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Abstract

Protein kinase B (PKB)/Akt and its upstream signal transducer, phosphatidylinosito-3 kinase (PI3K) play an essential role in
control of transcription and translation, which impact cell growth, survival, and metabolism. Transcription factor E2F is a com-
ponent of the downstream proliferative machinery regulated by Akt. Hyperphosphorylation of retinoblastoma protein (pRb),
a pocket protein, leads to release of E2F1, resulting in transition from G

1
 to S phase. The present study shows that in normal

C141 cells, vanadate treatment increased the percentage of cells at S phase and elevated cyclin E and cyclin A expression.
Vanadate treatment triggered phosphorylation of pRb and release of E2F1. Furthermore, vanadate increased Akt kinase activ-
ity and caused its phosphorylation at Ser473 and Thr308. Inhibition of Akt by either inhibitors or transfected cells with domi-
nant negative kinase mutant or dominant negative phosphorylation mutant decreased the percentage of the cells at the S phase
induced by vanadate, and reduced both cyclin E and E2F1 expression and phosphorylation of pRb. The present study indicates
that Akt plays an essential role in vanadate-induced increase in cell number at S phase and transition from G

1
 to S phase through

E2F-pRb pathway. (Mol Cell Biochem 255: 227–237, 2004)
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forms, α, β and γ, all contain an N-terminal PH domain, a
central kinase domain with an activation-loop Thr308 phos-
phorylation site, and a conserved, regulatory serine phos-
phorylation site, Ser473 near the C terminus [4]. For full
activation of the Akt kinase requires the phosphorylation at
both of these sites is required [4].

Although there has been recent progress in elucidating the
mechanisms by which PKB contributes to the regulation of
apoptosis, relatively little is known concerning its role in the
regulation of cell cycle progression [2]. One recent study has
demonstrated that the cell-cycle regulator E2F is a compo-
nent of the downstream proliferative machinery regulated by
Akt [5]. One of the key events in G

1
 phase is the activation

of E2F, which in turn binds to promoters and trans-activates
various genes critical for cell cycle progression, such as cyclin

Introduction

Mammalian cells require an extracellular proliferative signal
directly after mitosis in order to keep on growing and divid-
ing. When cells are faced with a lack of such a signal, they
will either die or go into growth arrest in a postmitotic G

1

phase. One of the important intracellular signaling pathways
that transduces such proliferative signals is the phosphatidyl-
inositol 3-kinase (PI3K) pathway [1]. The proto-oncogene
protein kinase B (PKB), also known as Akt, is a major target
of the PI3K signaling pathway that controls cell proliferation.
This protein is also involved in anti-apoptotic signaling as well
as cell cycle control [2]. PKB/Akt is the cellular homologue
of the transforming viral oncogene v-Akt and bears significant
homology to PKA and PKC [3]. The three mammalian iso-
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E [2]. E2F can activate expression of the S phase regulatory
genes necessary for initiating DNA replication [6] and are
important regulators of the G

1
/S cell cycle transition. E2F acts

as a repressor protein when complexed with a member of the
retinoblastoma (Rb) family of pocket proteins [7, 8]. The con-
tinuation of cell proliferation at various stages of the cell cycle
involves inactivation of at least one of three members of the
Rb family [1]. The pRb protein is an essential component of
the G

1
/S checkpoint [9]. pRb is present at relatively constant

levels throughout the cell cycle but is hyperphosphorylated
by cyclin/cdk complexes and released from E2F1 at the G

1
/

S transition, allowing continuation through the cell cycle [10].
Vanadate is widely found in occupational and environmen-

tal systems. Epidemiological studies have shown a correlation
between vanadium exposure and the incidence of lung cancer
in humans [11–13]. Vanadium compounds were reported to
modify DNA synthesis and repair [11, 13, 14], and induce mu-
tations and DNA-protein crosslinks [14–18]. Vanadate is able
to induce an increase in cell number at the G

2
/M phase through

reactive oxygen species (ROS) in A549 cells [19]. A recent
study from our group also indicated that vanadate caused p53-
dependent S phase cell number increase in mouse epidermal
C141 cells [20]. Our study has shown that vanadate induced
expression of both hypoxia-inducible factor 1 (HIF-1) and
vascular endothelial growth factor (VEGF) through PI3K/Akt
pathway in DU145 human prostate carcinoma cells and ROS
play an important role (unpublished observations).

The purposes of the present study are: (a) to investigate
whether vanadate is able to promote S phase entry; (b) to
study the involvement of cell cycle regulatory proteins in the
vanadate-induced cell number increase at S phase; (c) to ex-
amine whether vanadate is able to activate Akt; and (d) to
explore the effect of Akt on vanadate-promoted S phase en-
try and its regulation.

Materials and methods

Chemicals

Sodium metavanadate was from Aldrich (Milwaukee, WI,
USA). RNase A and Eagle’s minimal essential medium (MEM)
were from Sigma (St. Louis, MO, USA). Fetal bovine serum
(FBS) was from Gibco BRL (Life Technologies, Gaithersburg,
MD, USA). LY294002 and wortmanin were from Calbiochem
(San Diego, CA, USA). Dominant negative Akt1 cDNA plas-
mid was from Upstate (Lake Placid, NY, USA). Antibodies
against cyclin E, cyclin A and E2F-1 were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against
phospho-Rb, Akt and second AP linked anti-rabbit IgG, and
Akt kinase assay kit were from Cell Signaling (Beverly, MA,
USA).

Cell culture

The JB6 P+ mouse epidermal cell line, its stable transfec-
tion with dominant negative Akt phosphorylation sites
mutant (SRα-Akt-T308A/S473A) cells, DN/P cells, and its
stable transfection with dominant negative Akt kinase do-
main mutant (L179M) cells, DN/K cells were cultured in
MEM medium containing 5% FBS, 2 mM L-glutamine and
1000 U/ml penicillin-streptomycin in an incubator at 5%
CO

2
 and 37°C.

Measurement of cell cycle/DNA content

DNA content in G
1
/S, G

2
/M phase was measured using flow

cytometry [21, 22]. C141 cells, DN/K cells and DN/P cells were
fixed and permeabilized with 70% ice-cold ethanol, and incu-
bated with the freshly prepared staining buffer (0.1% Triton
X-100 in PBS, 200 µg/ml RNase A, and 20 µg/ml PI) for 15
min at room temperature. Cell cycle analysis was performed
by flow cytometry with at least 10,000 cells for each sample.
The histogram was abstracted and the percentage of cells in
the G

1
/S and G

2
/M phase was then calculated using ModFit

LT software.

Western blot analysis

The cells were seeded in 100 mm dishes. Cells were lysed
in RIPA buffer (150 mM NaCl, 100 mM Tris (pH 8.0), 1%
Triton X-100, 1% deoxycholic acid, 0.1% SDS, 5 mM EDTA
and 10 mM NaF) supplemented with 1 mM sodium vanad-
ate, 2 mM leupeptin, 2 mM aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1 mM DTT, and 2 mM pepstatin
A on ice for 30 min. After centrifugation at 14,000 rpm for
5 min, the supernatant was harvested as the protein extract.
The protein concentration was determined using Bio-Rad
protein assay reagent (Richmond, CA, USA). The protein
extracts were run by Tris-Glycine SDS gel electrophoresis,
and transferred to a PVDF membrane. Western blotting was
performed using primary antibodies against cyclin E, cyc-
linA, E2F, phospho-Rb, Akt and a secondary antibody against
anti-rabbit IgG. After reaction with ECF substrate, the sig-
nal was detected using a Storm Scanner (Molecular Dynam-
ics, Sunnyvale, CA, USA). The same amount of total protein
was loaded in each analysis.

Akt kinase assay

Cells were rinsed once with ice-cold PBS, scraped from the
plates, and centrifuged at 4,000 rpm for 5 min. The cell pel-
lets were incubated for 10 min on ice in lysis buffer (150 mM
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NaCl, 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 1 mM
EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM
β-Glycerolphosphate, 1 mM Na

3
VO

4
, 1 µg/ml leupeptin) sup-

plemented with 1 mM PMSF, and centrifuged at 11,000 rpm
for 10 min to clarify the supernatants. 200 µg of protein ex-
tracts were incubated with 20 µl of resuspended immobilized
Akt antibody slurry gentle rocking 3 h at 4°C. The pellets were
washed twice with lysis buffer and kinase buffer (25 mM Tris
(pH 7.5), 5 mM β-Glycerolphosphate, 2 mM DTT, 0.1 mM
Na

3
VO

4
, 10 mM

 
MgCl

2
), respectively. Then the pellets were

suspended in 40 µl kinase buffer supplemented with 200 µM
ATP and 1 µg GSK-3 fusion protein, and were incubated 30
min at 30°C. 20 µl 3 × SDS sample buffer (187.5 mM Tris-
HCl (pH 6.8 at 25°C), 6% SDS, 30% glycerol, 150 mM DTT,
0.03% bromphenol blue) was added to terminate the reaction,
followed by centrifugation at 11,000 rpm for 2 min. The su-
pernatant was transferred to a new tube and boiled for 5 min.
Western blotting was performed to probe for phospho-GSK-
3α/β antibody. The same amount of total protein was loaded
in each analysis.

Results

Effects of vanadate on cell cycle in C141 cells

DNA content measured by flow cytometry was used to analyze
the percentage of the cells in S phase. Figure 1, panel A shows
that in C141 cells 50 µM vanadate causes a time-dependent
increase in S phase from 0–24 h. The percentage of the cells
at S phase is 7.6% at beginning of vanadate stimulation and
34.8% at 24 h, respectively. Similarly, a dose-dependency is
observed from 0 to 50 µM vanadate treatment (panel B). The
results thus show that vanadate increased the DNA synthe-
sis and promoted S phase entry.

Effects of the vanadate on cell growth regulatory proteins
in C141 cells

To study the effects of vanadate on cell growth regulatory pro-
teins, Western blotting was used to measure the expression of

Fig. 1. Effects of vanadate on cell number increase at S phase in C141 cells. C141 cells were seeded in 5% fetal bovine serum (FBS) MEM in a 100 mm dish.
After 80% confluence, cells were treated with 50 µM vanadate for a different period of time: a – control; b – 6; c – 12; d – 24 h (Fig. 1, panel A), or with a –
control without vanadate; b – 10; c – 25; d – 50 µM vanadate for 24 h (Fig. 1, panel B). DNA content was measured by flow cytometry.

A B
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cyclin E, cyclin A, and E2F1, and phoshpo-Rb in C141 cells.
Figure 2 shows that vanadate caused a time- and dose-de-
pendent increase in cyclin E, cyclinA, and E2F1 level, and
phosphorylation of Rb.

Effects of vanadate on Akt in C141 cells

Both the kinase assay and Western blotting were used to ex-
amine the effects of vanadate on both Akt kinase activity and
its phosphorylation in the present study. As shown in Fig. 3,
50 µM vanadate caused a time-dependent increase in Akt
activity (phospho-GSK-3α/β) from 1 to 120 min (panel A).
Similarly, Akt activity was increased with the increase in
vanadate dose (panel A, lanes 7–11). In addition, the phos-
phorylation of Akt at both Ser473 and Thr308 sites occurred
in vanadate-treated cells (panel B). Phosphorylation of Akt
increased with the vanadate treatment time (0–240 min at
50 µM). Similar results were obtained when the cells were
treated with different doses of vanadate (from 0–100 µM for
120 min).

Effects of Akt on the percentage of cells in S phase

As shown in Fig. 4, panel A, the two PI3K inhibitors, LY294002
and wortmanin significantly inhibited vanadate-promoted
S phase entry in C141 cells. As the dose of inhibitors in-
creased, the percentage of cells in S phase decreased. In DN/

K cells, although vanadate caused an increase in the number
of cells in S phase in a time- and dose-dependent manner, the
fold of increase was significantly reduced (panels B and C)
compared with that obtained in wild type cells (Fig. 1, pan-
els A and B, S phase range, 7.6–34.8%). The percentage of S
phase is 3.8% in untreated cells and the highest is 8.3% in
cells treated with 50 µM for 48 h (panel B). A similar effect
was also observed in panel C as the cells were treated with
different doses (panel C). In the DN/P cells, the percentage
of S phase increased from 4.8–15.1% when cells were treated
with 50 µM vanadate for 24 h compared to control cells with-
out stimulation (panel D). In the panel E, the percentage of
cells at S phase is 4.4, 5.6, 8.1, 11.6, and 13.4% when the cells
were stimulated with vanadate at 0, 10, 25, 50, and 100 µM
for 24 h, respectively. The percentage of S phase in DN/P cells
is between that of wild type cells (Fig. 1, panels A and B, S
phase range, 7.6–34.8%) and that of DN/K cells (Fig. 4, pan-
els B and C).

Effects of Akt on cell growth regulatory proteins

Both LY294002 and wortmanin reduced vanadate-induced
cyclin E, cyclin A, and E2F1 expression, and the phosphor-
ylation of Rb in C141 cells with different potencies (Fig. 5,
panel A, lanes 3–6). Both the kinase mutant and the phospho-
rylation mutant partially reduced vanadate-induced cyclin E
expression (Fig. 5, panels B and C). Cyclin E levels increased

Fig. 2. Effects of vanadate on cell growth regulatory proteins in C141 cells. The cells were treated with 50 µM vanadate for 6, 12, 24, and 48 h and 10, 25,
50, and 100 µM for 24 h. The whole cell lysates were collected for western blotting using specific antibodies against cyclin E, cyclin A, E2F-1 and phospho-
Rb. Lanes 1 and 6, control; lane 2, 50 µM, 6 h; lane 3, 50 µM, 12 h; lanes 4 and 9, 50 µM, 24 h; lane 5, 50 µM, 48 h; lane 7, 10 µM, 24 h; lane 8, 25 µM, 24
h; and lane 10, 100 µM, 24 h. Data are from a single preparation representative of three independent experiments.
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in response to vanadate treatment in DN/P cells is between
that in C141 wild type cells (Fig. 2) and DN/K cells (Fig. 5,
panel B and C). In both DN/K and DN/P cells, cyclin A lev-
els had no observable change compared to the C141 wild type
cells (Fig. 2). In DN/K cells, both E2F1 expression and phos-
phorylation of pRb stay at the same low level regardless of
vanadate treatment. While E2F1 expression and phosphor-
ylation of pRb slightly increased in DN/P cells treated with
vanadate compared to those in wild type cells (Fig. 2), they
remained in very low levels.

Effects of PI3K on Akt activity

PI3K is an upstream kinase of Akt. We examined the effect
of PI3K on Akt activity. As shown in Fig. 6, wortmanin and
LY294002 inhibited Akt activity in vanadate-treated C141
cells (panel A, lanes 3–6). Vanadate had no effect on Akt
activity in DN/K cells regardless of the treatment times and
doses (panel B, lanes 1–11). Akt activity was slightly in-
creased in DN/P cells treated with vanadate (panel B, lanes
1–11), although the percentage of increase was much reduced
compared to that in wild type cells (Fig. 3, panel A).

Effectsof PI3K on Akt phosphorylation

Both LY294002 and wortmanin completely blocked the phos-
phorylation of Akt at Ser473 (Fig. 7, panel A). LY294002 had
no significant inhibitory effect on the phosphorylation of Akt
at Thr308 (lanes 3 and 4). In DN/K cells vanadate-induced
phosphorylations at Ser473 and Thr308 (Panels B and C, left
part) were much lower than that in wild type cells (Fig. 3).
In DN/P cells, vanadate failed to activate phosphorylation of
Akt at these two major sites (panel B and C, right part).

Discussion

Vanadate compound is widespread in both environmental and
biological systems. It exerts toxic and carcinogenic activity.
It has been reported that vanadium can regulate growth fac-
tor-mediated signal transduction pathways and promote cell
transformation [23, 24]. Workers occupationally exposed to
vanadium are at risk as respirable particulates may penetrate
deep into pulmonary tract. Epidemiological studies have shown
a correction between vanadium exposure and lung cancer in
humans [15, 17].

Fig. 3. Effects of vanadate on Akt. The cells were treated with 50 µM vanadate from 0 to 240 min and 10, 25, 50, and 100 µM for 60 min. The whole cell
lysates were used to measure the kinase activity and phosphorylation. Panel A and panel B represent Akt kinase activity and phosphorylation of Akt, re-
spectively. Lanes 1 and 7, control; lane 2, 50 µM 15 min; lane 3, 50 µM, 30 min; lanes 4, 50 µM, 60 min; lanes 5 and 10, 50 µM, 120 min; lane 6, 50 µM,
240 min; lane 8, 10 µM, 120 min; lane 9, 25 µM, 120 min; and lane 11, 100 µM, 120 min. Data are from a single preparation representative of three inde-
pendent experiments.
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Fig. 4. Effects of Akt on S phase entry. The C141 cells were pretreated with different concentrations of LY294004 and wortmanin for 30 min prior to vana-
date treatment (50 µM for 24 h). Both DN/K cells and DN/P cells were treated for different amounts of time (6, 12, 24, and 48 h) and different doses of
vanadate (10, 25, 50, and 100 µM for 24 h). DNA content was used to measure the percentage of the cells at S phase. Panel A: lane 1, control; lane 2, 50 µM
vanadate; lane 3, 50 µM vanadate + 10 µM LY; lane 4, 50 µM vanadate + 20 µM LY; lane 5, 50 µM vanadate + 50 nM wortmanin; and lane 6, 50 µM
vanadate + 100 nM wortmanin. Panel B and panel D represent time-dependency in both DN/K cells and DN/P cells, respectively. The cells were treated with
50 µM vanadate for 0, 6, 12, 24, and 48 h. Panel C and panel E represent dose-response in both DN/K cells and DN/P cells, respectively. The cells were treated
with 0, 10, 25, 50, and 100 µM vanadate for 24 h. Each point represents mean ± S.D. of three independent experiments. *p < 0.05 compared to control (one-way
ANOVA with Scheffe’s test).
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Fig. 5. Effects of Akt on cell growth regulatory proteins. The C141 cells were pretreated with different concentrations of LY294004, wortmanin for 30 min
before vanadate treatment (50 µM for 24 h). The DN/K cells and DN/P cells were treated with different times and doses. Western blotting was performed
to examine the protein levels of cyclin E, cyclin A, E2F-1 and phosphorylation of Rb. Panel A: lane 1, control without vanadate stimulation; lane 2, vana-
date; lane 3, vanadate + 10 µM LY; lane 4, vanadate + 20 µM LY; lane 5, vanadate + 50 nM wortmanin; and lane 6, vanadate + 100 nM wortmanin. In both
panel B and panel C, left part and right part represent DN/K cells and DN/P cells, respectively. Panel B: lanes 1 and 6, control; lanes 2 and 7, 50 µM 6 h;
lanes 3 and 8, 50 µM, 12 h; lanes 4 and 9, 50 µM, 24 h; and lanes 5 and 10, 50 µM, 48 h. Panel C: lanes 1 and 6, control; lanes 2 and 7, 10 µM 24 h; lanes
3 and 8, 25 µM, 24h; lanes 4 and 9, 50 µM, 24 h; and lanes 5 and 10, 100 µM, 24 h. Data are from a single preparation representative of three independent
experiments.

Characterization of cell cycle regulation is important for
understanding how extracellular stimuli affect on cell prolif-
eration. Previous studies have shown that vanadate is able to
increase S phase cell number in JB6 P+ mouse epidermal cells
[20]. This S phase cell number is p53-dependent through ac-
tivation of p21 and the mitogen-activated protein kinase
(MAPK) signal transduction pathway [20]. The present study
shows that vanadate treatment caused increase in percentage
of the cells at S phase in a dose- and time-dependent manner.
The Cyclin E/cdk2 complex plays a crucial role in the G

1
/S

phase transition [25]. The expression and activity of cyclin E
follows that of cyclin D, with can increase in cyclin E expres-
sion occurring in the nuclus during early G

1
, peaking at the G

1
/

S border, and declining thereafter [26, 27]. In contrast, cyclin
A activity is thought to contribute to the G

1
/S transition, S phase

progression and G
2
/M transition [25]. The present study shows

that vanadate treatment is able to cause increase in cyclin E
and cyclin A expression in a dose- and time-dependent manner.

PKB/Akt is activated via a multistep process by a variety
of signals. In the early steps of this process, PI3K-generated
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D3-phosphorylated phosphoinositides bind to the Akt PH do-
main and induce the translocation of the kinase to the plasma
membrane where it co-localizes with phosphoinositide-de-
pendent kinase-1. D3-phosphorylated phosphoinositides also
appear to induce conformational changes that permit phos-
phoinositide-dependent kinase-1 to phosphorylate the acti-
vation loop of Akt [28]. Signals induced by stress as well as
by beta-adrenergic receptor agonists such as isoproterenol
and cAMP have been shown to activate Akt in a PI3K in-
dependent manner [29–31]. However, it has been reported that
the activation of Akt by stress such as hydrogen peroxide, a
key member of the ROS family, or heat shock was PI3K-de-
pendent [32]. UV induced phosphorylation of Akt at Ser473
and Thr308 in C141 cells was through hydrogen peroxide
[33]. Vanadate was able to generate ROS, which were in-
volved in vanadate-induced G

2
/M phase arrest [19]. A recent

study from our group also shows that vanadate induced HIF-
1 and VEGF expression was through ROS and the PI3K/Akt
pathway (unpublished observations). The present study shows
that vanadate stimulation not only increased Akt kinase ac-
tivity, but also caused phosphorylation of Akt at Ser473 and
Thr308 in a dose- and time-dependent manner. Addition of two
PI3K inhibitors, LY294002 and wortmanin, reduced vanadate-
induced Akt kinase activity and its phosphorylation. These
results indicate that vanadate-induced Akt activation was
PI3K-dependent. Moreover, the Akt activity induced by vana-
date was blocked in cells transfected with dominant negative

Akt kinase mutant plasmid. In the Akt kinase mutant plas-
mid transfected cells, vanadate failed to phosphorylate Akt
at Thr308 because activation loop of Thr308 is located in the
kinase domain, and mutation at the kinase domain affects
the function of phosphorylation. The phosphorylation at
Ser473 was also affected in this type of cells. There are two
models of Akt activation: (a) Akt is cytosolic, and moves
to the plasma membrane in response to PI3K induction [34,
35], where Ser473 phosphorylation occurs, forming form-
ing a docking site for protein dependent kinase-1 (PDK1),
which binds and phosphorylates Thr308 [36]. (b) Cytosolic
Akt and PDK1 colocalize, however, Akt is inactive due to
constraints imposed by its PH domain [37]. Growth factors
then stimulate PI3K, which draws both PDK1 and Akt to the
plasma membrane. The PH domain of Akt binds to phospha-
tidylinositol-3,4,5-trisphosphate (PtdIns3,4,5P

3
), unmasking

the activation loop and allowing PDK1 to phosphorylate
Thr308 [37]. Subsequent elevation of Akt activity promotes
autophosphorylation of Ser473 or phosphorylation by a third-
party enzyme, PDK2 [38], fully activating Akt [39]. It is likely
that vanadate-activated Akt is through the later model. Akt
kinase domain affects its phosphorylation at Thr308, which
in turn affects phosphorylation at Ser473. Similarly, trans-
fection with the dominant negative mutant SRα-Akt-T308A/
S473A made the cells unable to be phosphorylated by vana-
date. Again the induction of Akt activity by vanadate in this
type of cell is less potent than in wild type cells. That is be-

Fig. 6. Effects of PI3K on Akt activity. The C141 cells were seeded in 100 mm dishes. After 80% confluence, the cells were pre-treated with different
concentrations of LY294002, and wortmanin before vanadate treatment (50 µM). Panel A: lane 1, control without vanadate stimulation, 60 min; lane 2,
vanadate 60 min; lane 3, vanadate + 10 µM LY, 60 min; lane 4, vanadate + 20 µM LY, 60 min; lane 5, vanadate + 50 nM wortmanin, 60 min; and lane 6,
vanadate + 100 nM wortmanin, 60 min. Panel B: lanes 1 and 7, control; lane 2, 50 µM 15 min; lane 3, 50 µM, 30 min; lanes 4, 50 µM, 60 min; lanes 5 and
10, 50 µM, 120 min; lane 6, 50 µM, 240 min; lane 8, 10 µM, 120 min; lane 9, 25 µM, 120 min; and lane 11, 100 µM, 120 min. Data are from a single prepa-
ration representative of three independent experiments.
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cause Thr308 is located in the kinase domain, and mutation
of Thr308 affects the kinase activity.

The mammalian cell cycle is a highly regulated process
that is influenced by both positive and negative growth-
regulatory signals during the G

1
 stage [40]. These signals

act by controlling the transcriptional activity of a cellular
transcription factor E2F. Activation of E2F is sufficient to
irreversibly commit cells to undergo DNA replication. Thus
E2F is crucial in the control of cellular proliferation in both
normal and tumor cells [41]. The E2F family determines
whether or not a cell will divide by controlling the expres-
sion of key cell-cycle regulators. These encoded cell cycle
regulators include cyclin E, cyclin A, cdc2, cdc25A, pRb,
and E2F-6. The E2F family is divided into two distinct groups:

E2Fs (E2F1–6) and the DPs (DP1 and DP2) [41]. E2F1 is
believed to act as a tumor suppressor through its ability to
induce apoptosis and cell cycle regulation. It participates in
the repression of E2F-responsive genes through recruitment
of pRb [42]. However, recent studies indicate that E2F1
might also be involved in the DNA-damage-response path-
way [43]. Other studies showed that E2F1 is phosphorylated
by the DNA-damage-response kinase, ataxia-telangiectasia
mutated (ATM) and ataxia-telangiectasia and Rad3-related
(ATR), leading to its stabilization. In the present study, vana-
date treatment caused phosphorylation of pRb, which in turn
caused itself to be inactivated, leading to release of E2F1
[44]. Activated E2F therefore triggers the regulation of cyc-
lin E and cyclin A.

Fig. 7. Effects of PI3K on Akt phosphorylation. The C141 cells were spread in 100 mm dishes. After 80% confluence, the cells were pre-treated with dif-
ferent concentrations of LY294002, and wortmanin prior to vanadate treatment (50 µM). Western blotting was performed in order to measure Akt phospho-
rylation. Panel A: lane 1, control without vanadate stimulation, 120 min; lane 2, vanadate 120 min; lane 3, vanadate + 10 µM LY, 120 min; lane 4, vanadate
+ 20 µM LY, 120 min; lane 5, vanadate + 50 nM wortmanin, 120 min; and lane 6, vanadate + 100 nM wortmanin, 120 min. Left part and right part in panel
B and panel C represent DN/K cells and DN/P cells, respectively. Panel B: lanes 1 and 7, control; lanes 2 and 8, 50 µM 15 min; lanes 3 and 9, 50 µM, 30
min; lanes 4 and 10, 50 µM, 60 min; lanes 5 and 11, 50 µM, 120 min; and lanes 6 and 12, 50 µM, 240 min. Panel C: lanes 1 and 6, control; lanes 2 and 7, 10
µM, 120 min; lanes 3 and 8, 25 ∝M, 120 min; lanes 4 and 9, 50 ∝M, 120 min; and lanes 5 and 10, 100 µM, 120 min. Data are from a single preparation
representative of three independent experiments.
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It has been shown that dominant negative PI3K and phar-
macological inhibitors of PI3K both abrogate IL-2 induction
of E2F almost completely [5]. Furthermore, expression of
gag-PKB also induced a strong transcriptional activation of
E2F, suggesting that these proliferation effects are indeed me-
diated via Akt. Another study showed that activated PI3K in-
duced cyclin D1 transcription and E2F activity, at least in part
mediated by Akt, suggesting that the PI3K/Akt pathway con-
tributed to the G

1
 cell cycle progression [45]. In addition, it

has been reported that Ras-induced increase in E2F1 levels
is dependent on Akt, and it is pRb-independent in HEK293
cells [46]. The present study shows that in vanadate stimula-
tion, cyclin E/cdk2 complex may trigger the phosphorylation
of pRb. The hyperphosphorylated pRb in turn caused release
of E2F1, promoting the transition of G

1
 to S phase. Addition

of either LY294002 or wortamnin reduced the expression of
cyclin E and cyclin A, and decreased phosphorylation of pRb
induced by vanadate, resulting in an inability to release E2F1.
In addition, cyclin level in DN/P cells was higher than that
in DN/K cells, but lower than that in wild type cells. How-
ever, the mutation of kinase domain or phosphorylation sites
seemed to have no effect on the cyclin A level. Inhibition of
kinase activity by transfection of the cells with dominant
negative kinase mutant made vanadate unable to phosphor-
ylate pRb. In contrast, inhibition of phosphorylation could
not completely block phosphorylation of pRb or E2F1 ex-
pression induced by vanadate. These results are consistent
with the expression of cyclin E. It is likely that other phos-
phorylation sites beyond Ser473 and Thr308 may regulate
cyclin E. Due to the decreased cyclin E level after inhibition
of kinase activity or phosphorylation, the percentage of cells
at S phase induced by vanadate decreased in both DN/K cells
and DN/P cells compared to the wild type cells. Moreover,
in the control cells without stimulation, transfection with ei-
ther dominant negative Akt mutant plasmid or dominant nega-
tive T308A/S473A mutant plasmid decreased the S phase
arrest compared to the wild type cells. These observations
indicate that both transition of G

1
/S phase and S phase pro-

gression are mediated by Akt.
In conclusion, (a) vanadate caused Akt phosphorylation at

Ser473 and Thr308 and activated Akt; (b) vanadate-induced
Akt activation was PI3-dependent; (c) activated Akt phospho-
rylated pRb and caused E2F1 release; and (d) the released
E2F1 up-regulated cyclin E and cyclin A, leading to the in-
crease in cell number at S phase.

Reference

1. Kops GJ, Medema RH, Glassford J, Essers MA, Dijkers PF, Coffer PJ,
Lam EW, Burgering BM: Control of cell cycle exit and entry by pro-
tein kinase B-regulated forkhead transcription factors. Mol Cell Biol
22: 2025–2036, 2002

2. Coffer PJ, Jin J, Woodgett JR: Protein kinase B (c-Akt): A multifun-
ctional mediator of phosphatidylinositol 3-kinase activation. Biochem
J 335: 1–13, 1998

3. Bellacosa A, Franke TF, Gonzalez-Portal ME, Datta K, Taguchi T,
Gardner J, Cheng JQ, Testa JR, Tsichlis PN: Structure, expression and
chromosomal mapping of c-akt: Relationship to v-akt and its impli-
cations. Oncogene 8: 745–754, 1993

4. Blume-Jensen P, Hunter T: Oncogenic kinase signalling. Nature 411:
355–365, 2001

5. Brennan P, Babbage JW, Burgering BM, Groner B, Reif K, Cantrell
DA: Phosphatidylinositol 3-kinase couples the interleukin-2 receptor
to the cell cycle regulator E2F. Immunity 7: 679–689, 1997

6. Dyson N: The regulation of E2F by pRB-family proteins. Genes Dev
12: 2245–2262, 1998

7. Weinberg RA: The retinoblastoma protein and cell cycle control. Cell
81: 323–330, 1995

8. Weintraub SJ, Prater CA, Dean DC: Retinoblastoma protein switches the
E2F site from positive to negative element. Nature 358: 259–261, 1992

9. Bosco G, Du W, Orr-Weaver TL: DNA replication control through in-
teraction of E2F-RB and the origin recognition complex. Nat Cell
Biol, 3: 289–295, 2001

10. Sherr CJ: Cancer cell cycles. Science 274: 1672–1677, 1996
11. Hori CaO T: Vanadate enhances the stimulatory action of insurin on

DNA synthesis in cultured mouse mammary glands. Biochim Biophys
Acta 610: 235–240, 1987

12. Nechay BR, Nanninga LB, Nechay PS: Vanadyl (IV) and vanadate (V)
binding to selected endogenous phosphate, carboxyl, and amino li-
gands; calculations of cellular vanadium species distribution. Arch
Biochem Biophys 251: 128–138, 1986

13. Sabbioni E, Pozzi G, Pintar A, Casella L, Garattini S: Cellular reten-
tion, cytotoxicity and morphological transformation by vanadium(IV)
and vanadium(V) in BALB/3T3 cell lines. Carcinogenesis 12: 47–52,
1991

14. Carpenter G: Vanadate, epidermal growth factor and the stimulation
of DNA synthesis. Biochem Biophys Res Commun 102: 1115–1121,
1981

15. Hickey RJ, Schoff EP, Clelland RC: Relationship between air pollu-
tion and certain chronic disease death rates. Multivariate statistical
studies. Arch Environ Health 15: 728–738, 1967

16. Leonard A, Gerber GB: Mutagenicity, carcinogenicity and terato-
genicity of vanadium compounds. Mutat Res 317: 81–88, 1994

17. Stock P: On the relations between atmospheric pollution in urban and
rural location and mortality from cancer, bronchitis, pneumonia, with
particular reference to 3,4-benzopyrene, beryllium, molybdenum, vana-
dium and arsenic. Br J Cancer 14: 397–418, 1965

18. Zhong BZ, Gu ZW, Wallace WE, Whong WZ, Ong T: Genotoxicity
of vanadium pentoxide in Chinese hamster V79 cells. Mutat Res 321:
35–42, 1994

19. Zhang, Z, Huang C, Li J, Leonard SS, Lanciotti R, Butterworth L, Shi
X: Vanadate-induced cell growth regulation and the role of reactive
oxygen species. Arch Biochem Biophys 392: 311–320, 2001

20. Zhang Z, Huang C, Li J, Shi X: Vanadate-induced cell growth arrest
is p53-dependent through activation of p21 in C141 cells. J Inorg
Biochem 89: 142–148, 2002

21. Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C: A rapid
and simple method for measuring thymocyte apoptosis by propidium
iodide staining and flow cytometry. J Immunol Methods 139: 271–
279, 1991

22. Sgonic Raw G: Methods for the detection of apoptosis. Int Arch Al-
lergy Immunol 105: 327–332, 1994

23. Stern A, Yin X, Tsang SS, Davison A, Moon J: Vanadium as a modu-
lator of cellular regulatory cascades and oncogene expression. Bio-
chem Cell Biol 71: 103–112, 1993



237

24. Cruz TF, Morgan A, Min W: In vitro and in vivo antineoplastic effects
of orthovanadate. Mol Cell Biochem 153: 161–166, 1995

25. Shackelford RE, Kaufmann WK, Paules RS: (1999) Cell cycle con-
trol, checkpoint mechanisms, and genotoxic stress. Environ Health
Perspect 107 (suppl 1): 5–24.

26. Koff A, Giordano A, Desai D, Yamashita K, Harper JW, Elledge S,
Nishimoto T, Morgan DO, Franza BR, Roberts JM: Formation and
activation of a cyclin E-cdk2 complex during the G1 phase of the
human cell cycle. Science 257: 1689–1694, 1992

27. Koff A, Cross F, Fisher A, Schumacher J, Leguellec K, Philippe M,
Roberts JM: Human cyclin E, a new cyclin that interacts with two
members of the CDC2 gene family. Cell 66: 1217–1228, 1991

28. Chan TO, Rittenhouse SE, Tsichlis PN: AKT/PKB and other D3 phos-
phoinositide-regulated kinases: Kinase activation by phosphoinositide-
dependent phosphorylation. Annu Rev Biochem 68: 965–1014, 1999

29. Sable CL, Filippa N, Hemmings B, Van Obberghen E: cAMP stimu-
lates protein kinase B in a Wortmannin-insensitive manner. FEBS Lett
409: 253–257, 1997

30. Konishi H, Matsuzaki H, Tanaka M, Takemura Y, Kuroda S, Ono Y,
Kikkawa U: Activation of protein kinase B (Akt/RAC-protein kinase)
by cellular stress and its association with heat shock protein Hsp27.
FEBS Lett 410: 493–498, 1997

31. Konishi H, Matsuzaki H, Tanaka M, Ono Y, Tokunaga C, Kuroda S,
Kikkawa U: Activation of RAC-protein kinase by heat shock and hy-
perosmolarity stress through a pathway independent of phosphatidyl-
inositol 3-kinase. Proc Natl Acad Sci USA 93: 7639–7643, 1996

32. Shaw M, Cohen P, Alessi DR: The activation of protein kinase B by
H

2
O

2
 or heat shock is mediated by phosphoinositide 3-kinase and not

by mitogen-activated protein kinase-activated protein kinase-2. Bio-
chem J 336: 241–246, 1998

33. Huang C, Li J, Ding M, Leonard SS, Wang L, Castranova V, Vallyathan
V, Shi X: UV Induces phosphorylation of protein kinase B (Akt) at Ser-
473 and Thr-308 in mouse epidermal Cl 41 cells through hydrogen
peroxide. J Biol Chem 276: 40234–40240, 2001

34. Franke TF, Yang SI, Chan TO, Datta K, Kazlauskas A, Morrison DK,
Kaplan DR, Tsichlis PN: The protein kinase encoded by the Akt proto-

oncogene is a target of the PDGF-activated phosphatidylinositol 3-
kinase. Cell 81: 727–736, 1995

35. Franke TF, Kaplan DR, Cantley LC, Toker A: Direct regulation of the
Akt proto-oncogene product by phosphatidylinositol-3,4-bisphosphate.
Science 275: 665–668, 1997

36. Persad S, Attwell S, Gray V, Mawji N, Deng JT, Leung D, Yan J,
Sanghera J, Walsh MP, Dedhar S: Regulation of protein kinase B/Akt-
serine 473 phosphorylation by integrin-linked kinase: Critical roles for
kinase activity and amino acids arginine 211 and serine 343. J Biol
Chem 276: 27462–27469, 2001

37. Andjelkovic M, Alessi DR, Meier R, Fernandez A, Lamb NJ, Frech
M, Cron P, Cohen P, Lucocq JM, Hemmings BA: Role of transloca-
tion in the activation and function of protein kinase B. J Biol Chem
272: 31515–31524, 1997

38. Toker A, Newton AC: Akt/protein kinase B is regulated by autophos-
phorylation at the hypothetical PDK-2 site. J Biol Chem 275: 8271–
8274, 2000

39. Scheid MP, Woodgett JR: PKB/AKT: Functional insights from genetic
models. Nat Rev Mol Cell Biol 2: 760–768, 2001

40. Sherr CJ, Roberts JM: CDK inhibitors: Positive and negative regula-
tors of G1-phase progression. Genes Dev 13: 1501–1512, 1999

41. Trimarchi JM, Lees JA: Sibling rivalry in the E2F family. Nat Rev Mol
Cell Biol 3: 11–20, 2002

42. Yamasaki L, Jacks T, Bronson R, Goillot E, Harlow E, Dyson NJ:
Tumor induction and tissue atrophy in mice lacking E2F-1. Cell 85:
537–548, 1996

43. Meng RD, Phillips P, El-Deiry WS: p53-independent increase in E2F-
1 expression enhances the cytotoxic effects of etoposide and of adria-
mycin. Int J Oncol 14: 5–14, 1999

44. Lin WC, Lin FT, Nevins JR: Selective induction of E2F1 in response
to DNA damage, mediated by ATM-dependent phosphorylation. Genes
Dev 15: 1833–1844, 2001

45. Gille H, Downward J: Multiple ras effector pathways contribute to
G(1) cell cycle progression. J Biol Chem 274: 22033–22040, 1999

46. Berkovich E, Ginsberg D: Ras induces elevation of E2F-1 mRNA lev-
els. J Biol Chem 276: 42851–42856, 2001



238


