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Abstract

We previously reported that p42/SETb is a substrate for

caspase-7 in irradiated MOLT-4 cells, and that treating

the cells with sodium orthovanadate (vanadate) inhibits

p42/SETb’s caspase-mediated cleavage. Here, we initially

found that the inhibitory effect of vanadate was due to the

suppression of caspase activation but not of caspase activity.

Further investigations revealed that vanadate suppressed

upstream of apoptotic events, such as the loss of

mitochondrial membrane potential, the conformational

change of Bax, and p53 transactivation, although the

accumulation, total phosphorylation, and phosphorylation

of six individual sites of p53 were not affected. Importantly,

vanadate suppressed p53-dependent apoptosis, but not

p53-independent apoptosis. Finally, gel-shift and chromatin

immunoprecipitation assays conclusively demonstrated that

vanadate inhibits the DNA-binding activity of p53. Vanadate

is conventionally used as an inhibitor of protein tyrosine

phosphatases (PTPs); however, we recommend that the

influence of vanadate not only on PTPs but also on p53 be

considered before using it.
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Introduction

The human T-cell leukemia cell line MOLT-4 is hypersensitive

to X-irradiation (IR). Irradiated MOLT-4 cells show apoptotic

cell death characterized by nuclear condensation and DNA

fragmentation mediated by activated caspases.1–4 Recent

studies by us and others have demonstrated that the p53 and

SAPK/JNK pathways are involved in the radiation-induced

MOLT-4 apoptosis.1–3 In our previous studies, we reported

the induction of a new protein, p41, in this apoptotic process.

p41 is induced after IR through cleavage of p42/SETb and

appears to be a specific catalytic product of caspase-7 and a

marker of apoptosis.4,5

Caspases are a family of aspartate-specific cysteine

proteases activated during apoptosis, and are normally

present in cells as proenzymes that require limited proteolysis

for the activation of enzymatic activity. Activated caspases

precipitate the irreversible commitment of the cell to apoptotic

death by cleaving a number of substrates, many of which

have been identified. Caspases are classified into two

types: initiator and effector caspases. Enzymatic activation

of initiator caspases, such as caspase-8 and -9, leads to

proteolytic activation of downstream effector caspases, which

include caspase-3, -6, and -7. For instance, the fact that either

caspase-9 deficiency or apoptotic protease activating factor-1

(Apaf-1) deficiency results in resistance to the apoptosis

induced by ionizing radiation or other DNA-damaging agents

indicates that these agents preferentially activate the cas-

pase-9/Apaf-1/cytochrome c (Cyt.c)-dependent apoptotic

pathway. In this activation of caspase-9, the release of Cyt.c

from the mitochondria into the cytosol acts as a trigger for the

formation of the caspase-9/Apaf-1/Cyt.c complex called the

apoptosome and initiates the caspase cascade. In addition,

second mitochondria-derived activator of caspase/direct IAP-

binding protein with low pI (Smac/DIABLO), another released

mitochondrial protein, enhances the enzymatic activity of

caspases by obstructing the association of the IAPs (inhibitors

of apoptosis proteins) with the caspases. Overexpressing

antiapoptotic Bcl-2 family members inhibits the release of

Cyt.c and Smac/DIABLO and related events such as the
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conformational change of Bax and the loss of mitochondrial

membrane potential (Dcm).6–9

p53 is a well-studied transcription factor associated with

the cell’s decision between apoptosis and other fates after

DNA damage. After DNA damage, p53 stability is increased

by phosphorylation, and the accumulated p53 induces the

transcription of its target genes.10 Overexpressing a domi-

nant-negative form of p53 in MOLT-4 cells results in

resistance to radiation-induced apoptosis.1 Recent studies

have revealed two potential mediators of p53-dependent

apoptosis, p53 upregulated modulator of apoptosis (PUMA)11

and Histone H1 (especially Histone H1.2).12 Once transacti-

vated by p53, they cause the release of mitochondrial

proapoptotic molecules into the cytosol and initiate the

caspase cascade.

Vanadate (sodium orthovanadate, Na3VO4) is widely used

as an inhibitor of protein tyrosine phosphatases (PTPs).13 In

our research, vanadate was originally found to be an inhibitor

of p41 induction in irradiated MOLT-4 cells, although this

induction is mediated by caspase-7.4,5 The objective of this

study was to clarify the effect of vanadate, and we speculated

that the inhibitory effect of vanadate on the cleavage of

p42/SETb to p41 would be due to suppression of either the

activation or the activity of caspases. Therefore, we investi-

gated the effect of vanadate on caspases and related

apoptotic processes. We conclude that vanadate suppresses

caspase activation by acting on the upstream process of

caspase activation, that is, its transactivation by p53.

Results

Vanadate suppresses caspase activation and

apoptosis in irradiated MOLT-4 cells

We initially investigated the effect of vanadate on recombinant

caspase-7 activity in vitro. Figure 1a shows that vanadate

had little effect on the activity of recombinant caspase-7,

even when dithiothreitol (DTT), an antioxidant that enhances

caspase activity, was absent from the reaction buffer. There-

fore, we next investigated the effect of vanadate on caspase

activation. At 800mM, vanadate almost completely sup-

pressed the activation of caspase family members including

caspase-7, and prevented the release of Cyt.c and Smac/

DIABLO into the cytosol (Figure 1b). These results were in

agreement with the suppression of radiation-induced MOLT-4

apoptosis at 800–1600mM by vanadate, with tolerable

cytotoxicity (Figure 1c). We also examined the antiapoptotic

effect of several known PTP inhibitors on this apoptosis

(Figure 1c, right panel). We found that a vanadate compound,

bis(N,N-dimethylhydroxamido) hydrooxovanadate (DMHV),14

that permeates cell membranes more easily than vanadate

does, also suppressed the apoptosis, whereas the other

inhibitors, 3,4-dephostatin (DPS) and phenylarsine oxide

(PAO), did not. In particular, PAO was very cytotoxic for the

MOLT-4 cells. The concentrations of DPS and PAO in these

experiments were sufficient to inhibit PTPs.15,16 Accordingly,

the suppressive effect of the vanadate compounds was

unlikely to be related to their inhibitory activity against

PTPs, because not all the PTP inhibitors tested inhibited the

apoptosis.

Vanadate acts upstream of the caspase activation

and the release of mitochondrial proapoptotic

molecules into the cytosol

We further investigated the effects of vanadate, and

compared them with those of a caspase inhibitor or

overexpressed Bcl-2. As shown in Figure 2a, the release

of mitochondrial proapoptotic molecules into the cytosol

was suppressed by a caspase inhibitor, Z-Val-Ala-Asp(OMe)-

CH2F (Z-VAD-FMK) or overexpressed Bcl-2 (MOLT-4 cells

overexpressing the murine Bcl-2 (MOLT/mBcl-2)), as well

as by vanadate. However, the suppressive effects of

vanadate on the mitochondrial release and the cell death

required that the vanadate be given sooner after IR

treatment than Z-VAD-FMK. Figure 2b and c show that

the effectiveness of giving vanadate diminished progres-

sively and was abolished by 3 h after IR, whereas Z-VAD-

FMK was still effective when given 4 h after the IR

treatment. Since the release starts 5 h after IR (data not

shown), Z-VAD-FMK is effective until just before the

release. These results suggest that the Z-VAD-FMK affects

the mitochondrion itself and that vanadate may act on

apoptotic processes that precede the release.

To pursue this idea further, we next investigated the effect

of vanadate on events prior to the release, that is, the

conformational change of Bax and loss of Dcm. In the

experiments on Bax, an anti-Bax antibody was used as a

probe for conformationally changed Bax, because the

changed Bax exposes its antigenic epitope in nondenaturing

conditions.9 As shown in Figure 3a, the fluorescence intensity

of Bax increased after IR, while the amount of Bax protein

analyzed by denaturing gel immunoblotting did not

(Figure 3b). Figure 3a shows that the change was suppressed

by vanadate or overexpressed Bcl-2 but not by Z-VAD-FMK.

Similar results were obtained in the analysis of the loss ofDcm

(Figure 3c). These data demonstrate that vanadate acts on

the events upstream of the release and that Z-VAD-FMK

inhibits the release steps.

Vanadate suppresses p53-dependent DNA

damage-induced apoptosis

We further investigated the effect of vanadate on DNA

damage-induced apoptosis in several cell lines. Interestingly,

the suppression of this apoptosis occurred exclusively among

three wild-type p53 cell lines and not in two p53-null cell lines

(Figure 4a and b).1,17–20 It is known that these three cell lines

show p53-dependent apoptosis when stimulated by DNA-

damaging agents.1,17,18 In fact, these wild-type p53 cell lines

showed the activation (accumulation) of p53 after the DNA-

damaging treatments, and, as expected, the two p53-null cell

lines did not (Figure 4d). Unlike the wild-type p53 cell lines, the

two p53-null cell lines were more susceptible to X-rays when

treated with vanadate than when they were exposed to X-rays

alone, and high concentrations of vanadate alone were

sufficient to induce apoptosis in these lines (Figure 4b). In

addition, vanadate enhanced the apoptosis induced by

anisomycin, which activates SAPK/JNK and does not activate

p53 in MOLT-4 cells3 (Figure 4c). These data suggest that

vanadate antagonizes p53 functions and stimulates the
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Figure 1 Vanadate suppresses caspase activation and apoptosis in irradiated MOLT-4 cells. (a) Vanadate does not suppress recombinant caspase-7 activity.
Caspase-7 activity was assayed as described in Materials and Methods. (b) Dose dependency of the suppressive effect of vanadate on the release of mitochondrial
proapoptotic molecules into the cytosol and on caspase activation in irradiated MOLT-4 cells. Cells were harvested 10 or 7 h after 10 Gy IR for measurements of caspase
activation or the released proapoptotic molecules, respectively. Proteins were detected by immunoblotting. (c) Cell viabilities were quantified by staining with Annexin
V-FITC plus PI and by flow cytometric analysis. Open bars indicate the viabilities of unirradiated samples 18 h after treatment, and closed bars indicate the viabilities of
10 Gy-irradiated samples 18 h after treatment. Left panel: dose dependency of the suppressive effect of vanadate on radiation-induced apoptosis of MOLT-4. Right
panel: comparison of the antiapoptotic effect of several known PTP inhibitors on the radiation-induced apoptosis of MOLT-4. Data shown are means7standard
deviation (S.D.) from three to five independent experiments

Vanadate as an inhibitor of p53

A Morita et al

501

Cell Death and Differentiation



SAPK/JNK pathway. Furthermore, using a vector that

overexpressed p53 siRNA, we generated two stable p53-

knockdown transformants (MOLT/p53KD-1, -2). These

clones showed almost undetectable levels of p53 expression

even after IR, and were resistant to radiation-induced

apoptosis (Figure 4d and e). Vanadate did not suppress the

slow decreases in cell viability following IR in these lines, but a

mock transfectant (MOLT-4 cells that overexpress a negative

Figure 2 Vanadate requires earlier administration than a caspase inhibitor to suppress apoptosis in irradiated MOLT-4 cells. (a) Treatment with a caspase-inhibitor, Z-
VAD-FMK, or overexpressed Bcl-2 suppressed the radiation-induced release of Cyt.c and Smac/DIABLO from MOLT-4 mitochondria. In all, 10 Gy-irradiated MOLT-4
cells treated with 1 mM vanadate (V) or 20 mM Z-VAD-FMK (Z), and 10 Gy-irradiated MOLT/mBcl-2 cells were collected at the indicated times, and then subjected to
subcellular fractionation and immunoblotting. (b, c) Each horizontal axis represents the time interval between the 10 Gy IR and the addition of the inhibitor. MOLT-4 cells
were harvested 18 h (b) or 7 h (c) after IR for viability determination or measurements of the released proapoptotic molecules, respectively. The cell viabilities shown in
(b) were quantified by staining with AnnexinV-FITC plus PI and by flow cytometric analysis. Data shown are means7S.D. from three independent experiments
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control shRNA (MOLT/Nega)) showed similar p53 accumula-

tion and viability curves after treatments as the parental cells.

Interestingly, like the p53-null cell lines, these knockdown

transfectants were more susceptible to X-rays when treated

with vanadate than when they were exposed to X-rays alone

(Figure 4e). These data probably indicate vanadate’s speci-

ficity for p53 in suppressing DNA damage-induced apoptosis,

and suggest that the loss of p53 functions enhances

vanadate’s cytotoxic side effect(s).

We next investigated the effects of vanadate on p53

transactivation after IR. We found that vanadate almost

completely suppressed the induction of two p53 target gene

products, p21 and PUMA, at 800mM, although the accumula-

tion of p53 was not affected by vanadate (Figure 5a). The

same lack of effect of vanadate on p53 accumulation was

found in the three wild-type p53 cell lines tested (Figure 4d).

On the other hand, overexpressed Bcl-2 did not suppress

the induction of these genes (Figure 5b). The suppression

by vanadate was also verified by RT-PCR analysis of the

transcription of p21 and puma (Figure 5c). Similar results were

obtained in the analysis of the release of nuclear Histone H1

into the cytosol (Figure 6).

Figure 3 Vanadate suppresses the conformational change of Bax and the loss of mitochondrial potential in irradiated MOLT-4 cells. Vanadate (V) and Z-VAD-FMK (Z)
were used at final concentrations of 1 mM and 20 mM, respectively. (a) The conformational change of Bax measured by anti-Bax immunoreactivity. Cells were harvested
5 h after treatment. (b) The amount of Bax protein did not change 5 h after IR and/or vanadate treatment when analyzed by immunoblotting with the same antibody used
in (a). (c) The loss of Dcm in irradiated MOLT-4 cells measured with a flow cytometer after MitoTracker staining. Data shown in (a) and (c) are representative of at least
three independent experiments
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Vanadate induces inactivation of p53 and inhibits

its DNA-binding activity

We next examined the phosphorylation status of p53 using a

[32P]-labeling experiment, and by immunoblotting with phos-

pho-p53-specific antibodies and a phosphotyrosine antibody.

In the [32P]-labeling experiment, although p53 was induced by

the radioactivity of H3
32PO4 (Figure 7a, 1st lane), vanadate did

not affect the total phosphorylation level of p53 (Figure 7a).

We next investigated the effect of vanadate on several known

individual phosphorylation sites.10 We found that the phos-

phorylation of p53 on Ser6, Ser9, Ser15, Ser20, Ser46, or

Ser392 was not affected by vanadate (Figure 7b). We also

considered the effect on p53 of vanadate’s inhibiting PTPs.

This activity might have caused irregular tyrosine phosphory-

lation of p53 (human p53 contains nine tyrosine residues in

its 393-amino-acid sequence21), although p53 is not known

to be modified by phosphorylation on tyrosine. To verify this

assumption, and moreover, to ascertain the total tyrosine-

phosphorylation state of MOLT-4 cells treated with vanadate,

we investigated the tyrosine phosphorylation state of p53 and

MOLT-4 cells by immunoblotting using a phosphotyrosine

antibody, 4G10 monoclonal antibody (mAb). Figure 7c shows

that tyrosine-phosphorylated p53 was undetectable in any

sample (lanes 6–9), although the total tyrosine phosphoryla-

tion increased slightly in irradiated MOLT-4 cells treated with

vanadate (lanes 3–5). These data increase the likelihood that

there are other causes of vanadate’s effects on p53 than the

alteration of p53 phosphorylation, even though these findings

do not completely rule out the possibility that p53 ismodified at

other Ser/Thr phosphorylation sites.

Thus, to pursue other possibilities, we examined the effects

of vanadate on the conformation of p53 using the anti-p53

PAb 240mAb as a probe for the inactivated form of p53.22–24

In nondenaturing conditions, PAb 240mAb recognizes the

inactivated form of p53 but not the normal form, whereas the

DO-1mAb recognizes both forms. PAb 240mAb immuno-

precipitated the p53 from irradiated MOLT-4 cells treated

with vanadate but not from cells exposed to X-rays alone

(Figure 8a). These data indicate that vanadate induces the

inactivation of p53. We next investigated the effect of

vanadate on the DNA-binding activity of p53 by means of

gel-shift assays.We found that, although vanadate decreased

the amount of nuclear p53 a little, the vanadate-induced

inhibition of p53’s DNA-binding activity had a larger effect

(Figure 8b). These results indicated that vanadate weakly

Figure 4 Vanadate suppresses p53-dependent DNA damage-induced
apoptosis. Cell viabilities were quantified by staining with AnnexinV-FITC plus
PI and by flow cytometric analysis. (a), (c)–(e) The concentrations of vanadate
used here were 1 mM for X-irradiated MOLT-4 cells, 100 mM for FM3A cells
treated with etoposide, 800mM for X-irradiated Ba/F3 cells, 1 mM for MOLT-4
cells treated with anisomycin, and 1mM for X-irradiated MOLT-4 stable
transformants (MOLT/Nega, and MOLT/p53KD-1, -2), respectively. (a), (b) (Left
panel), (c), (e) symbols represent viabilities as follows: closed circles, stimulation
alone; open circles, stimulation with vanadate; open triangles, vanadate alone.
(b) Vanadate does not suppress the radiation-induced apoptosis of the two p53-
null cell lines. Right panel: open bars indicate the viabilities of unirradiated
samples with various concentrations of vanadate 24 h after treatment, and closed
bars indicate the viabilities of irradiated samples with various concentrations of
vanadate 24 h after treatment. Data shown are the means7S.D. from three to
five independent experiments. (d) Treatments were as follows, cell lines are
given in parentheses: C, control. (MOLT-4 and MOLT-4 stable transformants) X,
10 Gy IR; XV, 10 Gy IR plus 1 mM vanadate; A, 1mg/ml anisomycin; AV, 1 mg/ml
anisomycin plus 1 mM vanadate. (HL60 and U937) X, 40 Gy IR. (FM3A) E, 50 mM
etoposide; EV, 50 mM etoposide plus 100 mM vanadate. (Ba/F3) X, 3 Gy IR; XV,
3 Gy IR plus 800mM vanadate. Cells were harvested 6 h after treatments, and
p53 was detected by immunoblotting (hp53, human p53; mp53, murine p53). (e)
MOLT/Nega: dashed lined viability curves represent the parental MOLT-4 cells’
viability curves as indicated in (a)
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inhibits the nuclear localization of p53, and potently inhibits

the DNA-binding activity of p53. The slight decrease in the

nuclear retention of p53 may be associated with the inhibition

of p53’s DNA-binding activity.

To compare the DNA-binding activity by equivalent

concentrations of p53 from untreated or vanadate-treated

irradiated cells, the amounts of DNA-bound versus input p53

were plotted as binding curves (Figure 8c). The binding curves

indicated that the rabbit polyclonal antibody used in the super-

shift assays activated the DNA-binding activity of p53 to a

certain degree, and that, even in the super-shift assays, the

DNA-binding activity of p53 from vanadate-treated irradiated

cells was lower than the binding activity of p53 from the cells

exposed to X-rays alone, at all amounts of input p53 tested.

We also ascertained the inactivation by vanadate of intra-

cellular p53’s DNA binding to its target promoters by means

of chromatin immunoprecipitation (ChIP) assays (Figure 8d).

Vanadate and DMHV inhibited the DNA binding of p53 to the

p21 and puma promoters at 800 and 25 mM, respectively. In

addition, the data shown in Figures 5a and 8d indicate that

vanadate treatment leads to a more severe inhibitory effect

on p21 than on puma. However, the antiapoptotic effect of

vanadate probably correlates with puma suppression and not

with p21 suppression, since this effect appeared markedly at

800 mM (Figure 1c).

Finally, to determine whether this effect was direct or not,

we used recombinant p53 on gel-shift assays. Figure 8e

indicates that vanadate and DMHV could directly inhibit

the DNA-binding activity of p53. We found that these two

compounds showed a similar inhibition pattern in this

experiment. Both inhibitors completely abrogated the DNA-

binding activity of recombinant p53 at 3mM, and significant

inhibition was obtained at concentrations of 1mM and

lower (vanadate, 1mM, 300mM, and 100mM: 98, 78, and

75% inhibition, respectively; DMHV, 1mM, 300 mM, and

100 mM: 95, 86, and 58% inhibition, respectively, estimated

by densitometry). Interestingly, 30 mM DMHV did not inhibit

the DNA-binding activity of p53 (Figure 8e), whereas 25 mM

DMHV inhibited DNA-binding activity of intracellular p53

(Figure 8d). The data shown in Figure 8d (in vivo) and

Figure 8e (in vitro) indicate that the effective concentration of

the two inhibitors was much the same in vitro, and that DMHV

was more effective in vivo than in vitro.

Discussion

In this study, we demonstrate that vanadate is a chemical

inhibitor of p53 that inactivates its DNA-binding activity. We

Figure 5 Vanadate suppresses the transactivation of p53 target genes but not
the accumulation of p53. (a) The effect of vanadate on the accumulation of
p53 and the induction of p53 target gene products, p21 and PUMA. Cells were
harvested 6 h after 10 Gy IR, and the proteins were detected by immunoblotting.
(b) Time course of the accumulation of p53 and the induction of p21 and PUMA in
irradiated MOLT-4 cells with or without vanadate (1 mM) and in irradiated MOLT/
mBcl-2 cells. Proteins were detected by immunoblotting. (c) RT-PCR analysis of
transcription of p21 and puma in irradiated MOLT-4 cells in the presence or
absence of vanadate (1 mM)

Figure 6 Vanadate suppresses the p53-dependent release of Histone H1 into
the cytosol. Cytosolic proteins were detected by immunoblotting. (a) Dose
dependency of the suppressive effect of vanadate on the release of Histone H1
into the cytosol in irradiated MOLT-4 cells. Cytosolic samples were the same as
used in Figure 1b. (b) Overexpressed Bcl-2 cannot suppress the release of
Histone H1. The samples (6 h after 10 Gy IR) were the same as used in Figure 2a
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initially investigated the effect of vanadate on caspases. We

found that vanadate suppressed caspase activation and the

subsequent cell death, but did not suppress caspase activity.

We further investigated vanadate’s effect on upstream

apoptotic events, such as the loss of Dcm, the conformational

change of Bax, and p53 transactivation. We found that

vanadate suppressed all these events except for the

accumulation of p53, its total phosphorylation status, and the

phosphorylation status of the residueswe investigated. Finally,

we identified vanadate as an inhibitor of p53 by comparing

its effect on p53-dependent apoptosis with its effect on

p53-independent apoptosis, by immunoblotting and RT-PCR

analysis of p53 transactivation, by immunoprecipitation ana-

lysis that was based on activation-status differences in p53

immunoreactivity, byChIP assays, and by gel-shift assays.We

conclude that vanadate largely inhibits transcription by p53

through the direct inactivation of its DNA-binding activity.

As an aside, our results suggest the possibility that Z-VAD-

FMK has an inhibitory effect on the mitochondrial permeability

transition (Figure 2). Alternatively, Z-VAD-FMK may inhibit

only caspases, and the initial activation of the caspases may

be upstream of the release, resulting in the inhibition of the

release. Recent studies have shown cases that require

caspase activation before mitochondrial permeabilization.25

Further study to assess whether caspase activation precedes

the release of proapoptotic molecules into the cytoplasm in

irradiated MOLT-4 cells is needed to distinguish between

these possibilities; however, there is no doubt that Z-VAD-

FMKdoes not inhibit upstreamevents such as the loss ofDcm

and the conformational change of Bax (Figure 3).

Although vanadate has a variety of biological effects, it has

been widely used as an inhibitor of PTPs.13 However, the fact

that not all PTP inhibitors suppress the MOLT-4 apoptosis

suggests that this effect of vanadate is unrelated to its PTP

inhibition activity (Figure 1c). Moreover, MOLT-4 cells treated

with vanadate showed only a slight upregulation of their total

tyrosine phosphorylation (Figure 7c). Our results indicate

that the cellular concentration of vanadate used in this study

was insufficient to inhibit PTPs, but was sufficient to inhibit

transcription by p53. Therefore, the influence of vanadate on

p53 should be considered, even in experiments where it

is used as a PTP inhibitor. On the other hand, it is known

that vanadate is not very membrane permeable.14 The low

permeability of vanadate was also observed in our study.

For example, a membrane-permeable form of vanadate,

DMHV, suppressed the apoptosis and puma induction at

25 mM, whereas vanadate required an approximately 30- to

40-fold higher concentration to obtain the same effect

(Figures 1c and 8d). The increased effectiveness of DMHV

is in agreement with the first study of DMHV in cells.14

However, we do not simply interpret these data to mean that

the actual intracellular concentration of vanadate required to

inhibit p53 is approximately 25 mM, because 30 mM vanadate

(data not shown) and DMHV (Figure 8e) did not inhibit

the DNA-binding activity of p53 in vitro. To obtain over 50%

inhibition of p53’s DNA-binding activity by either compound

required concentrations of 100mM and above in vitro

(Figure 8e). The similarity of the in vitro effectiveness of the

two compounds on purified PTP was also described pre-

viously.14 Therefore, we believe that the actual cellular

concentration of vanadate required to suppress p53 and

apoptosis is in the several hundred-micromolar range, and

that the effect of DMHV may involve several factors besides

membrane permeability, such as the metabolism, incorpora-

tion, exclusion, or accumulation of DMHV in cells.

Many researchers have also described the effects of

vanadate on apoptosis; however, this issue is controversial

Figure 7 Vanadate does not alter the extent of total phosphorylation or the
individual phosphorylation of six sites of p53. (a) Immunoprecipitation of [32P]-
labeled p53 using anti-p53 DO-1mAb to investigate the effect of vanadate on the
total phosphorylation of p53. MOLT-4 cells were harvested 6 h after treatment
(10 Gy IR and/or 1 mM vanadate). Immunoprecipitated p53 and phospho-p53
were visualized by immunoblotting (IB) and autoradiography, respectively. (b)
Evaluation of p53 phosphorylation at multiple sites using rabbit polyclonal
antibodies against the phosphorylated residues Ser6, Ser9, Ser15, Ser20, Ser46,
and Ser392. MOLT-4 cells were harvested 6 h after treatment (10 Gy IR and/or
1 mM vanadate). Asterisks indicate nonspecific bands. (c) Immunoblotting using
phosphotyrosine antibody (4G10) against the DO-1-immunoprecipitated p53.
Cell lysates from A431 cells cultured for 20min in the absence (1st lane) or
presence (2nd lane) of 50 ng/ml EGF were used as the negative and positive
control, respectively. The 4G10mAb detected the upregulation of tyrosine
phosphorylation in EGF-stimulated A431 cells. MOLT-4 cells were harvested 6 h
after treatment (10 Gy IR and/or 1 mM vanadate). The amount of the input
immunoprecipitated p53 was determined by immunoblotting using Anti-p53
DO-1mAb
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Figure 8 Vanadate inhibits the DNA-binding activity of p53. (a) Immunoprecipitation of p53 using anti-p53 DO-1mAb (upper panel) and PAb 240mAb (lower panel).
PAb 240mAb recognized p53 in 10 Gy-irradiated MOLT-4 cells treated with vanadate (1 mM) but not in the cells exposed to X-rays alone (6 h after IR). Total cell lysates
from unirradiated (1st lane) or 10 Gy-irradiated (2nd lane) MOLT-4 cells cultured for 6 h were used, respectively, as the negative and positive controls for p53. The p53
from total cell lysates (lanes 1 and 2) and the immunoprecipitated p53 (lanes 3 to 6) were visualized by immunoblotting using anti-p53 DO-1 mAb. (b) MOLT-4 cells were
10 Gy-irradiated and treated with or without vanadate (1 mM). Nuclear extracts were prepared 4 h after IR. Left three lanes: a gel-shift assay. Right three lanes: a super-
shift assay using a rabbit polyclonal antibody against amino-acid residues 367–381 of human p53. The amount of p53 and Ku70 (as an internal control) in input nuclear
extracts (2.5 mg) was determined by immunoblotting. Vanadate decreased the amount of nuclear p53 a little, while the levels of Ku70 were unchanged by vanadate. (c)
Comparison of the DNA-binding activity of p53 between untreated and vanadate-treated irradiated MOLT-4 cells. Each input p53 from nuclear extract (NE) was
visualized by immunoblotting using the anti-p53 DO-1mAb. The signal intensities were quantified by densitometry, and plotted in arbitrary units (AU) as binding curves
(bottom graphs). Symbols represent the amount of DNA binding as follows: Closed circles, IR alone; open circles, IR with vanadate. Data shown in (c) are representative
of at least three independent experiments. (d) Effect of vanadate or DMHV on the in vivo p53’s DNA binding to the p21, puma, and gapdh (as a negative control)
promoters was tested by ChIP assays. RNA pol II’s DNA binding to the gapdh promoter was used as an internal control. The DO-1mAb was used to immunoprecipitate
p53. (e) Vanadate and DMHV directly inhibit the DNA-binding activity of recombinant GST-p53. Recombinant p53 was preincubated for 30 min at 371C in the presence or
absence of the indicated concentrations of inhibitors, and DNA-binding reactions were performed using the [32P]-labeled oligonucleotide probe, in the presence of the
p53 rabbit polyclonal antibody. To ascertain the specificity of GST-p53 for the oligonucleotide probe, competition assays were also performed (lanes 3 and 4). W and M
denote unlabeled wild-type and mutant oligonucleotide competitors, respectively
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because reports have variously stated that vanadate sup-

presses,26,27 enhances,28–30 or induces31 apoptosis. This may

be due to differences in the genetic background of the

experimental materials, such as the cells’ p53 status, and in

the apoptotic stimuli used in these studies. In these reports,

there is no information about the p53 status of the cell lines

used. We observed the induction and enhancement of p53-

independent apoptosis by vanadate in irradiated HL60, U937,

and MOLT/p53KD cells (especially MOLT/p53KD-2) (Figure

4b and e). One explanation for this effect may be that the

SAPK/JNK-dependent apoptotic pathway is augmented,

because the loss of p53 function potentiates this pathway32

and vanadate enhances it (Figure 4c). Such augmentation, like

the upregulation of SAPK/JNK phosphorylation, was observed

in these cells when they were treated with vanadate alone

(data not shown). This probably contributes to the slight

cytotoxic effect of vanadate on MOLT-4 cells (Figures 1c and

4a). Thus, considering the relative contributions of p53 and

SAPK/JNK, p53 seems to dominate in irradiatedMOLT-4 cells.

It is well known that p53 is regulated by post-translational

modifications, including phosphorylation and acetylation;10

however, vanadate does not alter p53’s phosphorylation

status (Figure 7) or any acetylation status tested (data not

shown). The lack of effect of vanadate on the p53 phosphory-

lation seems to be in accord with its lack of effect on p53

accumulation (Figures 4d and 5a). These data do not

completely rule out the possibility that there is an alteration

of p53 at other Ser/Thr phosphorylation sites besides the six

residues investigated; however, considering the evidence that

vanadate does not require enzymes to inhibit the DNA-binding

activity of p53 (Figure 8e), it is reasonable to conclude that

vanadate’s effect does not require any enzyme-dependent

modifications, such as phosphorylation. Thus, we propose

that vanadate inactivates p53 by inducing a conformational

change in it. Interestingly, besides our study, Landesman

et al.22 have described in vitro epitopic changes in p53 by

vanadate, using a very similar immunoprecipitation analysis

with PAb 240mAb. They reported that the conformational

change can be induced in cell lysates by adding vanadate to a

1mM final concentration; however, we did not observe this

change in immunoreactivity when vanadate was simply added

to the buffers (see Materials and Methods) (Figure 8a, 4th

lane). In our study, vanadate required in vivo warm incubation

for PAb 240mAb to immunoprecipitate p53 (Figure 8a,

5th lane). This difference may involve the presence or the

absence of the SV40 large T antigen, since they used a cell

line (SV80) that contains it and MOLT-4 cells do not.

Interestingly, Kernohan et al.23 have reported that metal ions

such as zinc modify the p53–T-antigen complex formation,

usingmAbs that recognize the conformationally changed p53.

Thus, vanadate may also alter the complex formation and

induce the conformational change of p53 more easily in the

presence of T antigen than in its absence. Although the

mechanism of the change they observed might be different

from the one we observed, their study was the first to deal

with the effect of vanadate on the p53 molecule itself. In this

respect, it is known that p53 has a metal-binding feature and

is inactivated by exposure to cadmium ions.24,33 Accordingly,

we propose that the metal-binding site in p53 may be targeted

by the vanadate anion(s).

Finally, several studies have implicated vanadium as a

carcinogen.34,35 Therefore, the inhibitory effect of vanadate

on p53 may be associated with vanadate’s carcinogenesis,

since the loss of p53 function predisposes mice to cancer.36

On the other hand, vanadate may be useful for inhibiting

DNA damage-induced apoptosis, as a radioprotector, or

for inhibiting the side effects of cancer therapy. Several

researchers have identified chemical inhibitors of p53, such

as pifithrin,37 cadmium,24,33 and salicylate.38 Among these

inhibitors, pifithrin inhibits the nuclear localization of p53 after

DNA damage, but cadmium and salicylate inhibit the DNA-

binding activity of p53. Vanadate weakly inhibits the nuclear

localization of p53, and potently inhibits the DNA-binding

activity of p53. It is noteworthy that pifithrin protects mice from

lethal g-ray exposure.37 Thus, p53 inhibitors are useful for

reducing genotoxic stress. Further studies are warranted to

investigate vanadate’s usefulness for protecting cells from

DNA damage-induced apoptosis.

Materials and Methods

Cell culture and treatment

The human T-cell leukemia cell line MOLT-4, the human acute

promyelocytic leukemia cell line HL60, the human monoblastic lymphoma

cell line U937, and MOLT-4 stable transfectants overexpressing the

murine Bcl-2 (MOLT/mBcl-2),2 short hairpin (sh)-type p53 small interfering

RNA (siRNA) (MOLT/p53KD-1, -2), and the negative control shRNA

(MOLT/Nega) were cultured in RPMI 1640 medium (Sigma) supplemented

with 10% fetal bovine serum (FBS, Hyclone). The murine IL-3-dependent

pro-B cell line Ba/F3 was cultured as previously described.18 The murine

mammary carcinoma cell line FM3A was cultured in Eagle’s minimal

essential medium (Sigma) supplemented with 5% FBS. Cells were

maintained at 371C in a humidified atmosphere containing 5% CO2.

To generate stable transfectants (MOLT/p53KD-1, -2 and MOLT/Nega),

MOLT-4 cells were transfected by electroporation (Gene Pulsar II, Bio-

Rad; 0.25 kV, 950 microfarads) with the ApaLI-linearized vectors

(GeneSuppressor System, p53 siRNA plasmid and the negative control

shRNA plasmid, IMGENEX), and selected on 0.16% soft agar culture

containing 0.8 mg/ml G418 for 3 weeks. Exponentially growing cell

cultures (5� 105 cells/ml) in tissue culture dishes or flasks (Becton

Dickinson) were irradiated at room temperature with an X-ray generator

(Pantak HF 350, Shimadzu) operating at 200 kV–20mA with a filter of

0.5 mm Cu and 1mm Al at dose rate of 1.46 or 2.92 Gy/min. Cell density

was determined with a cell counter (Z1 Cell and particle counter, Beckman

Coulter). Vanadate (Wako, Japan) was prepared at a concentration of

0.5 M according to the method of Gordon.13 Z-VAD-FMK (Kamiya

Biomedical Company), DMHV (Calbiochem), DPS (Calbiochem), PAO

(Sigma), Etoposide (Wako), and Anisomycin (Calbiochem) were dissolved

in dimethyl sulfoxide (Me2SO) at concentrations of 20 mM, 25 mM, 10 mM,

0.4 mM, 10 mM, and 2mg/ml, respectively. These reagents were added

to the culture medium immediately after IR unless otherwise specified.

Protein concentrations were determined using Coomassie Plus Protein

Assay Reagent (Pierce).

Caspase activity

N-Acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA, Biomol) at a

concentration of 200 mM was incubated with 250 ng/ml recombinant active

caspase-7 (Medical and Biological Laboratories (MBL), Japan) for 30min
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at 371C in the presence or absence of the indicated concentrations of

vanadate in reaction buffer containing 20mM PIPES-NaOH, pH 7.2,

100mM NaCl, 0.1% CHAPS, and 10% sucrose with or without 10 mM

DTT. Control reactions were supplemented with vehicle Me2SO instead of

10mM Ac-DEVD-pNA solution. These reactions were stopped by chilling

on ice. The concentration of hydrolyzed p-nitroaniline was quantified by

measuring the absorbance at 385 nm in a spectrophotometer (Shimadzu).

Flow cytometric analysis

All samples were counted and over 5000 cells analyzed with a flow

cytometer (EPICS XL System II, Beckman Coulter). Cell viability was

determined by Annexin V-FITC and propidium iodide (PI) staining using a

MEBCYTO Apoptosis Kit (MBL). Viability was defined as the percentage

of Annexin V-negative and PI-negative cells. The percentage of cells

losing their Dcm was determined by MitoTracker staining. Cells were

incubated in culture medium for 30min at 371C with 100 nM MitoTracker

Red CMXRos dye (Molecular Probes) to mark the mitochondria. The cells

were then washed once, suspended in ice-cold phosphate-buffered saline

(PBS), and analyzed by flow cytometer.

The conformational change of Bax was measured by immunofluores-

cence staining with an anti-Bax mAb (clone 4F11, MBL). One million cells

washed once with ice-cold PBS containing 2% FBS (PBS-F) were fixed

with 200 ml of 4% paraformaldehyde in 0.1 M NaH2PO4, pH 7.4 for 10min

on ice, and then washed twice with PBS-F. All the Bax staining procedures

described below were performed at room temperature. Fixed cells were

permeabilized with 200 ml of PBS containing 100 mg/ml digitonin (Wako)

for 10 min, and then washed twice with PBS-F. Permeabilized cells were

subjected to blocking with 10 ml of normal rabbit serum for 5min, 40 ml

of 10mg/ml anti-Bax mAb in PBS-F was added to the cell suspension,

and the suspension was then incubated for 30min. The cells were washed

twice with PBS-F, suspended with 40ml of a 1 : 160 dilution of FITC-

labeled anti-mouse IgG (Fc) secondary antibody (MBL), incubated for

30min, washed twice with PBS-F, and suspended in 500ml of PBS. After

these treatments, the fluorescence intensity of each cell was analyzed by

flow cytometer.

Subcellular fractionation to measure the release of

Cyt.c, Smac/DIABLO, and Histone H1

All extraction steps were carried out at 41C. Twenty million cells were

washed twice with PBS and suspended in 50 ml of isotonic buffer (10 mM

HEPES-NaOH, pH 7.4, 0.3 M Mannitol, 0.1% BSA). The cell suspensions

were mixed with 50ml of isotonic buffer containing 200 mM digitonin,

incubated for 5min, and then spun at 10 000� g for 4 min. The resulting

supernatants were collected and mixed with an equal volume of 2� SDS-

PAGE sample buffer (125 mM Tris-HCl, pH 6.8, 2% sodium lauryl sulfate

(SDS), 10% glycerol, 6% b-mercaptoethanol, 0.01% crystal violet). The

mixtures were boiled for 10min, and spun at 20 000� g for 10min at room

temperature. After the centrifugation, the final supernatants were used as

the cytosolic fractions for the immunoblotting described below.

Immunoblotting analysis

Two million cells washed once with ice-cold PBS were lysed in 100 ml of

1� SDS-PAGE sample buffer, and boiled for 10 min. After centrifugation

at 20 000� g for 10min at room temperature, the supernatant was

collected as the loading sample, and then 2–20 ml of the loading samples

or cytosolic fractions were separated by electrophoresis through an SDS-

polyacrylamide gel. Proteins in the gel were subjected to electrophoretic

semidry transfer to a polyvinylidene difluoride membrane (Millipore). The

membranes were blocked with 1% BSA, 5% nonfat milk, or 0.5% Blocking

Reagent in TBS-T (20mM Tris-HCl, pH 7.5, 150mM NaCl, 0.05% Tween

20) for 1 h at room temperature. Blocking Reagent (Roche) was used in

the case of phosphotyrosine detection. These blocked membranes were

incubated overnight at 41C with antibody against caspase-7 (MBL),

cleaved caspase-3 (active caspase-3) (Cell Signaling), caspase-9 (MBL),

Cyt.c (BD Pharmingen), Smac (MBL), b-actin (Sigma), Bax (clone 4F11,

MBL), human p53 (clone DO-1, Santa Cruz Biotechnology), murine p53

(clone PAb 240, Calbiochem), p21 (Calbiochem), PUMA (Calbiochem),

Histone H1 (clone AE-4, Upstate), phosphotyrosine (clone 4G10,

Upstate), phospho-p53 (Phospho-p53 antibody sampler kit, Cell Signal-

ing), or Ku7039 as primary antibodies. Since the anti-p53 (DO-1) and

-phosphotyrosine (4G10) antibodies were peroxidase conjugated, they

did not require a secondary antibody for visualization. For the other

antibodies, the membranes were then washed four times with TBS-T

followed by incubation for 2 h at room temperature with peroxidase-

conjugated antibody against rabbit or mouse IgG (Dako) as the secondary

antibody. The membranes were then washed three times with TBS-T,

washed twice with TBS (20mM Tris-HCl, pH 7.5, 150mM NaCl), and

developed using a Konica Immunostaining HRP-1000 kit (Konica, Japan),

or ECL-plus kit (Amersham Biosciences). In the case of the ECL-plus kit,

the signals were obtained by exposure to X-ray films (Hyperfilm MP,

Amersham Biosciences) or using a luminescence image analyzing system

(LAS-1000mini, Fujifilm, Japan).

Semiquantitative RT-PCR analysis

The isolation of total RNA from cells was performed using the Ultraspec

RNA isolation system (Biotecx) according to the manufacturer’s

instructions. RNAs were converted to cDNAs using MMLV reverse

transcriptase (Life Technologies) and oligo(dT)12-18 (Amersham Bio-

sciences). The cDNA was then amplified by polymerase chain reaction

(PCR) using AmpliTaq Gold DNA polymerase (Applied Biosystems).

The primer sequences were as follows: p21, (forward) 50-

GTTCCTTGTGGAGCCGGAGC-30, (reverse) 50-GGTACAAGACAGTGA

CAGGTC-30; puma, (forward) 50-TGTAGAGGAGACAGGAATCCACGG

-30, (reverse) 50-AGGCACCTAATTGGGCTCCATCTC-30; b-actin, (for-

ward) 50-TGACGGGGTCACCCACACTGTGCCCATCTA-30, (reverse) 50-

CTAGAACATTTGCGGTGGACGATGGAGGG-30. After heat denaturation

for 9min at 951C, each PCR amplification for 25 cycles (for p21, b-actin)

and 37 cycles (for puma) was performed as follows: 40 s at 941C, 1min at

60–621C, and 40 s at 721C except that, in the last cycle, extension was

carried out for 6 min 40 s, in a GeneAmp PCR system 2400 (Perkin Elmer).

The RT-PCR products were separated by electrophoresis through a 1.5

or 2% agarose gel, stained with ethidium bromide, and visualized by

UV emission.

Immunoprecipitation of p53

Anti-p53 DO-1-conjugated agarose (Calbiochem) and anti-p53 PAb 240

(Calbiochem) were used to immunoprecipitate p53 from MOLT-4 extracts.

Ten million MOLT-4 cells were washed once with ice-cold PBS containing

1mM vanadate, and lysed in 1ml of ice-cold TNEV buffer (10 mM Tris-

HCl, pH 7.8, 1% NP40, 1 mM EDTA, 1 mM vanadate, 150mM NaCl,

10 mg/ml aprotinin) for 15min on ice. MOLT-4 extracts were obtained by

centrifugation at 20 000� g for 15 min at 41C. Proteins were immuno-

precipitated overnight at 41C. Protein G plus agarose (Calbiochem) was

added to the PAb 240 mixture and incubated for another 2 h to precipitate

Vanadate as an inhibitor of p53

A Morita et al

509

Cell Death and Differentiation



the PAb 240 immunocomplex and inactivated p53. All the beads were

collected by centrifugation, and then washed four times with ice-cold

TNEV buffer. After the wash, the proteins were released by adding

1� SDS-PAGE sample buffer, and the samples were spun at 20 000� g

for 10min at room temperature. The final supernatants were subjected to

immunoblotting. In the case of the [32P]-labeling experiment, irradiated or

unirradiated MOLT-4 cells were suspended in sodium dihydrogenphos-

phate-deprived medium (D-MEM, Invitrogen (Gibco)) and supplemented

with 10% fetal bovine serum that had been dialyzed against 0.15 M NaCl

(Invitrogen (Gibco)). The cells were then treated with vanadate (1 mM) or

left untreated, and then with H3
32PO4 (11.1 MBq (300 mCi)/ml) (Perkin

Elmer). After these treatments, the cells were incubated at 371C in a

humidified atmosphere containing 5% CO2. They were harvested 6 h after

IR for the immunoprecipitation of [32P]-labeled p53.

Preparation of nuclear extracts and gel-shift assays

All extraction steps were carried out at 41C. Thirty million MOLT-4 cells

were washed once with PBS and suspended in 200 ml of hypotonic buffer

A (20mM HEPES-NaOH, pH 7.9, 10mM KCl, 1 mM MgCl2, 0.5 mM

PMSF, 0.5 mM DTT) to rupture the cells, and the suspension was

incubated for 10min. Nuclear pellets were obtained by centrifugation at

1000� g for 10min. The pellets were resuspended in 40 ml of high-salt

buffer B (20mM HEPES-NaOH, pH 7.9, 400mM KCl, 1 mM MgCl2, 5%

glycerol, 0.5 mM PMSF, 0.5 mM DTT), subjected to three freeze-thaw

cycles, and then mixed with 120 ml of dilution buffer C (20 mM HEPES-

NaOH, pH 7.9, 1 mM MgCl2, 5% glycerol, 0.5 mM PMSF, 0.5 mM DTT).

These suspensions were spun at 20 000� g for 15 min. The protein

concentrations of the resulting supernatants were equalized at 1 mg/ml with

dilution buffer D (20 mM HEPES-NaOH, pH 7.9, 100mM KCl, 1 mM

MgCl2, 5% glycerol, 0.5 mM PMSF, 0.5 mM DTT). These nuclear extracts

were stored at �801C. Gel-shift and super-shift assays were performed

using a Nushift p53 kit (Active Motif) according to the manufacturer’s

instructions. The reaction mixtures were essentially as follows: For gel-

shift, 0.5ml of [32P]-labeled oligonucleotide probe and the indicated

amounts of nuclear extract/12 ml of reaction mixture/lane; for super-shift,

0.5ml of p53 rabbit polyclonal antibody supplied with the kit, 0.5ml of [32P]-

labeled oligonucleotide probe, and the indicated amounts of nuclear

extract/12 ml of reaction mixture/lane. The sequence of the oligonucleotide

probe supplied with the kit contains 19-mer p53 ideal consensus-binding

site. Reaction mixtures were incubated for 20min at 251C, and then

separated by electrophoresis through a 5% polyacrylamide gel with TGE

buffer (50 mM Tris, 380 mM glycine, 2.1 mM EDTA) at 41C. The results

were quantified by densitometry using Image Gauge version 4.21 software

(Fujifilm). The protocol for the DNA-binding assays using recombinant

GST-p5340 was as follows: GST-p53 (25 ng) was preincubated for 30min

at 371C in the presence or absence of the indicated concentrations of

vanadate in 10ml of binding buffer containing 20mM HEPES-NaOH,

pH 8.2, 100mM KCl, 50mM DTT, 0.3 ng/ml sonicated salmon sperm

DNA, 0.5 mg/ml bovine serum albumin, 5% glycerol, and 0.1% CHAPS. For

competition experiments, 2.5 ng/ml of the unlabeled wild-type or mutant

oligonucleotide supplied with the kit was included in the reaction mixture.

The wild-type competitor oligonucleotide sequence was identical to the

[32P]-labeled oligonucleotide sequence, and the mutant competitor

oligonucleotide contained a 4-mer mutation within the p53 consensus

binding site. The samples were then mixed with 0.5 ml of the p53 rabbit

polyclonal antibody and 0.5 ml of [32P]-labeled oligonucleotide probe and

incubated for 20min at 41C. The reaction mixtures (11 ml of the total

volume/lane) were then separated by electrophoresis at 41C.

ChIP assays

For the ChIP assays, 5� 106 MOLT-4 cells were fixed 4 h after 10 Gy IR,

with 0.6% formaldehyde for 5 min at 371C. Cells were washed twice with

PBS containing protease inhibitors (1 mM PMSF, 1 mg/ml aprotinin, and

1mg/ml pepstatin A), and then lysed in 1 ml of SDS lysis buffer (50 mM

Tris-HCl, pH 8.1, 1% SDS, 10mM EDTA, 1 mM PMSF, 1 mg/ml aprotinin,

1mg/ml pepstatin A) for 10 min on ice. To shear the DNA into lengths

between 200 and 1000 bp, the lysates were sonicated with six sets of

20-s pulses using a Branson, SONIFIER B-12, 150W model at 20% of

maximum power. These sonicated lysates were spun at 10 000� g for

10min, and the resulting supernatants were divided into 200 ml aliquots.

Each 200 ml aliquot was diluted 10-fold in ChIP dilution buffer (16.7 mM

Tris-HCl, pH 8.1, 167mM NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mM

EDTA, 1 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml pepstatin A). Samples

(2 ml) of diluted cell supernatant were subjected to the ChIP assay. The

ChIP assay was performed using a ChIP assay kit (Upstate) according to

the manufacturer’s instructions. The particular specifications were as

follows: 1 mg DO-1 mAb (Calbiochem) and 4H8 mAb (Active Motif) were

used to immunoprecipitate p53 and RNA polymerase II (RNA pol II),

respectively, from each ChIP sample. Phenol/chloroform-extracted ChIP

sample DNA was precipitated with isopropyl alcohol and an inert carrier

(Pellet Paint Co-Precipitant, Novagen). The p53-associated or RNA pol II-

associated DNA was then amplified by PCR using platinum Pfx DNA

polymerase (Invitrogen). The promoter-specific primer sequences were as

follows: p21 (forward) 50-GTGGCTCTGATTGGCTTTCTGGC-30 (reverse)

50-GCTCACCACCACCACGACATTCA-30; puma (forward) 50-TTGCGA

GACTGTGGCCTTGTGTC-30 (reverse) 50-GTCGGACACACACACTGA

CTGGGA-30; gapdh (forward) 50-TACTAGCGGTTTTACGGGCG-30

(reverse) 50-TCGAACAGGAGGAGCAGAGAGCGA-30. After heat dena-

turation for 1.5 min at 981C, each PCR amplification for 35 cycles (for p21)

or 33 cycles (for puma, gapdh) was performed as follows: 15 s at 981C and

30 s at 681C, except that, in the last cycle, extension was carried out for

6 min 30 s, in a GeneAmp PCR system 9700 (Applied Biosystems). The

PCR products were separated by electrophoresis through a 2% agarose

gel, stained with ethidium bromide, and visualized by UV emission.
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