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Activation of Akt, or protein kinase B, is frequently observed in human cancers. Here we report that Akt
activation via overexpression of a constitutively active form or via the loss of PTEN can overcome a G2/M cell
cycle checkpoint that is induced by DNA damage. Activated Akt also alleviates the reduction in CDC2 activity
and mitotic index upon exposure to DNA damage. In addition, we found that PTEN null embryonic stem (ES)
cells transit faster from the G2/M to the G1 phase of the cell cycle when compared to wild-type ES cells and that
inhibition of phosphoinositol-3-kinase (PI3K) in HEK293 cells elicits G2 arrest that is alleviated by activated
Akt. Furthermore, the transition from the G2/M to the G1 phase of the cell cycle in Akt1 null mouse embryo
fibroblasts (MEFs) is attenuated when compared to that of wild-type MEFs. These results indicate that the
PI3K/PTEN/Akt pathway plays a role in the regulation of G2/M transition. Thus, cells expressing activated Akt
continue to divide, without being eliminated by apoptosis, in the presence of continuous exposure to mutagen
and accumulate mutations, as measured by inactivation of an exogenously expressed herpes simplex virus
thymidine kinase (HSV-tk) gene. This phenotype is independent of p53 status and cannot be reproduced by
overexpression of Bcl-2 or Myc and Bcl-2 but seems to counteract a cell cycle checkpoint mediated by DNA
mismatch repair (MMR). Accordingly, restoration of the G2/M cell cycle checkpoint and apoptosis in MMR-
deficient cells, through reintroduction of the missing component of MMR, is alleviated by activated Akt. We
suggest that this new activity of Akt in conjunction with its antiapoptotic activity may contribute to genetic
instability and could explain its frequent activation in human cancers.

Akt, or protein kinase B (PKB), is a serine/threonine kinase
that has been implicated in the control of major cellular func-
tions such as transcription, protein synthesis, and carbohydrate
and lipid metabolism, and it is a downstream effector of growth
factor-mediated cell survival. Normally, Akt is activated by
growth factors that activate phosphoinositol-3-kinase (PI3K).
Upon activation, PI3K phosphorylates the inositol ring at the
D3 position, which in turn serves to anchor Akt to the plasma
membrane, where it is phosphorylated and fully activated by
the 3-phosphoinositide-dependent kinases PDK1 and PDK2.
Phospholipid phosphatases such as PTEN and SHIP decrease
the pool of available phospholipids and therefore are negative
regulators of Akt. Activated Ras, at least in certain circum-
stances, can up-regulate PI3K and therefore is a potential
activator of Akt as well (13, 22). Overall, positive regulators of
Akt are commonly up-regulated in human cancers, while
PTEN is frequently lost or inactivated by mutations (7, 36).
Furthermore, heterozygous deletion of PTEN in mice elicits a
wide range of spontaneous tumors; this has been attributed

mainly to activation of Akt (12, 34, 38). Finally, activated forms
of Akt induce cellular transformation (4). Taken together,
these observations suggest that Akt activation plays a potent
role in the genesis of cancer which is unlikely to be explained
solely by the antiapoptotic properties of this kinase. We there-
fore decided to investigate further whether Akt activation also
affects cellular responses to DNA damage and cell cycle check-
points induced by DNA damage.

MATERIALS AND METHODS

Cell culture and retrovirus infection. Rat1a cells are immortal nontrans-
formed rat embryo fibroblasts that are susceptible to oncogenic transformation
and exhibit serum- and Akt-dependent susceptibility to a variety of apoptotic
stimuli. HCT116 cells are human colon carcinoma cells that are deficient in
mismatch repair (MMR) function. The HCT116-ch3 cell line was derived from
HCT116 by the introduction of normal human chromosome 3, which restores
MMR in these cells. HCT116 and HCT116-ch3 were a gift of C. R. Boland.
Wild-type and PTEN-deficient embryonic stem (ES) cells were cultured on a
monolayer of lethally irradiated mouse embryo fibroblasts (MEFs). The gener-
ation of Akt1 null MEFs has been previously described (9). Simian virus 40
(SV40)-immortalized MEFs were generated by SV40 infection of wild-type and
Akt1 null MEFs prepared from 13.5-day embryos of littermates. All cell lines
were grown in Dulbecco’s modified Eagle’s medium, supplemented with 10%
fetal bovine serum (FBS), penicillin, and streptomycin, at 37°C in 5% CO2.

Retroviral transduction was performed using Phoenix packaging cell lines, as
described earlier (23). Routinely, 104 to 105 infected clones were obtained upon
appropriate selection. The cells were pooled, expanded, and maintained as poly-
clonal populations.

Rat1a derivatives with ectopic expression of c-Myc and Bcl-2, Bcl-2, Bcl-XL,
and MyrAkt or tetracycline-regulated expression of MyrAkt were described
earlier (16, 23). Constitutive expression of MyrAkt was achieved via infection
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with SR�-MyrAkt, pBabePuroMyrAkt, and pBabeEGFPMyrAkt retroviruses,
followed by selection for neomycin resistance, puromycin resistance, and green
fluorescence, respectively. Qualitatively similar results were obtained with all
three vector systems. GSE56 in pLXSN was a gift of Andrei Gudkov. The
generation of polyclonal HEK293 cells expressing MyrAkt has been previously
described (15).

To generate polyclonal HCT116 and HCT116-ch3 cell lines expressing
MyrAkt, the cells were infected with pBabePuroMyrAkt amphotropic retrovirus
and pBabePuro amphotropic retrovirus as a control. Following infection, the
cells were subjected to puromycin selection and several hundred puromycin-
resistant clones were collected to generate the polyclonal cell lines. Expression of
Akt was assessed by Western blot analysis using anti-Akt antibodies (Abs) (Cell
Signaling Technology).

For the studies of DNA damage responses in Rat1a and HCT116 cell lines, the
cells were seeded a day before treatment at 5 to 10% confluence with an equal
number of cells for all the treated populations. 6-Thioguanine (6-TG) was pre-
pared as a 2 mM stock in 0.1 M NaOH and added to the growth medium as
indicated. Gamma irradiation was performed using a J. L. Shepherd and Asso-
ciates irradiator, according to the manufacturer’s recommendations. Medium
was changed following irradiation, and cells were allowed to recover as indicated.

For colony formation assays, cells were washed with phosphate-buffered saline
(PBS), fixed with methanol, and stained with crystal violet or methylene blue (2%
solution of either dye in 50% methanol).

Cell cycle analysis. Combined detection of bromodeoxyuridine (BrdU) incor-
poration and DNA content using propidium iodide (PI) was performed, using
CellQuest software on a FACSort flow cytometer (Becton Dickinson) and a
BrdU flow kit (Pharmingen) according to the manufacturers’ recommendations.
For irradiation experiments, exponentially grown ES cells were pulse labeled
with BrdU for 45 min, trypsinized, and gamma irradiated with 10 Gy prior to
plating onto a fresh monolayer of lethally irradiated MEFs. Cells were harvested
for the analysis at indicated time points. For the study of cell cycle progression
in untreated cells, wild-type and PTEN�/� ES cell cultures were pulse labeled
with BrdU and collected for flow cytometry as indicated. BrdU labeling allowed
us to exclude MEFs from the analysis and to examine synphasic populations of
wild-type and PTEN�/� ES cells without performing physical synchronization.
For an S-phase block of HEK293 cells, 2.5 � 105 cells/6-cm-diameter dish were
plated and allowed to attach overnight. The cells were then cultured in 0.1% FBS
for 48 h, and the medium was replaced with Dulbecco’s modified Eagle’s medium
containing 10% FBS and 5 �g of aphidicoline/ml. After 24 h, the cells were
washed twice with PBS and were released in 10% FBS.

For cell cycle analysis of BrdU-labeled SV40-immortalized MEFs, about 2 �
106 proliferating cells were pulse labeled with BrdU for 45 min. Following the
pulse labeling, cells were harvested at different time points for analysis of BrdU
incorporation and DNA content.

For routine cell cycle analysis, the suspension in 0.3 ml of PBS was fixed by
drop-wise addition to ice-cold 70% ethanol and was stored at 4°C. Subsequently,

FIG. 1. Activated Akt attenuates G2 arrest in Rat1a cells following DNA damage. (A to D) Cell cycle evaluation of Akt effects. Cell cycle
profiles of untreated Rat1a cells transduced with activated Akt (MyrAkt) or an empty control vector (A) and Rat1a cells treated for 4 days with
2 �M 6-TG and transduced with activated Akt (MyrAkt) or Myc plus Bcl-2 (Myc/Bcl-2) or an empty control vector (B). (C) Summary of three
independent experiments performed as described for panel B. The percentages of cells in G1 and G2 are shown. (D) Twelve hours after 7-Gy
gamma irradiation. Cells were PI stained and analyzed by flow cytometry. (E) The effect of activated Akt is not reestablished by the presence of
dominant-negative p53. Rat1a cells transduced with an empty vector (upper panels) or activated Akt (middle panels) or dominant-negative p53
fragment (GSE56) (bottom panels) were either left untreated or treated with 2 �M 6-TG and analyzed by flow cytometry upon PI staining.
(F) Activated Akt attenuates accumulation of 10.1 3T3 cells in the G2 phase of the cell cycle. 10.1 3T3 cells and 10.1 3T3 cells expressing activated
Akt were exposed to 2 �M 6-TG as described for panels A to E and analyzed by flow cytometry upon PI staining.
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cells were pelleted by centrifugation and resuspended in staining solution con-
taining 40 �g of PI/ml and 100 �g of RNase A/ml. After 60 min of incubation at
37°C, the cell suspension was passed through a 35-�m-pore-size cell strainer
(Becton Dickinson) and flow cytometry was performed using a Becton Dickinson
FACSort flow cytometer. The data was analyzed using CellQuest and ModFit
software (Becton Dickinson). For the purpose of analysis, acquired events were
gated to eliminate cell aggregates and debris.

Mitotic indices. For the measurement of mitotic indices, 6-TG-treated, gam-
ma-irradiated, and untreated Rat1a cells with or without MyrAkt were incubated
in the presence of 250 nM nocodazole, fixed at indicated times in paraformal-
dehyde (4% final concentration), and stained with phospho-histone H3 Ab
(UBI) and tetramethyl rhodamine isothiocyanate-labeled anti-rabbit secondary
Ab (Pharmingen). The percentage of mitotic cells was quantified by scoring at
least 300 cells from four random fields.

CDC2 activity. For the determination of CDC2 kinase activity, the enzyme was
immunoprecipitated from 500 �g of total protein, using the anti-CDC2 Ab C-19
(Santa Cruz). Immunoprecipitated protein was used for an in vitro kinase assay,
with histone H1 as a substrate. Kinase activity was normalized for the amount of
CDC2 in the immunoprecipitates, as detected by Western blotting with C-19.

Mutation analysis. Mutations in the herpes simplex virus thymidine kinase 1
(HSV-tk) gene were estimated from the frequency of ganciclovir (GCV)-resis-

tant colonies among cells transduced with the HSV-tk gene. The HSV-tk gene
was introduced into pLXSE retroviral vectors that coexpress enhanced green
fluorescent protein, and single-cell clones were established by flow sorting, as
described earlier (21). The number of GCV-resistant clones was determined by
plating 5 � 106 cells in 10 �g of the drug/ml and scoring colonies 2 to 3 weeks later.

RESULTS AND DISCUSSION

Activated Akt overrides a G2/M cell cycle checkpoint in-
duced by 6-TG and gamma irradiation. Polyclonal Rat1a cells
that express an activated Akt (MyrAkt) were compared to cells
of the same origin transduced with an empty control vector.
Both isogenic polyclonal cell lines were subjected to treatment
with 6-TG. The guanine analog 6-TG is efficiently incorporated
into DNA. Subsequently, it may base pair with either cytidine
or thymidine and thus elicits lesions that are recognized by the
DNA MMR machinery (18). Incorporation of 6-TG is known
to trigger growth arrest in the S and G2 phases of the cell cycle,
as well as the onset of cell death, which is mediated by the
MMR (5, 11, 19, 39).

Exposure of Rat1a cells for 3 or more days to 6-TG in
concentrations as low as 1 �M caused significant G2 arrest.
However, this G2 arrest was diminished in cells expressing
activated Akt, which showed a significant decrease of accumu-
lation in G2 (P � 0.02 for G2/G1 ratios, using the paired t test)
(Fig. 1A to C).

We also subjected the MyrAkt-expressing Rat1a cells and
control Rat1a cells to gamma irradiation. Rat1 cells are defi-
cient in the G1 checkpoint, due to the hypermethylation of the
cell cycle kinase inhibitor p21cip1/waf1 promoter (2), and thus,
these cells respond to gamma irradiation predominantly by a
transient G2/M arrest. As shown in Fig. 1D, accumulation of
cells in G2/M following gamma irradiation is significantly re-
duced by expression of activated Akt. Apparently, like 6-TG,
gamma irradiation can also induce a transient G2 arrest that
can be mediated by MMR, as MMR deficiency is capable of
alleviating postirradiation G2 arrest (11, 19). Similarly, we ob-
served abolition of G2/M arrest by activated Akt following
exposure to the methylating agent nitroso-methyl urea (E. S.
Kandel and N. Hay, unpublished results). Importantly, addi-
tion of the mitotic inhibitor nocodazole after gamma irradia-
tion results in identical levels of complete G2 arrest in MyrAkt-
and vector-transduced cells, indicating that the observed
phenomena cannot be attributed to enhancement of G1 arrest
by activated Akt.

The ability of activated Akt to override G2/M arrest is in-
dependent of p53 status and cannot be reestablished by coex-
pression of Myc and Bcl-2. The ability of activated Akt to
override G2/M arrest as induced in Rat1a cells that have little
or no expression of p21cip1/waf1 suggests that this activity of Akt
is independent of p53. Indeed, as shown in Fig. 1E, Rat1a cells
expressing p53 dominant-negative fragments (GSE56) (33) re-
spond to 6-TG exposure in a manner similar to that of control
cells. Furthermore, activated Akt attenuates G2 accumulation
of p53 null 10.1 3T3 fibroblasts (41) upon exposure to gamma
irradiation (Fig. 1F). Finally, overexpression of Myc that over-
comes p53-dependent cell cycle checkpoints (41, 42) cannot
overcome the arrest induced by 6-TG (Fig. 1B). This suggests
that Akt acts in G2 essentially in a p53-independent manner
and that growth-enhancing (Myc) and antiapoptotic (Bcl-2)
oncogenes together cannot reproduce this effect. Interestingly,

FIG. 2. Activated Akt maintains higher mitotic index and CDC2
activity upon exposure to DNA damage. (A) Cells with activated Akt
maintain a higher mitotic index following gamma irradiation. Vector
(pBP)- and MyrAkt (pBPMyrAkt)-transduced Rat1a cells were
treated with the indicated doses of gamma irradiation and analyzed 4
and 6 h posttreatment. The mitotic indices were determined as de-
scribed in Materials and Methods and are normalized to that of an
untreated control for each cell line. The relative mitotic index of
vector-transduced cells is shown as 100%. The difference between
vector and MyrAkt cell lines is significant, with P � 0.05 (two-tailed t
test). (B) Cells with activated Akt maintain a higher mitotic index
following 6-TG treatment. The mitotic indices of vector (pBP)- and
MyrAkt (pBPMyrAkt)-transduced Rat1a cells were measured follow-
ing 3 days of 6-TG treatment as described in Materials and Methods.
(C) Activated Akt reduces the decline in CDC2 activity following 6-TG
treatment. CDC2 was immunoprecipitated from treated (MyrAkt) and
untreated (control) cells as indicated, and its activity was measured and
normalized for the total amount of this protein as described in Mate-
rials and Methods. Normalized activity is shown as a percentage of that
in an untreated vector-transduced control.
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FIG. 3. (A) Akt enhances long-term survival upon 6-TG treatment. Rat1a cells transduced with MyrAkt or an empty control vector were treated
with 2 �M 6-TG, as described in Materials and Methods, followed by methylene blue staining. (B) Expression of Bcl-XL does not reestablish the
long-term effect of Akt. Rat1a cells transduced with MyrAkt or Bcl-XL or an empty vector were treated and visualized as described for panel A.
The experiment shown is representative of eight independent experiments. (C) 6-TG resistance is coregulated with Akt expression. Rat1a
pBPSTR-1 MyrAkt cells were treated as described for panel A in the presence (Akt OFF) or absence (Akt ON) of tetracycline. (D) Continuous
Akt function is required for long-term 6-TG resistance. Cells were passed through 6-TG treatment in the Akt ON state as described for panel C
and were retested for 6-TG resistance in the presence or absence of tetracycline. The Tet-inducible MyrAkt cell line has been described previously
(16).

7834 KANDEL ET AL. MOL. CELL. BIOL.



exposure of cells to PALA (N-phosphonoacetyl-L-aspartate),
which depletes the pool of pyrimidines and attenuates cell
cycle progression in a p53-dependent manner (10), can be
abolished in GSE56- or Myc/Bcl-2-expressing cells but not in
cells expressing activated Akt (data not shown). Thus, Akt
activation is not equivalent to functional loss of p53-dependent
cell cycle control.

Activation of Akt maintains high mitotic index, CDC2 ac-
tivity, and long-term survival upon exposure to DNA damage.
In agreement with the cell cycle data, nocodazole block re-
vealed accumulation of mitotic cells in gamma-irradiated or
6-TG-treated cells in an Akt-dependent manner (Fig. 2A and
B). As shown in Fig. 2, reduced G2/M arrest correlates with a
higher fraction of mitotic cells in MyrAkt-expressing popula-
tions, and the reduction in CDC2 activity was not observed in
cells expressing activated Akt. These results imply that the
arrest is indeed in the G2 phase of the cell cycle and that
activation of Akt can override this arrest.

We next wanted to determine whether the bypass of the
G2/M checkpoint by activated Akt, in conjunction with its
antiapoptotic function, enables cells to go through mitosis and
continue dividing without maintaining checkpoint control and
genome integrity. The frequency by which cells become resis-
tant to long-term exposure of 6-TG is about 1 per 106 cells.
This acquired resistance of cells to 6-TG is predominantly due
to mutations in the HGPRT gene. However, a deficiency in
MMR dramatically increases the tolerance to low doses of
6-TG in an HGPRT-independent manner. The explanation for
the higher tolerance of MMR-deficient cells for low doses of
6-TG is that both cell cycle arrest and apoptosis, as mediated
by 6-TG, are alleviated in these cells (11, 19). We therefore set
forth to investigate whether activation of Akt elicits a similar
phenotype and assessed the effect of long-term and continuous
exposure to 6-TG on cells with activated Akt. Essentially com-
plete elimination of Rat1a cells was observed at 6-TG concen-
trations as low as 1 �M, while substantial survival of Rat1a
cells expressing activated Akt was observed at concentrations
as high as 4 �M. For concentrations of 6-TG in the range of 1
to 2 �M, activated Akt increased the colony yield by approx-
imately 2 orders of magnitude (Fig. 3A). This effect has been
observed in eight independent experiments (P � 0.005 [by
Sign’s criterion]). This cannot be explained solely by the anti-
apoptotic function of Akt, as Bcl-XL- and Bcl-2-overexpressing
cells cannot form colonies after long-term exposure to 6-TG,

although they exhibit increased resistance after short-term ex-
posure to the mutagen (Fig. 3B and data not shown).

Although 6-TG resistance can result from a failure to incor-
porate the drug into DNA, as happens in HGPRT-deficient
cells, several lines of evidence ruled this out as an explanation
for the resistance of MyrAkt cells. First, acquired genetic re-
sistance to 6-TG is usually selected at high doses of 6-TG (14).
Second, the high frequency of resistant clones is not likely to be
due to mutations in HGPRT. Third, Rat1a MyrAkt cells
pooled after 2 weeks of growth in the presence of 6-TG retain
high clonogenicity in HAT medium, in which HGPRT-defi-
cient cells are unable to grow and therefore die (14; Kandel

FIG. 4. PTEN deficiency affects exit from G2 phase. (A and B)
PTEN-deficient ES cells recover faster from gamma irradiation-in-
duced G2 arrest. Wild-type and PTEN�/� ES cells were pulse labeled
with BrdU and irradiated as described in Materials and Methods. Cell
cycle distribution of BrdU-positive cells was monitored by flow cytom-
etry at the indicated times posttreatment. Representative histogram
plots (A) and changes over time in the G2-to-G1 ratio (B) are shown.
(C) PTEN deficiency facilitates G2/M-to-G1 transition in untreated ES
cells. Wild-type (WT) and PTEN�/� ES cells were labeled with BrdU,
and the fraction of BrdU-positive cells in G1 was measured by flow
cytometry at the indicated times. The results are representative of two
independent experiments.

TABLE 1. Mutation analysis of HSV-tk gene as measured by
GCV resistancea

Cell line No preselectionb
No. of GCV-resistant clones with:

With Akt inductionc Without Akt inductiond

1 (expt 1) 0 120 80
2 (expt 2) 3 137 240
2 50 �1,500 �1,500

a Clonal cell lines of Ratla pBPSTR-1 MyrAkt expressing HSV-tk were exam-
ined for the number of GCV-resistant clones out of 5 � 106 cells. Two indepen-
dent clonal cell lines were examined. Results of two independent experiments
with cell line 1 and one experiment with cell line 2 are shown.

b Cells with no prior 6-TG treatment. GCV selection done in an Akt ON state.
c Cells passed through 6-TG selection and GCV selection, both with induction.
d Cells passed through 6-TG selection in an Akt ON state but selected on GCV

without Akt induction.
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and Hay, unpublished). Finally, to further confirm that contin-
uous Akt activity is required for survival per se rather than for
acquisition of secondary resistance mutations, we employed a
Rat1a cell line with regulated expression of MyrAkt (16). The
cells were routinely cultured in the absence of activated Akt
(Akt OFF), yet activation of Akt just prior to 6-TG treatment
was sufficient to induce a resistance phenotype (Fig. 3C). Thus,
6-TG tolerance cannot be explained by acquisition of addi-
tional mutations during prolonged Akt activation. Moreover,
cells surviving 6-TG treatment in an Akt ON state remained
sensitive to subsequent exposures to the drug when Akt was
turned off (Fig. 3D). Thus, Akt activation is indeed the primary
determinant of the resistance phenotype in these cells and
provides protection both from apoptosis and from G2 arrest
mediated by MMR.

We have also assessed the effect of proliferation in the pres-
ence of 6-TG on the accumulation of mutations in cells ex-
pressing activated Akt by measuring HSV-tk gene inactivation.
Expression of the HSV-tk gene renders the cells sensitive to
GCV; therefore, the frequency with which the HSV-tk gene is
mutated and inactivated is commonly measured by the fre-
quency of resistance to GCV (1). Thus, Rat1a cells with tetra-
cycline-dependent expression of MyrAkt were infected with a
retrovirus carrying the HSV-tk gene and single-cell clones were
isolated (see Materials and Methods). The isolated clones were
expanded in an Akt OFF state to generate clonal cell lines.
Two clonal cell lines were chosen for subsequent experiments.
The cells were propagated in the presence of 6-TG in an Akt
ON state, as shown in Fig. 3C, for about a month. The 6-TG-
resistant cells were then examined for mutations in the HSV-tk
gene, as reflected by the number of colonies resistant to GCV.
The 6-TG-resistant cells were examined for resistance to GCV
in an Akt ON or Akt OFF state. The values were compared to
those obtained in the Akt ON state for the same clones without
prior 6-TG exposure. Two important observations were made
(see Table 1). First, a significantly higher number of GCV-
resistant colonies were observed after 6-TG treatment; second,
there was no significant difference in the number of GCV-
resistant colonies when Akt expression was turned off. Thus,
the inactivation of the HSV-tk gene had occurred in these
clones during the period that activated Akt was turned on, and
once it had occurred it was no longer dependent on Akt acti-
vation. On the basis of these observations, we concluded that
Akt, in fact, permits survival and proliferation of cells by de-
creasing sensitivity to mismatched nucleotides rather than
through prevention of uptake or incorporation of 6-TG. Con-
sequently, the cells with transiently activated Akt accumulate
mutations at secondary loci and exhibit novel phenotypes that
are no longer affected by Akt status. These observations sug-
gest that even transient up-regulation of Akt activity in condi-

tions of DNA damage may result in a permanent higher mu-
tation load in the surviving cell population.

PTEN�/� ES cells are deficient in G2/M checkpoints in-
duced by gamma irradiation. The predominant mode of Akt
activation in human malignancies is probably via inactivation
of PTEN. Therefore, we set out to investigate whether PTEN
deficiency may exhibit a phenotype similar to that which we
observed in MyrAkt-expressing cells. After pulsing with BrdU
for 45 min, wild-type or PTEN-deficient ES cells (12) were
irradiated, plated on a fresh layer of lethally irradiated embry-
onic fibroblasts, and collected at various time points. In two
independent experiments, analysis of a BrdU-positive popula-
tion revealed that PTEN-deficient cells were released from G2

arrest and entered G1 significantly earlier than their wild-type
counterparts (Fig. 4A and B).

Finally, we investigated whether the PTEN/PI3K/Akt path-
way affects cell cycle progression in untreated cells. PTEN
deficiency had been reported to cause a small increase in the
growth rate (37). While increased survival or faster transition
through the G1 checkpoint has not been ruled out, we set out
to examine whether other phases of the cell cycle might be
affected in these cells. Wild-type or PTEN-deficient ES cells
were pulsed with BrdU for 45 min and periodically sampled for
the next 10 h. By the end of the experiment, the fraction of
BrdU-positive cells in the G1 phase was substantially higher in
the PTEN-deficient population (Fig. 4C). Thus, PTEN defi-
ciency mimics ectopic expression of activated Akt in its ability
to overcome the G2/M checkpoint.

The PI3K/Akt pathway is required for G2/M transition. The
results shown in Fig. 4C suggest that the PI3K/Akt signaling
pathway can regulate G2/M transition. To further explore this
observation, we subjected cells to the PI3K inhibitor LY294002
(LY). In many cell lines, inhibition of PI3K leads to G1 arrest
(8, 26). However, some cell lines respond to LY by a G2 cell
cycle arrest. For example, HEK293 cells respond to LY mainly
by G2 cell cycle arrest, which is abolished in HEK293 cells
expressing activated Akt (HEK293mAkt) (Fig. 5A). This can
be observed in other cell lines when they are blocked in the
G1/S boundary and released to progress through the cell cycle
in the presence of LY (40; data not shown). We also found
that, following the release of S-phase block, HEK293mAkt
cells showed accelerated progression through G2/M and a sig-
nificant diminution of G2 arrest in the presence of LY when
compared with control cells (Fig. 5B and data not shown). As
shown in Fig. 5B, at 7 h after release, both HEK293pBP and
HEK293mAkt cells enter the G2/M phase of the cell cycle.
However, at 9 h after release, the HEK293mAkt cells exit the
G2/M and enter the G1 phase, whereas the HEK293pBP cells
are still in the G2/M phase; at 12 h after release, the
HEK293mAkt cells enter the second S phase, whereas only

FIG. 5. (A) Activation of Akt overcomes G2 cell cycle arrest induced by LY. Asynchronously growing HEK293 cells infected with pBabePuro
(HEK293pBP) or pBabePuroMyrAkt (HEK293pBPmAkt) were either left untreated or treated with LY (20 �m) for 12 h and then subjected to
flow cytometry analysis. (B) Akt accelerates the transition from G2/M to G1. HEK293pBP and HEK293mAkt cells were subjected to aphidicoline-
mediated S-phase block and were released from the block as described in Materials and Methods. Samples were taken for flow cytometry analysis
at the indicated time points. The profiles of asynchronously growing cells (control) are also shown. (C) Akt1�/� MEFs are attenuated in the
transition from G2/M to G1. Asynchronously growing SV40-immortalized wild-type (left panels) and Akt1�/� (right panels) MEFs were pulse
labeled with BrdU for 45 min and subjected to flow cytometry analysis at the indicated time points as described in Materials and Methods. x axis,
DNA content; y axis, number of events.
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about 50% of HEK293pBP cells exit the G2/M and enter the
G1 phase of the cell cycle at this time point.

Finally, we have analyzed the G2/M-to-G1 transition of Akt1
null MEFs. Proliferating SV40-immortalized wild-type and
Akt1�/� MEFs were pulse labeled with BrdU and analyzed by
flow cytometry, as described in Materials and Methods. As
expected, 2 h after the pulse, most of the BrdU-labeled wild-
type and Akt1�/� cells were in the S phase (Fig. 5C). However,
12 h after the pulse, the wild-type-labeled cells appeared
mostly in the G1 phase, whereas the Akt1�/� cells were still in

the G2/M phase at this time point (Fig. 5C). Although we
cannot completely exclude the possibility that the Akt1�/�

cells are also impaired in the transition from S phase to G2

phase, these results, together with the results described above,
strongly suggest that Akt is required for the G2/M transition.

Activation of Akt resembles DNA MMR deficiency in ability
to overcome the G2/M cell cycle checkpoint and apoptosis
induced by DNA damage. Attenuation of cell cycle arrest in a
p53-independent manner and increased survival of certain
types of DNA damage upon Akt activation resembled the

FIG. 6. Activated Akt attenuates G2 arrest following gamma irradiation in HCT116-ch3 cells and mimics MMR deficiency in HCT116 cells.
(A) Immunoblotting analysis of expression of Akt in HCT116 and HCT116-ch3 transduced with empty vector (lanes 1 and 3) or activated Akt
(lanes 2 and 4). 	-Actin is shown as a loading control. (B) The isogenic cell lines HCT116 and HCT116-ch3, after being transduced with activated
Akt or an empty control vector, were gamma irradiated (7 Gy), and their cell cycle profiles were determined by PI staining and flow cytometry.
Ratios of G2-to-G1 fractions are shown. Cumulative data from two independent experiments are presented. (C) Akt activation increases long-term
survival upon 6-TG treatment. A total of 1.5 � 106 HCT116 and HCT116-ch3 cells transduced with activated Akt or an empty control vector were
continuously treated with 2 �M 6-TG. Colonies were visualized by crystal violet staining. Results of two independent experiments are shown.
(D) Quantification of the results shown in panel B. Colony counts (presented as averages with standard deviations) are plotted on a logarithmic
scale.
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phenotype of MMR-deficient cells (11, 19; for a review, see
reference 6). To further investigate this issue, we employed the
colon carcinoma cell line HCT116. These cells, although they
express wild-type p53, are not susceptible to pronounced G2

arrest upon exposure to gamma irradiation or 6-TG, because
they are MMR deficient (11, 24) (Fig. 6B). This phenotype of
HCT116 cells is rescued by introducing human chromosome 3,
which encodes the missing MMR component hMLH1, into the
cells (HCT116-ch3 cells) but is not affected by the loss of p53
(11, 24). We used retrovirus infection in HCT116 and
HCT116-ch3 cells to generate polyclonal cell lines expressing
MyrAkt (see Materials and Methods). Expression levels of Akt

in control and MyrAkt-expressing cells are shown in Fig. 6A.
As shown in Fig. 6B, we found that expression of activated Akt
in HCT116-ch3 cells reestablishes the phenotype of the paren-
tal HCT116 cells. The differences between vector- and
MyrAkt-transduced HCT116-ch3 cells are significant, with P �
0.014 and P � 0.013 for the 19-h and 24-h time points, respec-
tively (paired t test). We also observed that long-term 6-TG
tolerance of HCT116-ch3 cells increases when MyrAkt is ex-
pressed, which resembles the phenotype of parental MMR-
deficient HCT116 cells (Fig. 6C and D). Incomplete restora-
tion of long-term 6-TG resistance may be due in part to
frequent inactivation of long-terminal-repeat-driven trans-

FIG. 6—Continued.
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genes in both HCT116 and HCT116-ch3 cell lines, as was
previously shown (27).

The phenotype of cells with Akt activation resembles that of
MMR-deficient cells. The results in Fig. 4C, showing that the
transition from G2/M to G1 is facilitated in PTEN null cells,
suggest that activation of Akt is more likely to be affecting the
cell cycle machinery than is the activity of MMR proteins.
Furthermore, the results in Fig. 5, showing that inhibition of
PI3K induces G2 cell cycle arrest that can be alleviated by
activated Akt and that Akt1 null MEFs display a delayed
transition from G2/M to G1, strongly suggest that the PI3K/Akt
signaling pathway is required for normal G2/M transition.
However, the putative common target for MMR proteins and
Akt that mediates the G2/M cell cycle checkpoint is yet un-
known. This elusive target either can participate in the signal-
ing to the cell cycle machinery or is an integral part of the cell
cycle machinery. One potential candidate that may link MMR,
Akt, and the cell cycle is BRCA1, as it was shown that BRCA1
interacts with MMR proteins (43–45) and is also a target for
Akt phosphorylation (3). In addition, it was shown that
BRCA1 exon 11 isoform null cells are defective in the G2/M
cell cycle checkpoint and do not arrest in G2 following expo-
sure to gamma irradiation (46). It was also shown that over-
expression of BRCA1 induces mainly G2/M cell cycle arrest
(30). Because Chk1 can execute a G2/M cell cycle checkpoint
that is p53 independent and the deletion of Chk1 elicits apo-
ptosis in a p53-independent and MMR-dependent manner (20,
25, 28, 29, 31), it is also possible that Akt exerts its effects
through direct or indirect modulation of Chk1. Interestingly, it
was recently shown that BRCA1 mediates its effect through
Chk1 (47). While this paper was under review, it was shown
that inhibition of PI3K in MDCK cells elicits G2 arrest that is
abolished by activated Akt. Because the inhibition of PI3K
activates Chk1 and activated Akt alleviates this activation, it
was suggested that the PI3K/Akt signaling pathway may regu-
late G2/M transition, at least in part through modulating Chk1
activity (35). Clearly, more studies are required to delineate
the exact mechanism by which Akt exerts its effect on the G2/M
transition. Another avenue through which Akt may exert its
effect is through the inhibition of the FOXO transcription
factors that are downstream phosphorylation targets of Akt. It
was recently shown that FOXO3a modulates the expression of
several genes that regulate response to stress at the G2/M cell
cycle checkpoint (40).

Several lines of evidence indicate that G2 arrest, which is
alleviated by activated Akt, is p53 independent: (i) Rat1a cells
in which the p21cip1/waf1 promoter is inactive and which are
thus deficient in p53-dependent cell cycle checkpoints still re-
spond to gamma irradiation and 6-TG by transient G2 arrest,
which is alleviated by activated Akt (Fig. 1A, B, and D). (ii)
Rat1a cells expressing dominant-negative p53 still arrest in G2

upon exposure to 6-TG (Fig. 1E). (iii) Overexpression of Myc
that overcomes p53-dependent cell cycle checkpoints (41, 42)
cannot overcome the arrest induced by 6-TG (Fig. 1B). (iv)
10.1 3T3 cells that are null for p53 accumulate in G2 upon
exposure to 6-TG, and activated Akt alleviates this accumula-
tion (Fig. 1F). (v) Inhibition of PI3K in HEK293 cells elicits G2

arrest that is alleviated by activated Akt (Fig. 5A). In HEK293
cells, the transcription activation function of p53 is diminished
due to expression of the adenovirus E1B 55K protein, which

binds to the transactivation domain of p53 and inhibits its
activity (17, 48). (vi) SV40-immortalized Akt1�/� MEFs in
which p53 is not functional are attenuated in the transition
from G2/M to G1 phase (Fig. 5C). (vii) The MMR-proficient
cells, HCT116-ch3, arrest in G2 upon exposure to gamma ir-
radiation, and activated Akt diminishes this arrest (Fig. 6). It
was previously shown that MMR-dependent G2 arrest in
HCT116-ch3 cells cannot be abolished by ectopic expression of
the human papillomavirus E6 protein, which degrades p53
(11).

In summary, our findings document a novel role for Akt in
the control of G2/M cell cycle progression and show that acti-
vation of Akt can overcome both the p53-independent G2/M
cell cycle checkpoint and apoptosis induced by DNA damage.
In addition, it was recently shown that activation of Akt also
has the potential of alleviating the p53-mediated cell cycle
checkpoints through phosphorylation and sequestration of
p21cip1/waf1 and through enhanced degradation of p53 (32, 49,
50). Therefore, Akt activation is similar to inactivation of p53,
which abolishes the cell cycle checkpoints and at the same time
inhibits apoptosis. The significance of this observation is un-
derscored by the high incidence of tumor-associated changes
that lead to Akt activation. The results also suggest that acti-
vation of Akt may influence tumor response to therapy, in
particular to antipurine treatment, and that the status of Akt as
a prognostic marker should be evaluated in efforts to improve
the outcome of the associated disease.
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