNA
level.

3.5. DNA-PK and ATM demonstrate enhanced kinase
activity after treatment with FLV + TBI

To confirm whether DNA-PK or ATM in the bone mar-
row cells of C3H mice treated with FLV + TBI actually
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Fig. 3. Immunoblotting for pS3 protein and phospho-p53 protein in bone marow from C3H wild type, C3H-SCID. and CIH-ATM~/~ mice 0, 3, and 12h
after TBI treatment (3 Gy). Cell lysates were prepared from the bone marrow of FLV (=) or FLV (+) C3H wild type. C3H-SCID, and C3H-ATM~/~ mice.
As the bands for actin protein exhibited a similar density in each sample, the amount of protein contained in cell lysates is similar in each lane. The relative
iniensities of bands were measured by densitometry (FLV (=), Oh as the control, 1.0} and indicated under the photos of gels. C3H wild type mice revealed
marked overexpression of pS3 protein as well as phopspho-pS3 when treated with FLV + TBI, although TBI alone also induced a slight increase of p33 and
phopspho-p33 expression. By contrast, SCID and ATM ™/~ mice exhibited similar levels of p33 protein and phospho-p33 protein expression in the bone marrow

samples of FLV (—) mice and FLV (+} mice after TBI-treatment.
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Fig. 4. {A) Immunoblotting for DNA-PK and ATM protein in the bone mar-
row of C3H mice 0, 3, and 12h after TBI (3 Gy). Cell lysate (100 pg) from
the bone marrow of FLV {—) or FLV {+) C3H mice was used for this assay.
Actin protein levels of each sample are shown to confirm that the amounts
of samples loaded were almost equal. The relative intensities of bands were
measured by densitometry (FLV (=), O'h as the control, 1.0) and indicated
under the photos of gels. Note that DNA-PK protein levels were remack-
ably higher in the bone marrow from FLV (+) C3H mice 3 and 12 h after
TBI than the FLV-treated (0Oh) mice. By contrast, DNA-PK protein levels
of FLV (—) C3H samples exhibited no remarkable change. ATM protein
levels were enhanced by TBI-treatment but not enhanced by FLV-infection.
(B} RT-PCR analysis for mRNA of DNA-PK and ATM in the bone marrow
of C3H mice 0, 3, and 12h after TBI treatment (3 Gy}. The expression of
B-actin mRNA levels of each sample was similar. The relative intensities of
bands were measured by densitometry (FLV (—), O h as the control, 1.0) and
indicated under the photos of gels. Note that changes in mRNA expression
for DNA-PK as well as ATM were not remarkable between samples trom
each group although ATM expression exhibited slight increase in FLV (+)
samples. .
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phosphorylated the p53 protein, kinase assays of DNA-
PK and ATM were performed using bone marrow cells
of FLV (-) and FLV (+) C3H mice treated with TBI.
As DNA-PK and ATM can phosphorylate Ser-15 of p33
protein in vitro [10,12,13,39], immunoprecipitates obtained
with anti-DNA-PK or anti-ATM antibody using protein ex-
tracts of bone marrow cells were mixed with exogeneous
p>3 protein as the substrate. Then, the phosphorylation of
p53 was determined by immunoblotting with anti-phospho-
P33 Ser-15 antibody (also reacted with murine Ser-18 of
phospho-p53) to evaluate the DNA-PK/ATM kinase activ-
ity (Fig. 5). The differences in p53 phosphorylation levels
may probably be influenced by the unequal presence of im-
munoprecipitated kinases (DNA-PK or ATM) as shown in
Fig. 4A.

The DNA-PK activity was at the control level after treat-
ment with TBI alone, while FLV + TBI evoked a high level
of DNA-PK activity in C3H mice. In the ATM kinase assay,
the phospho-p53 band exhibited a higher level in mice treated
with TBI alone than in control mice. Further, the ATM kinase
activity of bone marrow cells from FLV + TBI-treated C3H
mice was only slightly stronger than that of TBI-treated mice.
Both of DNA-PK and ATM kinase activities were slightly
up-regulate by FLV alone-treatment (FLV (+), Oh). These
signals might correspond to the mild DNA damage signals
by retroviral integration to the host cells [38]. As negative
controls, immunoprecipitates obtained with anti-DNA-PK
or anti-ATM antibody that were not mixed with exogenous
p33 protein were also examined for Ser-18 phospho-p53 and
exhibited negative signals (data not shown). These results
suggested that TBI-treatment activated ATM kinase but not
DNA-PK, although FLV + TBI treatment enhanced the abil-
ity of DNA-PK in addition to the ATM kinase to activate
p33.
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Fig. 5. Kinase assays for DNA-PK and ATM from the bone marrow of C3H
mice 0, 3, and [2h after TBI (3 Gy). Cell extracts were prepared from the
bone marrow of FLV {~) or FLV (+) C3H mice. Immunoprecipitates for
DNA-PK or ATM were prepared by mixing equal amount of lysate with
anti-DNA-PK or ATM antibody. The kinase activity of each immunoprecip-
itate which would phosphorylate recombinant human p33 protein at Ser 15
in vitro was assessed by immunoblotting for phospho-p353 protein. The rela-
tive intensities of bands were measured by densitometry (FLV (=), 0 h as the
control. 1.0) and indicated under the photos of gels. The same samples after
the kinase reaction were also assayed for the amount of total p53 protein by
immunoblotting. Note the prominent signals For phospho-p53 in FLV + TBI-
treated mice at 12h in the DNA-PK immunoprecipitate. By contrast, ATM
immunoprecipitates from FLY (—) and FLV (+) mice exhibited a similar en-
hancement of phospha-p53 signals at 12 hafter TBI, although FLV (+) mice
exhibited a little stronger signal than FLV {—) mice. The total amount of p53
protein in the DNA-PK immunoprecipitates and ATM immunoprecipitates
was similar in each experimental group.

3.6. DNA-PK interacts with gp70 in response 10 FLV +
TBi-treatment

As FLV enhances apoptosis and p53 activation in
DNA damage-induced signaling pathways, an FLV-specific
molecule might be involved in the activation of p53. Thus,
to examine the interactions between pS3 protein, DNA-
PK, ATM, and the FLV-specific molecule, lysates from
C3H bone marrow cells were immunoprecipitated with anti-
DNA-PK or anti-ATM antibody and then, the precipitates
were immunoblotted for FLV-associated proteins using poly-
clonal antibody against FLV-associated proteins. As shown in
Fig. 6A, protein with circa 70 kD size appeared strongly co-
precipitated with DNA-PK in the bone marrow cells of FLV-
infected C3H mice (3 h after TBI treatment). When super-
natants of DNA-PK immunoprecipitates were immunoblot-
ted for FLV-associated proteins, we could confirm that bands
for the same protein (about 70kD in size) were relatively
stronger in samples 0 and 12 h after TBI than in the sample
3 h after TBI. In contrast, immunoprecipitates obtained with
anti-ATM antibody did not exhibit any positive bands for
FLV-associated proteins (Fig. 6A). Because we could detect
the viral protein with the molecular size around 70kD, fur-
ther to confirm the specificity of interaction of DNA-PK with
gp70, which is known as a F-MuLV env protein [40], simi-
lar experiments were performed using anti-Moloney MuLV
gp70 antibody and anti-Raucher MuLV gp70 antibody. As
shown in Fig. 6B (only the Moloney MuLV gp70 data are
shown because the data were basically identical), viral protein
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Fig. 6. (A) Co-immunoprecipitation analysis for DNA-PK or ATM with
FLV-associated protein detected by anti-Friend MuLV antibody in the bone
marrow of C3H mice 0, 3, and 12 h after TBI treatment (3 Gy). Cell lysate
from bone marrow of FLV (—) or FLV (+) C3H mice was immunoprecipi-
tated with anti-DNA-PK or anti-ATM antibody, then the immunoprecipitates
were immunoblotted using antibody against Friend MuLV which is known
to cross-react with FLV-associated proteins. Supernatants of the immnopre-
cipitates were alse immunoblotted for FLV-associated proteins. The FLV-
associated proteins were sirengly co-immunoprecipitated with DNA-PK in
the bone marrow of FLV (+) C3H mice 3 h after TBI at the size circa 70kD,
whereas no co-immunoprecipitation of viral protein with ATM was detected
inany samples. Although the viral protein was also detected in FLV (=) mice,
these weak signals would indicate the cross-reaction of this antibody with
endogenous viral proteins. (B) A similar experiment using anti-Moloney
MulV¥ gp70 antibody which is known to cross-react with Friend MulV
gp70. Note that gp70 was strongly co-immunoprecipitated with DNA-PK in
the bone marcow of FLV + TBI-treated C3H mice, The relative intensities
of bands were measured by densitometry (FLV (=), O h as the contro), 1.0}
and indicated under the photos of gels, (C) Co-immunoprecipitation analysis
for DNA-PK with gp70 using fractionated cell lysate of the bone marrow
from FLV-infected C3H mice 3 and {2 h after TBI treatment (3 Gy). Nuclear
traction and cyteplasmic fraction of cell lysate were prepared from FLV +
T8I-treated mice and then, the immunoprecipitates with anti-DNA-PK an-
ttbody were immunoblotted using antibody against Moloney Mul.V gp70.
Noie the positive signals in the cytoplasmic fraction of ysate from FLV +
TBI-treated mice.

with the molecular size of about 70kD was ¢o-precipitated
with DNA-PK but not with ATM in FLV + TBI-treated mice,
although it is still unclear whether the interaction was di-
rect or indirect. Taken together with the data from Fig. 4A,
DNA-PK was accumulated (peaked at 12 h) after strong in-
teraction with gp70 (peaked at 3h) in FLV + TBI-treated
C3H bone marrow cells. These findings would suggest that
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the increase in the amount of DNA-PK might be related to
the interaction between DNA-PK and gp70. Co-precipitation
was not demonstrated between p53 and DNA-PK, p53 and
ATM, or p53 and gp70 (data not shown). To determine
whether the interaction occur in the cytoplasm or nucleus of
FLV-infected cells, fractionated lysate was analyzed for co-
precipitation of gp70 with DNA-PK. As shown in Fig. 6C,
gp70 was mainly co-precipitated with DNA-PK in the cy-
toplasmic fraction of cell lysate from FLV + TBI treated
mice.

4, Discussion

Tonizing irradiation induces a marked increase in celtular
p33 protein followed by the consequent transmission of DNA
damage signals [1]. The prominent apoptosis induced by FLV

+ TBi-treatment in the present study was p53-dependent,

although the apoptosis observed in liquid-cultured FLV-
induced primary erythroleukemic cells has been reported to
be p53-independent [41]. As expected, expression of the p53
target molecule, bax, was up-regulated, however, p2{ which
has a role in cell cycle arrest signaling was also overex-
pressed. These findings suggested that FLV + TBI treatment
induced p33 activation leading to not only apoptosis but also
other DNA damage responses. Therefore, key molecules
modifying the transcriptional activity of p53 might be
located upstream of p53 in the signaling pathway of this
model.

In response to DNA-double strand breaks, candidates for
the upstream activators of p53 would include two members
of the PI3 kinase family, ATM and DNA-PK, ATM phospho-
rylates p33 in vivo [13], while DNA-PK has been proved to
phosphorylate p53 in in vitro systerns but not in in vivo sys-
tems [9]. Using mouse embryonic fibroblasts lacking DNA-
PK, Jimenez et al. [15] have demonstrated that DNA-PK was
not required for the p53-dependent response to DNA dam-
age. However, our results demonstrated that not only ATM
but also PDNA-PK played an important role in inducing a
lethal apoptosis in FLV + TBI-treated mice in vivo, whereas
only ATM but not DNA-PK was required for the mild apop-
totic response after low-dose TBI in bone marrow cells of
C3H mice. The result suggested that FLV infection modifies
the innate signaling pathway of C3H bone marrow cells to
activate p53 after irradiation.

We report here that FLV-infection actually modifies the
DNA-FPK molecule after treatment with TBI. gp70, known
as an env protein of F-MuLV, strongly interacted with DNA.-
PK. The interaction was mainly observed in the cytoplasmic
- fraction of FLV-infected cell lysate suggesting that DNA-PK
with gp70 complex would be formed in the cytoplasm and
then, function as a kinase and activate p53 signaling. DNA-
PK is known to associate with various proteins including Ku,
which stimulates the catalytic subunit of DNA-PK (DNA-
PKcs) leading to effective V(D)J recombination and DNA
double-strand break repair in vivo {17,42]. Although other
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factors would be involved in the interaction between DNA-
PKand gp70, gp70 might act as an enhancing factor for DNA-
PK to be immediately accumulated and also in kinase activity
to phosphorylate p53.

It remains unclear how DNA-PK or ATM works in DNA
damage-induced signaling to activate p53 in FLV-infected
C3H cells. Shangary et al. {37] demonstrated that ATM
activated c-Abl kinase in response to ionizing irradiation
and subsequently the activated c¢-Abl regulated DNA-PK
activity in vivo. Thus, in the present experimental system
also, DNA-PK and ATM might cooperate through other
factors such as c-Abl kinase. Another possibility would
be that DNA-PK and ATM separately activate p33 pro-
tein on FLV + TBI-treatment. The functional complemen-
tation of these two molecules was demonstrated by the fact
that mice deficient in both DNA-PK (SCID mutation) and
ATM show embryonic lethality [43]. In addition, the func-
tion of DNA-PK in non-homologous end joining (NHEI)
would partly be performed by ATM [38,44]. These results
suggest that DNA-PK and ATM should have similar and
sometimes complementary roles in various cellular path-
ways.

Recently, Woo et al. [45] have shown that DNA-PKcs
forms a complex with latent p53 immediately following -
irradiation, and latent murine p53 phosphorylated at Ser-18
by DNA-PK is required for DNA damage-induced apopto-
sis. In our experimental system, bone marrow cells from
C3H-SCID mice exhibited positive signals for p33 activa-
tion and an apoptotic response when treated with TBI alone,
but did not exhibit enhanced signals when treated with FLV
+ TBI. Thus, DNA-PK is not required for DNA damage-
induced apoptosis, although signaling modulation by FLV
infection would cause DNA-PK participation in apoptosis in
response to DINA damage. Therefore, our present data would
indicate the existence of some unidentified factor(s) ampli-
fying mild DNA damage signals to induce severe cell death.
Molecules involved in the DNA-PK-gp70 association or in
the overexpression of DNA-PK might be the key to clarifying
these mechanisms.

Controlling p53-mediated a2poptosis would be one of the
most attractive strategies of gene therapy for cancer [46],
The modifier of p53 for strong activation would be crucial to
make the p53-gene therapy more effective. The mechanism
of DNA-PK-associated p53 signaling medification leading
to enhanced apoptosis should be clarified not only to under-
stand the complexity of p53 signaling changed by retroviral
infection but aiso to effectively use the p53 function in gene
therapy aimed at cancer.
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Abstract

Survivin, a member of the inhibitor of apoptosis protein (IAP) gene family, has been detected widely in fetal tissue and in a variety
of human malignancies. In the current study, we investigated the expression of IAP family proteins in bone marrow samples from acute
lymphocytic leukemia (ALL), chronic lymphocytic leukemia (CLL) and control cases by quantitative real-time RT-PCR method and an
immunohistochemical approach. Overexpression of survivin and cIAP2 mRNA was significant in CLL bone marrow cells (P < 0.05,
respectively) compared with control samples. By immunohistochemistry, survivin was detected in a few scattered myeloid cells in all cases
of control bone marrow. Conceming the ALL bone marrow, more than half the cases demonstrated positive expression of survivin (8 out
of 13}, while the majority of CLL cases (20 out of 21} exhibited intense expression of survivin. The differential subcellular localization of
survivin was distinct between ALL and CLL cases. ALL cells essentially revealed nuclear localization of survivin as well as cytoplasmic
signals in some cases, while CLL cells from the majority of cases predominanily showed cytoplasmic expression. Next, RT-PCR was
performed for the expression of survivin and its splicing variant, survivin-2B and survivin-AEx3 in ALL and CLL ceils, as the distribution
of these variants would be regulated by nuclear/cytoplasmic transport system. In both ALL and CLL bone marrow samples, the expression
of wild-type survivin was more predominant than that of survivin-2B or survivin-AEx3, although the expression of survivin-AEx3 was
prominent in samples from survivin-expressing ALL cases. Thus, the splicing of survivin mRNA may be differently regulated in ALL
and CLL cells, causing distinct manners of nuclear/cytoplasmic transport of survivin protein. In conclusion, our observations indicate a
differential regulatory mechanism for the expression of IAP family proteins in ALL and CLL cells, although the functions of IAP families
and the mechanisms of nuclear/cytoplasmic transport of survivin should be clarified in future studies.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Survivin; IAP; Bone marrow; ALL; CLL

1. Introduction

The regulation of apoptotic cell death may have a pro-
found effect on the pathogenesis and progression of hemato-
logical malignancies, Chronic lymphocytic leukemia (CLL)
is characterized by clonal expansion of relatively mature
B cells with a high percentage of cells arrested in the
non-proliferative GO/G1 cell cycle phase {1,2]. The progres-
sive rise of lymphocytes, despite the very low proportion of
proliferating cells, has led to the notion that the pathogen-
esis of CLL is primarily related to defective apoptosis. In
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contrast, acute lymphocytic leukemia (ALL) cells exhibit
highly proliferative character with a very low percentage of
apoptotic cells [1,3,4]). Thus, ALL and CLL cells may be
regulated by different types of cell-proliferation/cell-death
signaling pathway. To begin to clarify the antiapoptotic
pathways in lymphocytic leukemias, the expression and
modulation of the family of inhibitor of apoptosis proteins
(IAPs), especially survivin, were investigated and compared
in control, ALL and CLL bone marrow samples.

Survivin is expressed widely in fetal tissues, but becomes
restricted during development, and appears to be negligibly
expressed in the majority of terminally differentiated adult
tissues [5,6]. However, analysis of the differences in gene
expression between normal and tumor cells has revealed that
survivin is one of the genes most consistently overexpressed
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in tumor cells relative to normal tissue [7]. In fact, survivin is
prominently expressed in transformed cell lines and in many
of the human cancers including hematopoietic cell tumors
(8).

As with other IAP family proteins, survivin blocks apop-
tosis induced by a variety of apoptotic triggers [9,10]. Al-
though the exact biochemical mechanism by which survivin
suppresses apoptosis has been debated, survivin is known
to bind directly to and inhibit caspase-3 and -7, which act
as terminal effectors in apoptotic protease cascades [10,11].
Survivin is usually detected in the cytoplasm of tumor cells,
and is therefore widely regarded as a cytoplasmic protein
[5,12,13]. However, several studies have shown nuclear ac-
cumulation of survivin in gastric cancer cells [14] and lung
cancer cells [15]. Thus, the mechanisms that control its
nuclear-cytoplasmic localizations in tumor cells are still con-
troversial.

Many cellular proteins either reside in the nucleus or shut-
tle between the nucleus and the cytoplasm across the nu-
clear envelope. In a recent study, survivin was shown to
be a nuclear shuttling protein that was actively exported
from the nucleus via the chromosome region maintenance
I (CRM|)-dependent pathway [15). CRMI was shown to
be a receptor for the nuclear export signal that bound to the
nuclear export sequences of the proteins. Thus, the molecu-
lar export sequences are very important in determining the
subcellular localization of proteins. Differences in the amino
acid sequence of the carboxy-terminal domain of survivin
determine the dramatically different localization of survivin
and its splice variant, survivin-AEx3. Survivin-AEx3 lacks
exon 3 but has additional sequences that could mediate its
strong nuclear accumulation. Therefore, wild-type survivin
localizes to the cytoplasm, while survivin-AEx3 accumu-
lates in the nucleus.

Here, in the present study, overall survivin expression was
significantly up-regulated in the bone marrow cells from
ALL and CLL compared with the control bone marrow.
However, different localization of survivin was shown by the
nuclear expression in ALL and the cytoplasmic expression
in CLL. Expression of other [APs including NAIP, cIAPI,
cIAP2 and XIAP, all of which appeared to suppress apopto-
sis by caspase and procaspase inhibition [16—-19] was also
determined in these samples and the significance of IAP
family protein expression in lymphocytic leukemias was
discussed.

2. Materials and methods
2.1, Patients

Formalin-fixed paraffin-embedded bone marrow aspira-
tion samples from 13 patients with adult-onset ALL (7 with
B-ALL and 6 with T-ALL; male:female = 5:8; age: median
48, maximum 78, minimum 19), 21 patients with B-CLL
(male:female = 11:10; age: median 57, maximum &7, min-

imum 49) and 13 cases with no hematological disorders
as age-matched normal controls (male:female = 13:0; age:
median 63, maximum 76, minimum 51) were analyzed.
To rule out the influence of aging effect on bone marrow
cells, ALL cases with adult-onset were analyzed and cases
with childhood ALL were excluded from the study. Diag-
nosis was based on standard clinical and laboratory crite-
ria, including cell morphology [20-22]. All samples were
collected at the time of the initial aspiration biopsy and
the samples from ALL and CLL exhibited proliferation of
the blastic cells accounting for more than 80% of the to-
tal bone marrow cells. The patients were not infected with
specific viruses including HTLV-1 and had not been treated
with therapeutic drugs prior to the study. The procedures
followed were in accord with the ethical standards estab-
lished by the ethics committee of Tokyo Medical and Dental
University.

2.2. Identification of apoptotic cells

To determine apoptotic cells, the terminal deoxy-trans-
ferase (TdT)-mediated dUTP nick-end labeling (TUNEL)
method was used for the assay as described previously [23].
Briefly, tissue sections were deparaffinized and incubated
with proteinase K (prediluted, DAKO, Glostrup, Denmark)
for 15m at room temperature. After washing, TdT, fluo-
rescein isothiocyanate (FITC)-dUTP and dATP (Boehringer
Mannheim, Mannheim, Germany) were applied to the sec-
tions, which were then incubated in a moist chamber for
60 min at 37 °C. Anti-FITC-conjugated antibody-peroxidase
(POD converter, Boehringer Mannheim) was employed for
detecting FITC-dUTP labeling, followed by color develop-
ment with DAB containing 0.3% hydrogen peroxide solu-
tion. Sections were then observed under microscopy and the
TUNEL-positive cell ratio was determined by dividing the

cell number of positively stained cells by the total cell num-

ber (counting more than 1,000 cells).

2.3. RNA preparation and quantitative assay for IAP
Sfamily proteins using TagMan RT-PCR

The RNA was extracted from the frozen bone marrow
samples from seven cases with ALL (four with B-ALL and
three with T-ALL), seven cases with B-CLL and eight cases

with no hematological disorders using an RNeasy Mini Kit .

(Qiagen, Valencia, CA) according to the manufacturer’s
directions. For quantitative RT-PCR, fluorescent hybridiza-
tion probes, TagMan PCR Core Reagents Kit with Am-
pliTaq Gold (Perkin-Elmer Cetus, Norwalk, CT) were
used with the ABI Prism 7900HT Sequence Detection
System (Perkin-Elmer, Foster City, CA). Oligonucleotides
as specific primers and TagMan probes for IAP family
and glutaraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA were synthesized by a commercial laboratory
(Perkin-Elmer Cetus). The primers and TagMan probes were
as follows. Sequences of the forward primer for survivin
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mRNA were 5-TGCCTGGCAGCCCTTTC-3 and the re-
verse primer, 5'-CCTCCAAGAAGGGCCAGTTC-3'; the
sequence of the TagMan probe was 5'-CAAGGACCACCG-
CATCTCTACATTC-3'. For cIAP1 mRNA, sequences of the
forward primer were 5-CAGCCTGAGCAGCTTGCAA-3
and the reverse primer, 5'-CAAGCCACCATCACAACAA-
AA-3'; the TagMan probe was 5'-TTTATTATGTGGGTCG-
CAATGATGATGTCAAA-3'. For cIAP2 mRNA, sequences
of the forward primer were 5-TCCGTCAAGTTCAAGCC-
AGTT-3' and the reverse primer, 5'-TCTCCTGGGCTGTC-
TGATGTG-3'; the sequence of the TaqMan probe was
5'-CCCTCATCTACTTGAACAGCTGCTAT-3. Sequences
of the forward primer for NAIP mRNA were 5'-GCTTCAC-
AGCGCATCGAA-3" and the reverse primer, 5'-GCTGGG-

CGGATGCTTTC-3"; the sequence of the TagMan probe

was 5'-CCATTTAAACCACAGCAGAGGCTTTAT-3'. Se-
quences of the forward primer for XIAP mRNA were
5-AGTGGTAGTCCTGTTTCAGCATCA-3' and the rever-
se primer, 5’-CCGCACGGTATCTCCTTCA-3; the seg-
uence of the TagMan probe was 5-CACTGGCACGA-
GCAGGGTTTCTTTATACTG-3'. Sequence of the forward
primer for GAPDH mRNA were 5'-GAAGGTGAAGGTC-
GGAGT-3’ and the reverse primer, 5'-GAAGATGGTGAT-
GGGATTTC-3; the sequence of the TagMan probe
was 5'-CAAGCTTCCCGTTCTCAGCC-3'. Conditions of
one-step RT-PCR were as follows: 30 min at 48 °C (stage 1,
reverse transcription), 10 min at 95°C (stage 2, RT inacti-
vation and AmpliTaq Gold activation) and then 40 cycles of
amplification for 155 at 95°C and 1 min at 60°C (stage 3,
PCR). Expression of survivin and other IAP family proteins
was quantitated according to the method described else-
where [24]. Briefly, the intensity of reaction was evaluated
by the quantity of total RNA of Raji cells {ng) correspond-
ing to the initial PCR cycle numbers to reveal the linear
increase of reaction intensity (threshold cycle) in each sam-
ple on the logarithmic scale standard curve. Data of the Raji
RNA quantity (ng) for [AP family were normalized by the
data for GAPDH in each sample.

2.4. Immunohistochemistry for survivin, p53 and cell
markers

Four micrometer-thick tissue sections of bone marrow
from control, ALL and CLL cases were cut on slides cov-
ered with adhesive, Sections were deparaffinized, and en-
dogenous peroxidase was quenched with 1.5% hydrogen
peroxide in methanol for 10 min. Antibodies were applied
to identify survivin, to characterize B cells (CD20) and
T cells (CD45RO), and to identify accumulation of p53
protein. Primary antibodies included polyclonal rabbit an-
tibody against human survivin (SURV [1-A, Alpha Diag-
nostic International, San Antonio, TX), monoclonal anti-
bodies against CD20 (DAKO), CD45RO (DAKO) and p53
(Novocastra Laboratories Ltd., Newcastle, UK). All sections
were developed using biotin-conjugated secondary antibod-
ies against rabbit IgG or mouse IgG followed by a sen-

- 243 -

sitive peroxidase-conjugated streptavidin system (DAKO)
with DAB as the chromogen. Negative control staining pro-
cedure was performed using rabbit or mouse immunoglobu-
lin of irrelevant specificity substituted with the primary an-
tibody in each staining.

Phenotype determination of survivin-expressing cells
was performed by double immunostaining using poly-
clonal antibody against survivin and monoclonal antibody
against CD20 or CD45RO followed by the peroxidase-DAB
development system and then, alkaline phosphatase-conju-
gated anti-mouse IgG (DAKQ) followed by develop-
ment with the alkaline phosphatase-nitroblue tetrazolium
chloride-5-bromo-4-chloro-3-indolyl phosphatase develop-
ment system (DAKO).

2.5. RT-PCR analysis for survivin and splice variants,
survivin-2B and survivin-AEx3

To determine the pattern for the splicing of survivin,
RT-PCR analysis was performed using specific primers that
could distinguish each type of splicing variant, survivn-2B
and survivin-AEx3, by product size [25). The PCR reac-
tion was performed as described elsewhere (26,27). Briefly,
100ng of the RNA was used for RT-PCR. For comple-
mentary (C)DNA synthesis, 100 ng in 4 pl of sample RNA
solution was heated at 65 °C for 5min and cooled rapidly.
After adding 20 U of ribonuclease inhibitor (Takara, Japan),
1 plof 1.25 mM dNTP (dATP, dCTP, dGTP, dTTP, Pharma-
cia, Uppsala, Sweden) and 20U of Rous-associated virus
reverse transcriptase (Takara Biomedicals, Kyoto, Japan),
the mixture was incubated at 40 °C for 30 min, then heated
at 94°C for Smin and cooled rapidly. Oligonucleotides as
specific primers for survivin were synthesized by a com-
mercial laboratory (Invitrogen Life Technologies, Tokyo,
Tapan). The sequences of primers were as follows: forward
primer, 5'-ACCGCATCTCTACATTCAAG-3' and the re-
verse 5'-CTTTCTTCGCAGTTTCCTC-3'. In the control re-
action B-actin was also determined using the forward primer
5-AAGAGAGGCATCCTCACCCT-3', and the reverse
5-TACATGGCTGGGGTGTTGAA-3". The PCR reaction
mixture contained 10 ul of cDNA, 10 pl of 10 x PCR buffer,
Il wt of 20mM MgCly, 16l of 1.25M dNTP, 42.5 ul
of DEPC-water, 100pM forward and reverse primers, and
2.5 U of thermostable Taq polymerase (Perkin-Elmer Cetus,
Norwalk, CT, USA). The amplification was achieved with a
DNA thermal cycler (Perkin-Elmer Cetus). After denaturing
at 94 °C for 10 min, the amplification was conducted for 45
cycles at 94°C for 30s, 55°C for 30s and 72°C for 60s.
This was followed by re-extension for 10 min at 72°C. Ten
microliters aliquots of the product samples were analyzed
by electrophoresis on a 1.8% agarose gel and visualized by
UV fluorescence after staining with ethidium bromide. The
expected sizes of the PCR product were 342 bp for wild-type
survivin, 411 bp for survivin-2B, 224 bp for survivin-AEx3
and 218 bp for B-actin. X 174/Hae III-cut DNA was run in
parallel as a molecular size marker.
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2.6. Statistical analysis

Statistically significant differences were determined using
the Mann-Whitney's {/-test.

3. Results

3.1. Apoptotic cell ratio of the bone marrow cells from
ALL, CLL, and control cases

To identify the apoptotic cells in the bone marrow
samples, the TUNEL method was performed on paraffin-
embedded sections. We compared the overall TUNEL-
positive cell ratio of control bone marrow with the ratio of
ALL or CLL samples, although the apoptotic cells of con-
trol bone marrow were not necessarily the lymphoid cells.
The apoptotic cell ratio was rather low even in the control
bone marrow samples as shown in Table 1, however, the ra-
tio was lower in ALL and CLL cases than in control cases.
Differences were significant between ALL and control
(P < 0.01 by the Mann—Whitney’s U-test) and CLL and
control cases (P < 0.0001), ALL cells exhibited relatively
lower frequency of TUNEL-positive signals than CLL cells
(P < 0.0001). These findings suggested that apoptosis was
actually infrequent in ALL cells as well as in CLL cells.

3.2, Expression of mRNA for IAP family proteins
determined by real-time quantitative PCR

To quantitate the mRNA expression levels of IAP family
proteins in lymphocytic leukemia cells, real-time quantita-
tive RT-PCR was performed using bone marrow samples
from ALL, CLL and control cases. The expression of mRNA
for survivin, cIAP1, cIAP2, NAIP and XIAP was found in
all of the control samples although the expression levels
varied. Thus, the expression intensity of IAP family pro-
teins was demonstrated as the percentage of control in each
group. Differences were significant between survivin expres-

Table 1
Apoptotic cell ratio of the bone marrow from ALL, CLL and control cases
Cases TUNEL-positive cell ratio (%)?

Median Maximum-minimum
ALL 0.044 0.38-0.00320¢
CLL 0.13 0.98-0.011¢d
Control 1.08 3.65-0.580¢

2 Values indicate the median value, the maximum and the minimum
values.

b Differences were significant between the TUNEL-positive cell ratio
of ALL and control cases (P < 0.01) by the Mann—Whitney's {-test.

¢ Differences were significant between the TUNEL-positive cell ratio
of ALL and CLL cases (P < 0.0001) by the Mann-Whitney's {/-test,

4 Differences were significant between the TUNEL-positive cell ratio
of CLL and control cases (P < 0.0001) by the Mann—Whitney's {/-test.

sion of CLL and control (P < 0.05} and ¢IAP2 expression
of CLL and control (£ < 0.05) (Fig. 1). The intensities of
mRNA expression of cIAPI, cIAP2, NAIP and XIAP pro-
teins in ALL cases tended to be higher than the intensity of
control cases, although the differences were not significant.
This is caused by the fact that some of the ALL cases re-
vealed very high expression, while other ALL cases had as
low expression as control cases. No significant differences
were found between survivin expression and patients’ age,
sex or phenotypic character of leukemic cells (B cell-lineage
or T cell-lineage). These results indicated that the expres-
sion of survivin and cIAP2 would be significant in CLL
bone marrow, whereas survivin as well as other IAP family
proteins might possibly have a role only in some ALL cases.

3.3. Immunohistochemical localization of survivin in the
bone marrow of control, ALL and CLL cases

To investigate the localization of survivin, immunohisto-
chemical statning was performed in bone marrow samples
from ALL, CLL and coatrol cases. ALL cells exhibited var-
ious degrees of survivin expression from case to case. In one
case, the majority of cells stained positively, while in seven

_ cases, staining was partial (Table 2). In five cases of ALL,

survivin was not detected immunohistochemically. At the
cellular level, survivin signals in ALL cells were predom-
inantly localized to the nucleus (Fig. 2A and B), although
in some cases, prominent reaction was also observed in the
cytoplasm of ALL cases. Moreover, survivin was detected
in most of the bone marrow samples from CLL cases by
immunchistochemical staining (20 out of 21 cases). Positive
staining was observed in the majority of CLL cells in half
the cases (10 out of 20 survivin-positive cases), while other
cases exhibited positive signals in some CLL cells (Table 2).
In contrast to the subcellular localization of survivin in ALL
cases, survivin in CLL cells was predominantly localized
to the cytoplasm with minimal nuclear staining (Fig. 2C
and D). By contrast, survivin was detected in only a few
scattered myeloid cells of the control bone marrow samples
(Fig. 2E). The subcellular localization was mainly cytoplas-
mic but partly nuclear. The staining pattern and intensity
of the control bone marrow was constant between different
samples. Tissue sections that were reacted with preimmune
rabbit antibody with irrelevant specificity showed no sig-
nificant staining in all of the samples (not shown). Double
staining procedure revealed survivin-expressing cells were
CD20-positive cells both in B-ALL and B-CLL (Fig. 3A and
B) suggesting that these cells were actually leukemic cells.

3.4. Expression of survivin and splice variants, survivin-2B
and survivin-AEx3 in ALL, CLL and control cases

To examine whether the differential subcellular localiza-
tion of survivin between ALL and CLL cases was due to the
difference in nuclear/cytoplasmic transport state, RT-PCR
analysis was performed to distinguish the wild-type and
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Fig. 1. ((AX(E)) Quantitative RT-PCR analysis for IAP family proteins, survivin, cIAPI, cIAP2, NAIP and XIAP. Relative intensity was calculated as
intensity of reaction of IAP family (total Raji RNA (ng))intensity of reaction of GAPDH (total Raji RNA (ng)). The intensity of expression from ALL
and CLL samples is indicated as the percentage of the intensity of control samples. The box plot graphs indicate the vatue of ALL, CLL and control
cases. Bars indicate 90% tile and 10% tile and box indicates 75% tile to 25% tile. Differences were significant between survivin expression in CLL and
control cases (P < 0.05) and clAP2 expression in CLL and control cases (P < 0.05) by the Mann-Whitney's U-test.

splice variants of survivin. In an in vitro transfection study,
the wild-type survivin and the splice variant survivin-2B
have been shown to localize to the cytoplasm. In contrast,
another variant, survivin-AEx3, has a carboxy-terminal end
that is different from other types of survivin and mediates
strong nuclear accumulation [15]. Thus, the difference in the
splicing patterns of survivin would indicate the difference
in the state of nuclear/cytoplasmic transport system. In ALL

Table 2

and CLL bone marrow samples, predominant expression was
confined to the wild-type survivin, although a weak expres-
sion of survivin-2B and survivin-AEx3 was also identified
(Fig. 4). The splicing for survivin-AEx3, appeared more
frequent in ALL cases compared with CLL cases, although
the expression of wild-type survivin was the strongest even
in ALL cases, Therefore, splicing patterns seemed different
between ALL and CLL cells. These findings suggested that

Immunohistochemical localization of survivin in the bone marrow from ALL, CLL and control cases

Cases Number of cases Positive cases (%) Subcellular localization
Total +4++ ++ + —
ALL 13 1 4 3 3 62 Nuclear > cytoplasmic
CLL 21 10 5 5 1 95 Cytoplasmic
Control 13 0 0 0 13 0 Nuclear/cytoplasmic, scattered myeloid cells

++++: the majority of cells exhibited intense expression; +-+: more than 50% of cells revealed positive signal; +: positive staining was observed in

[0-50% of cells; ~: positive cells were less than 10%.
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Figs. 2-3. (2) Immunohistochemical localization of survivin in the bone mamrow from ALL ({A) and (B)), CLL ((C) and {D}) and control (E) cases.
Development procedures were performed using the peroxidase-DAB system (brown). Note that the majority of cells were positively stained in ALL and
CLL cases, while only a few myeloid cells exhibited positive signals in control bone marrow ({A), (C) and (E), original magnification 200x). ALL
cells showed striking signals in the nucleus as well as in the cytoplasm, whereas positive signals in CLL cefls were mainly cytoplasmic and not nuclear
((B) and (D), original magnification 400x). (3) Double immunostaining for survivin and CD20 in the bone marrow from B-ALL (A) and B-CLL cases
(B) (original magnification 200x). For double immunostaining, development procedures were performed using the peroxidase-DAB system for survivin
(brown) and the alkaline phosphatase-nitroblue tetrazolium system for CD20 (blue). In both ALL (A) and CLL (B) cases, survivin-positive cells (brown)
were also positive for CD20 antigen (blue) suggesting that the leukemic cell expressed survivin.

ALL CLL Control

1 2 3 4 5 6
Survivin-2B @t1vp) m
Survivin szep) m- —
Survivin-AEX3 (224 bp) g
pactin ey »- [SRY CY [

Fig. 4. RT-PCR analysis for the expression of wild-type survivin and the
splice variant survivin-2B and survivin-AEx3 in ALL (lanes I and 2),
CLL (lanes 3 and 4) and control bone marrow (fanes 5 and 6). In ALL
and CLL samples, the predominant expression was observed in the 342 bp
wild-type survivin. However, note that ALL cases have distinct 224 bp
signals for survivin-AEx3, while CLL cases exhibit very weak 411 bp
survivin-2B signals other than wild-type survivin. In some ALL cases,
the expression of survivin-AEx3 was prominent as shown in lane 2.

the mechanism of the nuclear/cytoplasmic transport system
of survivin such as the CRM1 systemn or the distribution of
survivin-binding proteins such as caspases might be differ-
ently regulated in ALL cells compared with CLL cells.

3.5. p53 expression in the bone marrow cells of ALL and
CLL cases

To determine whether p53-dependent apoptotic pathways
were associated with the expression of survivin in ALL and
CLL cases, immunohistochemical staining was performed
for detecting p53 accumulation in bone marrow samples. As
expected from the previous studies [2,4], accumulation of
p33 protein was not frequent in ALL and CLL cells in the
present study. A positive reaction was observed only in 8%
of ALL (1 out of 13 cases) and 10% of CLL cases (2 out
of 21 cases). Because the overexpression of survivin was
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observed in more than half the ALL cases and the majority of
CLL cases, these results suggested that survivin expression
in ALL and CLL cases would not be associated with p53
mutation.

4. Discussion

Regarding the survivin expression in lymphocytic
leukemia cells, previous studies have revealed an overex-
pression in some ALL cases [28,29] including adult T-cell
leukemia [30] or a significant expression in B-CLL cases
[31], while other group indicated that survivin was unde-
tectable in the majority of B-CLL samples {32]. The in

vitro data on mononuclear cells from the peripheral blood |

or bone marrow demonstrated that B-CLL cells expressed
survivin on CD40 stimulation and that survivin was the only
IAP whose expression was induced by the CD40 ligand
(CD40L) [31]. CD40 belongs to the tumor necrosis factor
(TNF) receptor superfamily [33] and its stimulation appears
to rescue B-CLL cells from apoptosis and induce prolifer-
ation {34]). In CLL patients, CD40L would be provided as
microenvironmental stimuli by activated CD4% T cells in
the bone marrow. The present data indicated that not only
survivin but also cIAP2 exhibited significant overexpres-
sion in the bone marrow from CLL patients in vivo. Thus,
in CLL bone marrow, multiple microenvironmental factors
other than the CD40-CD40L system may also influence the
expression of [AP family proteins.

In ALL samples, IAP family expression patterns other
than survivin were not uniform in the present study. Some
cases exhibited very strong expression, while others revealed
an almost normal level of expression. As a result, although
the mean intensities of cIAP1, NAIP and XTAP in ALL were
higher than those of control cases, the differences were not
significant between ALL and control groups. Thus, several
IAP family proteins other than survivin might also play a
role in some ALL cases but may not be the general factors
that regulate apoptotic pathways in ALL cells.

Immunohistochemical staining revealed a very high fre-
quency of survivin expression in CLL cells and relatively
high frequency in ALL cells in the present study. Thus, im-
munohistochemical analysis would be useful for detecting
the few remaining leukemic cells after treatment and the
very early stage of leukemic relapse of ALL/CLL cases on
formalin-fixed routine bone marrow aspiration samples. We
confirmed that the condition in leukemic relapse did not al-
ter the state of survivin expression in several samples from
ALL and CLL cases, however, further study should be made
to clarify the influence of chemotherapeutic agents on the
expression patterns of survivin.

Two splice variants of survivin, survivin-AEx3 and
survivin-2B, have been identified [25]. Study on the reg-
ulation of alternative splicing is still a new and intriguing
area. Thus, how different splice forms are turned on and off
is still controversial except for several instances [35]. Ge-
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netic events in ALL/CLL pathogenesis might involve and
alter the splicing mechanism of survivin, although a future
study should clarify the details. By transfection experi-
ments, survivin-AEx3 conserves antiapoptotic properties,
while survivin-2B has a markedly reduced antiapoptotic
potential. In the present study, ALL cases and CLL cases
exhibited enhanced expression of wild-type survivin as well
as survivin-2B, while survivin-AEx3 was more intensely
expressed in ALL cases than in CLL cases. These variants
of survivin might contribute to the suppression of the apop-
totic process in the bone marrow cells as expected from the
present TUNEL data. ‘

It is difficult to explain the difference in apoptotic charac-
ter of ALL and CLL only by the expression of survivin and
¢IAP2 at this moment. However, it is possible that the abil-
ity of survivin to counteract apoptosis is modulated by its
localization to the nucleus or the cytoplasm of the cell [15].
In addition to its anti-apoptotic function, survivin also plays
a role in the regulation of cell cycle progression during mi-
tosis [8)]. Highly proliferative activity of ALL cells but low
proliferative activity of CLL cells might be associated with
the differential expression pattern of survivin,

Wild-type p33, but not mutant p53, represses survivin
expression at both the mRNA and protein levels [36]. The
modification of chromatin within the survivin promoter

. would be a molecular explanation for the silencing of sur-

vivin gene transcription by p53 [37]. On the other hand,
the over-expression of exogenous survivin protein rescues
cells from p33-induced apoptosis in 2 dose-dependent man-
ner, suggesting that loss of survivin mediates in part the
p53-dependent apoptotic pathway (37]. In contrast to the
high frequency of p53 mutations in many of the solid can-
cers, ALL (5-17%) and CLL (10-20%) cases have been
shown to demonstrate a rather low frequency of p53 mu-
tation [2,4]. We also observed that immunohistochemical
accumulation of p53 was present only in 8% of cases with
ALL and 10% of CLL cases. Therefore, p53 mutation
would not appear to be the major factor controlling the
overexpression of survivin in the bone marrow of ALL and
CLL cases.
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