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Vanadate Induces GZ/M Phase Arrest in p53-

Deficient Mouse Embryo Fibroblasts

Zhuo Zhang,'? Fei Chen,! Chuanshu Huang,’ & Xianglin Shi'2

Vanadium compounds exert potent toxic and carcinogenic effects on a wide
variety of biological systems. The mechanisms involved in their toxicity and
carcinogenesis require investigation. Cell growth arrest and its regulation are
important mechanisms in maintaining genomic stability and integrity in
response to environmental stress. The p53 tumor suppressor plays a central
role in the regulation of the normal cell cycle. To investigate the role of p53
in vanadate-induced cell growth arrest and its regulation, two cell lines—
normal mouse embryo fibroblasts [p53(+/+)] and p53-deficient mouse em-
bryo fibroblasts [p53(=/-)],— were used in this study. Flow cytometry was
used to analyze cell growth arrest at Gy/G,, S, or G/M phase. Western
blotting analysis was performed to determine several cell growth regulatory
proteins. The results showed that in p53(~/-) cells vanadate induced G,/M
phase arrest in a dose- and time-dependent manner without alteration of S
phase. In p53(+/+) cells, vanadate treatment increased the S phase with no
significant change in the G//M phase. Furthermore, Western blotting re-
sults showed that in p53(~/-) cells vanadate caused cdc25C degradation and
activation of phospho-cdé2 without alteration of the p21 level. In p53(+/+)
cells, vanadate increased the expression of p21 and degraded cdc25A instead
of cdc25C without any effect on cdc2. These results demonstrate that vana-
date induced G/M phase arrest in p53-deficient mouse embryo fibroblasts,
and promoted S phase entry in p53 wild-type mouse embryo fibroblasts.
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Introduction

The ability of cells to maintain genomic integrity
is vital for cell survival and proliferation. Lack of
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fidelity in DNA replication and maintenance re-
sults in deleterious mutations leading to cell death
or cancer.! Surveillance systems exist to ensure
proper completion of cell cycle progression. The
transition stages of cell cycle are regulated by vari-
ous protein kinases or their complexes composed
of cyclin and cyclin-dependent kinases.? Check-
points can induce a transient delay to provide the
cells more time to repair the damage before pro-
gression to the next phase of the cell cycle.!

The p53 tumor suppressor gene is a transcrip-
tion factor that plays an important role in signal
transduction in response to DNA damage.? This
gene mediates various cellular functions such as
DNA repair, maintenance of genetic stability, and
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induction of cell cycle arrest or apoptosis. It has
been reported that both p53-dependent and p53-
independent pathways are involved in the cell cycle
regulation.* Generally, p53 is considered an im-
portant factor in the regulation of the cell cycle.
The p53-dependent cell growth arrest in G, phase
is an important component of the cellular response
to stress. A recent study indicated that p53 con-
trols the entry into mitosis when cells enter G,
phase with damaged DNA or when they are ar-
rested in S phase due to the depletion of the sub-
strates required for DNA synthesis.

Vanadium is widely distributed in the environ-
ment and is a trace metal in biological systems.®8
Vanadate compounds are potent toxins and car-
cinogens.>12 Epidemiological studies have shown a
correlation between vanadium exposure and the in-
cidence of lung cancer in humans.!3* Vanadate
compounds were reported to modify DNA synthe-
sis and repair."18 Vanadate was also shown to in-
duce forward mutation and DNA-protein crosslinks
in cultured mammalian cells.? It has also been re-
ported that vanadate exhibits mitogenic effects by
inhibiting the activity of tyrosine phosphatase, and
triggering the autophosphorylation of tyrosine ki-
nase on cell membrane receptors.?’ Vanadate regu-
lates growth factor-mediated signal transduction
pathways, promotes cell transformation, exerts in-
hibitory effects on certain enzymatic systems, and
decreases cell adhesion.?’"3 Whereas the mecha-
nisms of vanadate-induced toxicity and carcinoge-
nicity remain to be investigated, reactive oxygen
species (ROS) are considered to play an important
role. Through ROS, vanadate compounds cause
direct DNA damage, such as strand breaks and
hydroxylation of dG residues,?* activate certain
nuclear transcription factors, such as AP-1, NF-
kB, p53,” and nuclear factor of activated T cells
(NFAT),® and induce apoptosis.?’#’ Our previous
studies have found that vanadate-induced cell growth
arrest is cell type specific. Vanadate caused Gy/M
phase arrest in human epithelial A549 cell line, and
this arrest is mediated by ROS.%

The purpose of the present study is to investi-
gate the role of p53 in vanadate-induced cell growth
arrest. We attempted to answer the following ques-
tions: Does vanadate induce cell cycle arrest in
mouse embryo fibroblasts? Does p53 mediate the
vanadate-induced cell cycle arrest? What check-
points are involved in the cell cycle regulation?

224

Materials and Methods
Reagents

Sodium metavanadate was obtained from Aldrich
(Milwaukee, Wisconsin). RNase A and DMEM
medium were purchased from Sigma (St. Louis,
Missouri). Propidium iodide (PI) was from Mo-
lecular Probes (Eugene, Oregon). Fetal bovine
serum (FBS) was from Gibco BRL (Life Tech-
nologies, Gaithersburg, Maryland). Antibodies
against p21, cdc25A, c¢dc25C were from Santa
Cruz Biotechnology (Santa Cruz, California).
Phospho-cdc275 and secondary AP linked anti-
rabbit IgG were from Cell Signaling (Beverly,
Massachusetts).

Cell Culture

Normal mouse embryo fibroblasts [p53(+/+)]
and p53-deficient mouse embryo fibroblasts
[p53(~/-)] were incubated in DMEM medium
with 10% FBS, 2 mM L-glutamine, and 1000
U/mL penicillin-streptomycin in an incubator
at 5% CO, and 37°C.

Treatments

For the time-course study, cells were treated with
50 uM vanadate for 6, 12, 24, and 48 hours. For
the dose-response study, cells were treated with
10, 25, 50, and 100 pM vanadate for 24 hours.

Measurement of Cell Cycle/DNA Content

DNA content in G,/M phase was analyzed using
flow cytometry according to the methods described
previously.3*2 Cells were fixed and permeabilized
with 70% ethanol for more than 2 hours, and then
incubated with the freshly prepared staining buffer
(0.1% Triton X-100,200 pg/mL RNase A, and 20
pg/mL PI) for 30 minutes at room temperature.
Cell cycle analysis was performed by flow cytometry
with at least 10,000 cells for each sample. The
DNA content histogram was abstracted and the
percentage of cells in G/M phase was calculated
using ModFit LT software.
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Western Blotting Analysis

Whole cell extracts were mixed with Tris-Glycine
SDS sample buffer and the proteins were sepa-
rated by Tris-Glycine gel electrophoresis. The re-
solved proteins were transferred to a PVDF mem-
brane. Western blotting was performed using
antibodies to p21, cdc25A, cdc25C, phospho-
cdc2v, and secondary anti-rabbit IgG. After re-
action with ECF substrate, the signal was detected
using a Storm Scanner (Molecular Dynamics,
Sunnyvale, California).

Statistical Analysis

All data were based on at least three independent
experiments. Cell growth arrest data were presented
as means +/— standard deviation and analyzed using
one-way ANOVA with the Scheffe’s test (p < 0.05
was considered statistically significant).

Results
Effects of Vanadate in Cell Cycle

To study vanadate-induced cell growth arrest, flow
cytometry was used to measure the percentage of
cells in each phase. Figure 1A shows a typical
histogram of cell cycle. The first peak represents
the Gy/G,, the second peak the G/M. The S
phase lies between the two peaks. Treatment of
p53(~/-) cells with 50 pM vanadate for 24 hours
increased the percentage of cells in the G,/M phase
(42% vs 18% in the control). Interestingly, treat-
ment of p53(+/+) cells with vanadate did not change
the percentage of cells in the G/M phase, but
vanadate stimulation caused an increase in S phase.

Figure 1B shows the time dependence of vana-
date-induced cell growth arrest in the G/M phase.
In p53(~/-) cells, the percentage of cells in the
G,/M phase increased from 189% at the beginning
of treatment to 42% when the cells were treated
with vanadate for 24 hours. Conversely, in p53(+/+)
cells the percentage of cells in the G,/M phase did
not change with vanadate exposure.

Figure 1C shows the dose-dependence of vana-
date-induced cell cycle arrest in the G,/M phase. As
shown in this figure, at p53(~/~) cells there was a
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dose-dependent increase in the G/M phase. The
highest percentage of cells in the G/M phase was
42% when the cells were treated with 50 pM vana-
date for 24 hours. In p53(+/+) cells, the percentage of
cells in the G//M phase was essentially unchanged

regardless of the concentrations of vanadate.

Effects of Vanadate on p21

An important cell growth regulatory protein is
p21. The protein level of this enzyme was mea-
sured by Western blotting. Figure 2A shows that
treatment of p53(—/-) cells with 50 pM vanadate
for 6 hours and 12 hours decreased the p21 level.
No significant change was observed at 24 or 48
hours of vanadate treatment. The treatment of
p53(+/+) cells with 50 uM of vanadate for 6 and 12
hours caused a weak induction of p21. A marginal
increase in p21 was observed at 24 and 48 hours of
50 uM vanadate treatment.

Figure 2B shows the dose-dependence of vana-
date treatment. In p53(~/-) cells at 24 hours incu-
bation, vanadate did not cause p21 induction re-
gardless of its concentrations. In p53(+/+) cells, 10
pM vanadate caused an observable p21 induction.
An increase in vanadate concentrations did not
enhance the p21 induction.

Effects of Vanadate on cdc25C

To investigate the involvement of cell cycle regula-
tory protein, the expression of cdc25C was examined
in both p53(~/-) cells and p53(+/+) cells. Figures 3A
and 3B show that in p53(—/-) cells, vanadate caused
a time- and dose-dependent degradation of ¢dc25C.
The cdc25C signal almost disappeared in cells treated
with 50 pM vanadate for 24 and 48 hours (Fig. 3A,
lanes 4 and 5) and 100 uM vanadate for 24 hours
(Fig. 3B, lanes 4 and 5). However, in p53(+/+) cells
the ¢dc25C did not exhibit any significant change
regardless of incubation times (Fig. 3A) or treatment
concentrations (Fig. 3B).

Effects of Vanadate on cdc254

Tyrosine phosphatase cdc25A was detected using
Western blotting (Fig. 4). In p53(-/=) cells, the
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FIGURE 1. Effects of vanadate on cell growth arrest in both
p53(~/-) and p53(+/+) cells. p53(+/+) and p53(~/-) cells are
p53 wild type and p53 deficient mouse embryo fibroblasts,
respectively. These two type of cells were incubated in DMEM
medium with 5% FBS in a 100-mm dish. After 80-90% confluent.
the cells were treated with vanadate for different times an

- different doses. The cells were harvested, and flow cytometry was

used to measure DNA content. (A) The profile of a cell cycle, (a)
control without vanadate treatment; and (b) treatment of the cells
with 50 pM vanadate for 24 h. (B) The time-course of vanadate-
induced cell growth arrest in G/M phase. (C) 1 dose-re-
sponse of vanadate on cell cycle arrest at 24 h.

* p < 0.05 compare to control (one-way ANOVA with the
Scheffe’s test).
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FIGURE2. Effects of vanadate on cell growth inhibi-
tory protein p21 in both p53(~/-) and p53(+/+) cells.
The two types of cells were seeded in a 6-well plate then
treated with 50 pM vanadate for 6, 12, 24, and 48 h (A),
or treated with 10 pM, 25 pM, 50 pM, and 100 pM
vanadate for 24 h (B). The whole-cell lysates were col-
lected, and Western blotting was performed to detect the
expression of p21. (A) Lane 1, control; lane 2, 6 h; lane
3,12 h; lane 4, 24 h; and lane 5, 48 h. The concentration
of vanadate was 50 pM. (B) Lane 1, control; lane 2, 10
uM; lane 3, 25 pM; lane 4, 50 pM; and lane 5, 100 pM
vanadate. Incubation time was 24 h. Data are from a
single preparation representative of 3 independent ex-
periments.

expression of cdc25A did not change regardless of
vanadate stimulation times (Fig. 4A) or doses (Fig.
4B). In p53(+/+) cells, 50 pM vanadate treatment
caused maximal degradation of cdc25A at 48 hours
(Fig. 4A, lane 5). The degradation of this protein
was also observed when the cells were treated with
50 uM vanadate for 24 hours (Fig. 4B, lane 4).

Effects of Vanadate on cdc2

Another important kinase in the control of cell
cycle progression from G, to M phase is cdc2.
Western blotting was also used to study the effects
of vanadate on this protein. In p53(=/-) cells, treat-
ment with 50 M vanadate activated phospho-cdc2
from 6 to 24 hours (Fig. 5A). Conversely, in p53(+/+)
cells, vanadate caused a decrease in cdc2 at 12 hours
(Fig. 5A, lane 3) and a complete inhibition at 24
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hours (Fig. 5A, lane 4) when the cells were treated
with 50 uM vanadate. In p53(-/-) cells, a dose-
independent increase in cdc2 was observed after 10
to 50 pM vanadate. Treatment of p53(+/+) cells
with 25 and 50 pM decreased cdc2 (Fig. 5B, lanes
3 and 4).

Discussion

Damage to growing cells causes a temporary pause
in the G/S or G,/M phase until the damage is
repaired. When damage is severe, cells may either
undergo apoptosis or enter a dormant G, state. 335

Similar to apoptosis or programmed cell
death, cell growth arrest is a cell self defense
system to prevent genetically damaged cells from
passing to the next generation. The investiga-
tion of cell growth arrest upon exposure to a
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FIGURE3. Effects of vanadate on cell growth regula-
tory protein cde25C, according to the method described in
Fig. 2. Western blotting was used to measure ¢dc25C
level. (A) Lane 1, control; lane 2, 6 h; lane 3, 12 h; lane
4, 24 h; and lane 5, 48 h. The concentration of vanadate
used was 50 uM. (B) Lane 1, control; lane 2, 10 uM; lane
3, 25 uM; lane 4, 50 uM; and lane 5, 100 pM vanadate.
Incubation time was 24 h. Data are from a single prepa-
ration representative of 3 independent experiments.
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1 3URE4 Effects of vanadate on cell growth regu-
latory protein cdc25A, according to method described
in Fig. 2. Western blotting was conducted to deter-
mine the expression of cdc25A. (A) Lane 1, control;
lane 2, 6 h; lane 3, 12 h; lane 4, 24 h; and lane 5, 48
h. The concentration of vanadate used was 50 uM. (B)
Lane 1, control; lane 2, 10 uM; lane 3, 25 pM; lane
4, 50 uM; and lane 5, 100 pM vanadate. Ineubation
time = 24 h. Data are from a single preparation rep-
resentative of 3 experiments.

carcinogen is an important part for the overall
understanding of the mechanism of chemical-
induced carcinogenesis.

Vanadate-containing compounds exert potent
toxic and carcinogenic effects on a wide variety of
biological systems, although the mechanisms in-
volved are still unclear. Using human epithelial
cell line A549 cells, our previous study has shown
that vanadate is able to induce cell growth arrest in
the G/M phase. This arrest is mediated by vana-
date-induced ROS reactions. Mitogen-activated
protein kinases (MAPKSs) also play a critical role in
the regulation of vanadate-induced ¢  growth
arrest in the G/M phase.* The results from our
laboratory demonstrated that vanadate enhanced S
phase entry in C141 cells. The regulation of the S-
phase enhancement is both p53- and p21-depen-
dent (unpublished observations). The present study
shows that vanadate induces G,/M phase arrest in
a dose- and time-dependent manner in p53(~/-)

228

mouse embryo fibroblasts. Conversely, vanadate
had no effect on G,/M phase but increased the cell
number in S-phase in p53(+/+) cells. In addition,
hemopoietic cells that either lacked p53 gene ex-
pression or overexpressed a mutant form of the
p53 gene exhibited a G, arrest after gamma irra-
diation, confirming that the G, arrest can be p53
independent.® A recent study from our group dem-
onstrated that induction of GADD45atin arsen-
ite-induced G/M phase arrest was p53-indepen-
dent. Moreover, the activation of GADD45a by
arsenite was higher in p53(—/-) cells than in p53(+/+)
cells. All these data indicate that the G,/M phase
arrest can be p53 independent.’”

However, some studies have shown the impor-
tance of p53 in G/M arrest. For example, p53 is
required for the G, arrest in response to ionizing
radiation in IMR-90 normal lung fibroblasts.*® Other
studies have indicated that inactivation of p53 by
large T antigen is responsible for abrogating the G,
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FIGURES. Effects of vanadate on cdc2, according to
methods described in Fig. 2. The whole-cell lysates were
used to perform Western blotting. (A) Lane 1, control;
lane 2, 6 h; lane 3, 12 h; and lane 4, 24 h. The concen-
tration of vanadate used was 50 pM. (B) Lane 1, control;
lane 2, 10 uM; lane 3, 25 uM; and lane 4, 50 pM
vanadate. Incubation time was 24 h. Data are from a
single preparation representative of 3 experiments.
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checkpoint.**# Caffeine abrogated G, arrest in re-
sponse to ionizing radiation in mouse embryo fibro-
blasts derived from p53-knockout mice and in rat
embryo fibroblasts, expressing the dominant nega-
tive V143A mutant of human p53.42
Checkpoints are control mechanisms that en-
sure the proper timing of cell cycle events by en-
forcing the dependency of later events on the
completion of early events. Movement of cells from
G/M is regulated by both cyclin A and cdc2/
cyclin B. The activity of cdc2/cyclin B kinases
peaks in late G, and remains high until their deg-
radation.® Earlier studies have shown that G,/M
arrest induced by a peroxovanadium compound
was related to the reduced activity of p34%< and
inhibition of ¢dc25C.*#* Our previous study also
showed that sodium vanadate-induced G,/M phase
arrest was regulated by both phospho-cdc29™%5 and
cdc25C.3% y-irradiation resulted in an accumula-
tion of Thr-14/Tyr-15 phosphorylated cdc2, lead-
ing to the inhibition of cdc2/cyclin B activity.245 It
has been reported that sodium vanadate caused
G,/M arrest and Rb hypophosphorylation in T'98
glioma cells.* The present study shows that vana-
date increased phospho-cdc2 in p53(~/-) cells, but
it decreased phospho-cdc2 in p53(+/+) cells.
There are two pathways associated with the
activation of cdc2/cyclin B complex: (1) ¢dc25C
phosphatase associates with cdc2/cyclin B com-
plex and activates it by dephosphorylated Thr-14/
Tyr-15.47 This association between cdc25C and
cdc2/cyclin B complex may be blocked through
the actions of the Chk1 and Chk2 kinases, which
phosphorylate cdc25C on serine 216.! This phos-
phorylation is necessary for cdc25C to bind to 14~
3-3 proteins and its apparent sequestration from
the cdc2/cyclin B complex.*#-50 (2) Transcriptional
activation of p21WAFV/CIP makes this protein bind
to and inactivates the cdc2/cyclin B complex that
is required for the cell cycle progression.5!3 Our
results show that (1) vanadate was able to. cause
degradation of cdc25C in p53(~/-) cells. The deg-
radation of this protein leads to failure in dephos-
phorylation of cdc2 at Tyr15, resulting in inactiva-
tion of the cdc2/cyclin B complex. Instead of
cdc25C, c¢dc25A, a checkpoint phosphatase for S
phase, was degraded in vanadate-stimulated p5 3(+/+)
cells. (2) Vanadate had no effect on p21 level in
p53(~/-) cells regardless of treatment time and
dose due to the deficiency of p53, although the
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activation of p21 might be p53-independent. Con-
versely, vanadate slightly increased the level of p21
protein in p53(+/+) cells. The explanation is that
vanadate increased the percentage of S phase in-
stead of change in the G/M phase in p53(+/+)
cells. The S phase enhancement depended on p53
that was p21-dependent. It has been reported
that cdc2 is likely to be inhibited by Thr-14/Tyr-
15 phosphorylation, which is dephosphorylated
by cdc25, whereas cdk2, which is an important
checkpoint of S phase, is likely to be inhibited by
association with p21 after UV radiation.>* A simi-
lar mechanism probably exists in the vanadate-
induced S-phase enhancement in mouse embryo
fibroblasts, p53(=/=) cells, and p53(+/+) cells.
The results from our previous study have also
demonstrated that vanadate indeed increased p53
protein level, resulting in activation of p21. Both
p53 and p21 levels decreased after pretreatment
with pifithrin-0t, a specific inhibitor of p53 in
JB6 cells.®

In conclusion, vanadate is able to induce Gy/M
phase arrest in p53 —/— cells. It causes degradation
of ¢cdc25C and inhibition of cdc2, while it does not
alter the expression of p21 and cdc25A. In p53 +/
+ cells, vanadate does not change the percentage of
cells in G/M phase, but it increases the percent-
age of cells in S phase. Vanadate has no effect on
cde2 or cdc25C, but it increases the p21 level and
degrades cdc25A.
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