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Wilms' tumor gene 1 enhances nutlin-3-induced apoptosis
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Abstract. Nutlin-3, a human double minute 2 (HDM?2) antago-
nist, induces cell cycle arrest or apoptosis by upregulating p53
in cancer cells. WT1, the product of Wilms' tumor gene 1,
has been shown to interact with p53, but the effect of WT1
on nutlin-3-induced apoptosis has yet to be examined. To
address this issue, we analyzed the inhibitory effect of nutlin-3
on cell growth as a function of Wtl expression status using a
Wtl-inducible U20S cell line. In the absence of Wt/ expression,
nutlin-3 induced cell cycle arrest with marginal cytotoxicity.
Furthermore, upon Wt/ expression, nutlin-3 exerted a marked
degree of cell death, as evidenced by the accumulation of
hypo-diploid cells and LDH release. During cell death induc-
tion, cytochrome ¢ was released into the cytosol, and caspase-9
and -3 were activated, suggesting that an intrinsic apoptotic
pathway may be involved in this cell death. Consistent with
this, z-VAD-Fmk, a pan-caspase inhibitor and the overexpres-
sion of BCL-XL attenuated the cell death. Nutlin-3 caused an
increase in the mRNA levels of both BCL-XL and BAK, as
well as their corresponding protein levels in mitochondria.
In the presence of Wtl, nutlin-3-induced BCL-XL expression
was attenuated while the expression of nutlin-3-induced BAK
was potentiated. Collectively, these results suggest that WT1
potentiates nutlin-3-induced apoptosis by downregulating the
expression of BCL-XL while upregulating that of BAK, which
leads to the activation of an intrinsic apoptotic pathway.
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Introduction

Wilms' tumor gene WT1 is mutated in approximately 10-15%
of sporadic Wilms' tumors (1). Germline mutations in W71
can lead to developmental diseases such as WAGR (Wilms
tumor, aniridia, genitourinary abnormalities and intellectual
disability), Denys-Drash and Frasier syndromes, all of which
are characterized by glomerulonephropathy and abnormal
gonad development (2). The importance of WT1 during
development was further demonstrated using mouse models.
Embryos of Wtl-/- mice die in utero with agenesis of the
kidneys, gonads, adrenal glands and spleen (3,4). WTI encodes
a Cys2-His2 (C2H2) zinc finger protein that functions as a
transcription factor (5). WT1 has two alternative splicing sites,
three translational initiation sites, and one RNA editing site,
making possible the generation of at least 24 isoforms in the
cell. The first alternative splicing introduces 17 amino acids
encoded by exon 5 and the second alternative splicing inserts
or omits three amino acids, KTS (Lys, Thr and Ser) between
the third and fourth zinc fingers. Since KTS insertion by
second alternative splicing disrupts the spacing between two
zinc fingers, the +KTS isoform of WT1 has an altered DNA
binding specificity.

Developmental processes are closely related to cell death.
During the embryonic development of the kidney, metanephric
mesenchyme serves as a precursor of glomerular and tubular
structures. Wtl-null mice develop extensive apoptosis in the
metanephric blastema (3) suggesting that WT1 protects renal
precursor cells from apoptosis. Bcl-2 expression by WT1 can
explain its anti-apoptotic function during kidney develop-
ment (6). Consistent with the anti-apoptotic effects during
development, WT1 promotes the survival of chronic leukemic
cells such as K562 and MMG6 (7). However, the expression of
+KTS isoforms (+Ex5/+KTS and -Ex5/+KTS) of WTI induces
apoptosis in HepG2 cells (8). Another isoform of WTI,
-Ex5/-KTS, induces apoptosis in Saos-2 cells by upregulating
BAK expression (9). These findings suggest that WT1 may
have a dichotomous effect on cancer cell death depending
on the cell types and the isoforms. One of the characteristic
features of WT1 is its interactions with several proteins
that function in apoptosis, such as p53 and HSP70 (10,11).
Maheswaran et al showed that WT1 stabilizes p53 (10) and
inhibits UV-induced apoptosis which is dependent on p53, but
not pS3-induced cell cycle arrest (12). The molecular mecha-
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nisms that are involved in the effect of WT1 on p53-induced
apoptosis, however, remain to be elucidated.

Nutlin-3 is a small molecule that binds to the p53 binding
pocket of HDM2 which ubiquitylates and degrades p53 (13).
Thus, nutlin-3 elevates the level of expression of p53 and
activates the p53 pathway. In cancer cells that harbor wild-
type p53, nutlin-3 can activate p53-dependent growth arrest
or an apoptosis program (14). Based on the ability of WT1
to interact and modulate the activity of p53, we investigated
whether WT1 also modulates the anticancer effect of nutlin-3.
To address this issue, we analyzed the effect of nutlin-3 on
the growth and survival of U20S cells which express Wt/
according to the presence of tetracycline.

Materials and methods

Chemicals. Nutlin-3 was purchased from Sigma-Aldrich
(St.Louis, MO, USA).Z-VAD-Fmk was from Tocris Bioscience
(Northpoint, UK). Unless otherwise specified, all chemicals
were of molecular biology grade and were purchased from
Sigma-Aldrich.

Cell culture. The UD29a cell line was stably established from a
U20S cell line (human osteosarcoma cells; ATCC, Manassas,
VA, USA) by transfection of WtI(+Ex5/+KTS) regulated by
tetracycline-repressible promoter and maintained in DMEM
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (HyClone, Logan, UT, USA),
100 U/ml of penicillin/streptomycin (Invitrogen) and 1 xg/ml of
tetracycline under a 5% CO, and 95% humidified atmosphere.
To induce the expression of Wt/, cells were washed three times
with calcium, magnesium-free phosphate-buffered saline
(Invitrogen) and replenished with DMEM without tetracycline.

Cell death assessment. Cell viability was measured by the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] reduction assay. UD29a cells were seeded at a
density of 5x10* cells/well in 24-well plates and after 24 h,
tetracycline was removed and nutlin-3 was added. Following
incubation for the indicated periods, MTT was added and the
optical density of each well was measured at 570 nm. Data
are expressed as relative cell survival which represents the
percentage of the optical density of cells treated with nutlin-3
to that of non-treated cells. For the measurement of apoptotic
cells, UD29a cells treated with nutlin-3 were fixed in 70%
ethanol and stained with propidium iodide (PI) followed by
flow cytometric analysis (FACSCalibur, BD Biosciences, San
Jose, CA, USA) as previously reported (15). Cell cycle distri-
bution was analyzed by CellQuest and ModFit software.

Immunoblot analysis. Cell lysates, mitochondrial fractions or
cytosolic fractions were subjected to SDS-PAGE and immu-
noblot analysis following a previous method (16). The proteins
were then transferred onto a nitrocellulose transfer membrane
(Whatman, Dassel, Germany). After the transfer, membranes
were blocked for 30 min in TTBS buffer (25 mM Tris, pH 7.4,
138 mM NaCl, 0.05% Tween-20) containing 5% skim milk and
then incubated with indicated antibodies. After washing four
times with TTBS, the membranes were incubated with anti-
mouse IgG-peroxidase conjugated. The membranes were then
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washed four times in TTBS, followed by chemiluminescence-
based detection (GE Healthcare, Buckinghamshire, UK).

Subcellular fractionation. Cytosolic and mitochondrial frac-
tions were separated as described in a previous report (17).
Briefly, cells were treated as indicated and were resuspended
in ice-cold hypotonic buffer (10 mM Hepes, 10 mM MgCl,,
42 mM KClI) containing a protease inhibitor cocktail. Plasma
membranes were ruptured by passing the cells through a
31-gauge syringe. Following centrifugation at 1,000 rpm for
5 min at 4°C, the supernatant was collected and again centri-
fuged at 13,000 rpm for 15 min at 4°C. The clear fraction
was saved as the cytosolic fraction and the pellet, the heavy
membrane fraction, was used as the mitochondrial fraction.

Assay of mitochondrial transmembrane potential (MTP).
The change in MTP during apoptosis was analyzed using a
MitoProbe™ JC-1 Assay kit (Invitrogen), following the manu-
facturer's instructions.

Real-time quantitative RT-PCR (qRT-PCR). Total RNA that
was extracted from cells treated as indicated was reverse
transcribed to cDNA using a random hexamer and CycleScript
Reverse Transcriptase (Bioneer Corp., Daejeon, Korea) and
subjected to qRT-PCR. qRT-PCR was performed with a
mixture containing cDNA, SYBR Premix Ex Taq (Takara Bio
Inc., Otsu, Japan) and primers using Mx3000P QPCR System
(Stratagene, La Jolla, CA, USA). The level of change in gene
expression change was calculated by the AACt method using
GAPDH as an internal control (18). All tests were carried out
in triplicate and repeated three times.

Expression of human BCL-XL. Coding sequence of human
BCL-XL was amplified using ExTaq DNA polymerase (Takara
Bio) and inserted into pcDNA3.1-vector (Invitrogen). After
the nucleotide sequence of BCL-XL in pcDNA3.1-/BCL-XL
was confirmed to be completely matched with published data
(GenBank accession no. NM_138578), pcDNA3.1-empty
vector or pcDNA3.1-/BCL-XL was transfected into UD29a
cells using FuGENE 6 transfection reagent.

Results

Potentiation of nutlin-3-induced growth suppression by Wtl
expression. Among all the isoforms of WT1, +Ex5/+KTS is
the most abundant, accounting for >60% of all WT1 tran-
scripts (19). Thus, we first examined the effect of this isoform
on the nutlin-3-mediated activation of p53. As shown in
Fig. 1A, the addition of nutlin-3 led to a marked increase in the
level of p53 protein and the expression of Wtl did not further
increase p53 protein levels induced by nutlin-3. However, the
presence of nutlin-3 also caused an increase in Wtl levels
(compare lanes 3 and 4). Consistent with its function as an
HDM2 inhibitor, nutlin-3 had no effect on p53 mRNA levels,
while the level of p2IWAF1 mRNA increased in parallel with
that for the p53 protein, indicating that p53 is functionally
intact in this cell line (Fig. 1B). Nutlin-3 treatment inhibited
the growth of UD29a cells, accompanied by a marginal release
of lactate dehydrogenase (LDH) (Fig. 1C). The expression
of Wtl by itself had no negative effects on cell growth but,
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Figure 1. Effect of Wtl on nutlin-3-induced growth inhibition. UD29a cells
were treated with 20 uM nutlin-3 (NUT3) in the absence or presence of Wtl
(+Ex5/+KTS) for 48 h. (A) Lysates of UD29a cells were subjected to immu-
noblot analysis. $-actin was used for equal loading of proteins. (B) Total
RNAs of UD29a cells were extracted and subjected to qRT-PCR against p53
and p21WAF1 as described in Materials and methods. All data represent the
means + SD of three independent experiments, each sample of which was
measured in triplicate. (C, left panel) Cell viability was determined by MTT
assay and expressed as relative cell survival which indicates the percentage
of cell viability of the NUT3-treated cells to that of the cells grown in the
presence of 1 ug/ml tetracycline (Tet) without 20 uM NUTS3. (C, right panel)
Culture media of UD29a cells were collected and subjected to LDH release
assay according to the manufacturer's instruction. LDH release of each
group was normalized to that of the non-treated group and expressed as fold-
change. All data represent the means + SD of three independent experiments
performed in triplicate.

in the presence of nutlin-3, growth suppression was further
potentiated and the release of LDH was markedly increased
(Fig. 1C), suggesting that the combination of WT1 expression
and nutlin-3 treatment leads to enhanced cell death.

Activation of caspase-dependent apoptosis by nutlin-3 in
the presence of Wtl. To examine the mechanism responsible
for cell death induction, we analyzed the cell cycle distribu-
tion and the activation of caspases. As shown in Fig. 2A,
nutlin-3 treatment alone induced a decrease in S-phase cells,
suggesting p53-mediated delay or arrest of cell cycle progres-
sion. In the presence of WT1, nutlin-3 induced a striking
increase in the sub-G1 population of UD29a cells but not
non-WT1-expressing cells. Parallel to the level of the sub-Gl1
population, nutlin-3 induced the activation of caspase-9
and -3, and the cleavage of poly(ADP-ribose) polymerase 1
(PARP1) (Fig. 2B). In addition, this cell death was diminished
by pretreatment with z-VAD-Fmk, a pan-caspase inhibitor
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Figure 2. The effect of Wtl on nutlin-3-induced apoptosis. (A) UD29a cells
treated with 20 yM nutlin-3 (NUT3) in the presence or absence of 1 pg/ml
tetracycline (Tet) for 48 h were fixed, stained with propidium iodide (PI) and
analyzed by flow cytometry. (B) Lysates of UD29a cells treated as indicated
for 48 h were subjected to immunoblot analysis against indicated proteins.
GAPDH was used for equal loading of proteins. (C) UD29a cells incubated
with or without 50 uM z-VAD-Fmk (z-VAD) for 1 h were treated with NUT3
in the absence of Tet. At 24 h post-treatment of nutlin-3, MTT assay was
performed and expressed as relative cell survival (%) which indicates the
percentage of cell viability of the NUT3-treated cells to that of the cells
grown in the presence of 1 pg/ml Tet without 20 M NUT3. Data represent
the means + SD of three independent experiments performed in triplicate.

(Fig. 2C). Collectively, these results suggest that nutlin-3
induces apoptosis via an intrinsic apoptosis pathway in the
presence of WTI.
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Figure 3. Activation of the intrinsic apoptotic pathway by nutlin-3 and Wtl. (A) Cytosolic and mitochondrial fractions of UD29a cells treated as indicated for
48 h were subjected to immunoblot analysis against cytochrome ¢ (Cyt C). GAPDH and cytochrome ¢ oxidase (Cyt C Oxidase) were used for equal loading
of cytosolic and mitochondrial fractions, respectively. (B) UD29a cells treated as indicated for 48 h or 50 xM CCCP for 5 min were incubated with 2 yM
JC-1 using a MitoProbe™ JC-1 Assay kit. After 15 min, cells were harvested and analyzed on FACSCalibur. CCCP was used to confirm that JC-1 sensitively
responded to MTP dissipation. These data are representative of three independent experiments.
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Figure 4. The effect of Wt on the nutlin-3-induced accumulation of BAK and BCL-XL. (A and B) UD29a cells were treated with 20 yM nutlin-3 (NUT3) in the
presence or absence of 1 ug/ml tetracycline (Tet) for 48 h. (A) Mitochondrial fractions of UD29a cells were subjected to immunoblot analysis. Cytochrome ¢
oxidase (Cyt C Oxidase) was used for equal loading of mitochondrial proteins. (B) Total RNAs of cells treated as indicated were extracted and subjected to
qRT-PCR of BCL-XL and BAK mRNAs using GAPDH as the internal control. The data shown are the means + SD of three independent experiments performed
in triplicate. (C) UD29a cells transfected with pPCDNA3.1(23) (EV) or pCDNA3.1(23)/BCL-XL (BCL-XL) for 24 h were treated with 20 uM NUT3 in the
absence of Tet. At 48 h post-treatment, cell lysates were subjected to immunoblot analysis (left panel), and MTT assay was performed and relative cell survival
was calculated (right panel). The data represent the means + SD of three independent experiments performed in triplicate.

Release of cytochrome c by nutlin-3 and Wtl expression. Since  lead to the release of cytochrome c into the cytosol (Fig. 3A),
the intrinsic apoptotic pathway is activated by cytochrome ¢ which is consistent with the absence of any activation of
released into the cytosol, we measured the intracellular local-  caspases and PARPI cleavage (Fig. 2B). When nutlin-3 was
ization of cytochrome c. The addition of nutlin-3 alone did not  added in the presence of WT1 expression, however, a marked
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increase in the cytosolic cytochrome ¢ was observed. The
release of cytochrome ¢ was not associated with the altera-
tion of the MTP (Fig. 3B), indicating that the cytochrome c is
released through pores or channels formed in the mitochon-
drial outer membranes.

The expression of BCL-XL and BAK during cell death.Itis well
known that MTP-independent cytochrome c release occurs
through the pores formed by BAX or BAK (20). Therefore,
we examined the expression of BCL-2 family proteins in
mitochondria after nutlin-3 treatment. As shown in Fig. 4A,
nutlin-3 treatment resulted in an increase in the expression of
BCL-XL and BAK while the expression of BCL-2 and BAX
was not observed. In UD29a cells expressing Wtl and treated
with nutlin-3, a sharp decrease in BCL-XL and a modest
increase in BAK occurred at the protein level. At the mRNA
level, nutlin-3 treatment led to significant increases in BCL-XL
(6-fold) and BAK (3-fold) transcripts. The expression of Wt/
alone led to a modest induction (<2-fold) of BAK mRNA but
had no effect on the expression of BCL-XL (Fig. 4B). The
expression of Wt/ in UD29a cells treated with nutlin-3 resulted
in a synergistic increase (8-fold) in the expression of BAK
transcripts while Wtl attenuated the nutlin-3-induced expres-
sion of BCL-XL transcripts. The overexpression of BCL-XL
in Wtl-expressing cells attenuated nutlin-3-induced apoptosis,
as evidenced by a significant increase in cell survival and a
decreased level of cleaved PARPI. These results suggest that
WTI1 potentiates nutlin-3-induced apoptosis by the synergistic
induction of BAK expression and a simultaneous decrease in
BCL-XL expression.

Discussion

p53 is a critical activator of apoptosis which is induced by
DNA damaging agents such as y-irradiation and UV. In
contrast to the report that WT1 inhibits UV-induced apoptosis,
the +Ex5/+KTS isoform of Wtl potentiated nutlin-3-induced
apoptosis in the present study. In the absence of Wt/ expres-
sion, cell cycle arrest with marginal cytotoxicity was induced
by nutlin-3, but in the presence of Wl (+Ex5/+KTS) expres-
sion, nutlin-3 treatment provoked overt cell death (Fig. 1C).
Based on an analysis of cell cycle distribution (Fig. 2A) and
biochemical markers (Fig. 2B), cell death induced by nutlin-3
in Wtl-expressing cells appears to be mediated by apoptosis.
During the induction of apoptosis in Wtl-expressing cells, cyto-
chrome ¢ was released into the cytosol in an MTP-independent
manner (Fig. 3) and both caspase-9 and -3 were activated
(Fig. 2B), demonstrating that the intrinsic apoptotic pathway
played a major role in this model.

BCL-2 family proteins are essential players in MTP-in-
dependent release of cytochrome c¢. Both BCL-XL and BAK
were found to have accumulated in mitochondria of nutlin-
3-treated cells (Fig. 4A). Notably, when Wl was expressed,
nutlin-3-induced BCL-XL and BAK expression was reduced
and augmented, respectively (Fig. 4A), which would likely
result in the activation of BAK. BAK can make pores or
channels in mitochondrial outer membranes through which
cytochrome ¢ can exit into the cytosol, initiating the forma-
tion of apoptosome (19). The release of cytochrome ¢ by
a combination of nutlin-3 treatment and W¢l(+Ex5/+KTS)
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expression was reversed by the overexpression of BCL-XL
(Fig. 4C), which further supports the involvement of BAK in
this process. The increase in BCL-XL and BAK by nutlin-3
was accompanied with that of transcripts (Fig. 4B), indicating
p53-mediated transcriptional activation. Although they are not
generally considered to be transcriptional target genes of p53,
and there has been no report showing that p53 stimulates the
transcription of BCL-XL, it was reported that the transcription
of BAK can be induced by p53, although to a lesser extent than
that for p2/WAFI and BAX (21). Therefore, it is possible that
BCL-XL and BAK genes contain p53-responsive elements,
albeit very weak, in their promoters, and a gradual accumula-
tion of p53 by nutlin-3 would eventually lead to a recruitment
of p53 to these promoters, finally resulting in a transcriptional
increase in this cell line.

It is noteworthy that Wtl displayed opposing effects
on nutlin-3-induced BCL-XL and BAK expression (Fig. 4A
and B). Consistent with the report that the -Ex5/-KTS isoform
of Wtl stimulated the transcription of BAK in Saos-2 cells
through direct binding to a BAK promoter (9), we observed
a modest (<2-fold) induction in BAK transcription by the Wt/
+Ex5/+KTS isoform (Fig. 4B). Moreover, the finding that the
level of Wtl protein was upregulated by nutlin-3 (Fig. 1A) may
suggest that the induction of BAK transcription by Wtl may
be surged via upregulated Wtl protein and thus increase of
its transcriptional activity. However, since WT1 +KTS has a
lower DNA binding affinity compared to the -KTS isoform,
it is also reasonable to expect that WT1 +KTS may modulate
the p53-induced expression of BCL-XL and BAK expression
though its interaction with p53 or by regulating signal trans-
duction pathways that are activated by nutlin-3. Considering
that the activity of p53 has been shown to be regulated by
several coregulators and that WT1 was also reported to act as
a coregulator of p53 (10), it can be assumed that WT1 binds
to p53 and affects p53-induced BAK and BCL-XL transcrip-
tion by altering the interaction of cofactors with p53. p53 can
also activate apoptosis by a non-transcriptional mechanism. It
has been reported that p53 can be translocated to mitochon-
drial membranes and interact with BAK (22), BAX (23) or
BCL-XL (24), thus enhancing the channel-forming activities
of BAK and BAX. WT1, which was originally characterized
as a nuclear protein, has been shown to shuttle between the
cytosol and the nucleus (25,26). These reports might also
indicate that, in the transcription-independent activation of
apoptosis, WT1 binds to p53 or protein complexes containing
p53 in the nucleus as well as the cytosol, and moves to mito-
chondrial membranes to potentiate the p5S3-mediated apoptotic
activity. Therefore, to identify the mechanism responsible for
how WTI potentiates nutlin-3-induced apoptosis, the mecha-
nisms involved in BAK and BCL-XL induction as well as BAK
activation in mitochondria by a combination of nutlin-3 treat-
ment and WT1 expression need to be studied further.

Although nutlin-3 can induce cell cycle arrest and
apoptosis, it has been reported to predominantly induce
mitotic arrest in solid tumor cell lines (27). Mitotic arrest
can contribute to the inhibition of cancer growth, but from
the view point of chemotherapeutic efficiency, it diminishes
apoptosis and promotes an acquired resistance to anticancer
therapeutics (28). Therefore, it can be expected that molecules
such as the WT1 protein that enhance the apoptosis by nutlin-3
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can be applied to cancer treatment as combined with nutlin-3.
For the development of WT1 as an enhancer of the anticancer
effect of nutlin-3, the mechanism underlying the potentiation
of p53-induced apoptosis by WT1 and whether the effect of
WTT1 is universal or cell type- or isoform-specific should be
determined first. Eventually, the molecular characterization of
relationships between WT1 and p53 could contribute to the
establishment of a carcinogenesis model and the development
of a new treatment modality against cancer in the future.
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