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Radiation therapy is a mainstay in the treatment of glioblas-
tomas, but these tumors are often associated with radioresis-
tance. Activation of the phosphatidylinositol-3-OH kinase
(PI3K)/Akt pathway, which occurs frequently in glioblastomas
due to inactivation of the tumor suppressor phosphatase and
tensin homologue (PTEN), correlates with radioresistance. To
directly test the linkbetweenAkt activation and radioresistance,
we utilized PTEN-deficient U251 glioblastoma cells engineered
to inducibly restore PTENupon exposure to doxycycline. These
cells showed high basal levels of Akt activation (i.e. high levels of
phospho-Akt), but induction of PTEN led to substantially
decreased phospho-Akt and was associated with radiosensitiza-
tion. To investigate whether the PTEN-induced radiosensitiza-
tion was attributable to impaired sensing versus repair of DNA
damage,we assessed levels of�-H2AXafter ionizing radiation in
U251 cells induced for PTEN. Initial post-radiation levels of
�-H2AX foci were not decreased in PTEN-induced cells; how-
ever, the resolution of these foci was significantly delayed. In
contrast to these results, induction of phosphatase-dead PTEN
showed no appreciable effect. Finally, exposure of cells to the
PI3K inhibitor LY294002 did not decrease the occurrence of
�-H2AX foci after irradiation but did markedly delay their res-
olution. These results together support a direct link between
Akt activation, repair of DNA damage, and radioresistance in
glioblastoma. Targeting the PI3K/Akt pathway may modulate
DNA repair to improve the efficacy of radiation therapy.

Glioblastoma multiforme, the most common primary adult
brain tumor, has a dismal prognosis. Even with aggressive sur-
gery, radiotherapy, and chemotherapy, the median survival for
patients with glioblastomas is under one year (1, 2). The phos-
phatidylinositol-3-OH kinase (PI3K)3 signaling pathway is
commonly activated in these tumors, often by virtue of PTEN

gene mutation but possibly also by epidermal growth factor
receptor expression (3, 4). PTEN encodes a phosphatase that
dephosphorylates phosphatidylinositol-3,4,5 triphosphate to
convert it to phosphatidylinositol-4,5 bisphosphate. Therefore,
inactivation of PTEN leads to increased levels of phosphatidyl-
inositol-3,4,5 triphosphate and increased Akt activation (5).
Conversely, restoration of PTEN leads to inhibition of Akt.
Chakravarti et al. (3) found significantly reduced survival times
in patients whose tumors showed PI3K pathway activation.
These patients were treated with a combination of surgery with
postoperative radiation as the only adjuvant therapy, which
suggested that this pathway might play an important role in
radiation resistance.
One of the factors implicated in radioresistance is activation

of the Ras/PI3K/Akt pathway (6, 7). Data fromnumerous inves-
tigators show that inhibition of this pathway leads to radiosen-
sitization, not just of glioblastomas but also carcinoma of the
colon, bladder, prostate, head and neck, and cervix (6–15).
The precise mechanism by which the PI3K/Akt pathway

leads to radioresistance has yet to be determined. Radiation is
thought to kill cells by causing DNA damage, specifically dou-
ble strand breaks (DSBs) (16). This leads to a DNA damage
response to allow repair of the DNA strand breaks prior to
undergoing cell division. We investigated whether the PI3K/
Akt pathway may influence the DNA damage response. In
order tomanipulate activity of this pathway we tested a cell line
that is normally PTEN-deficient but has been engineered so
that wild-type PTEN can be induced by adding doxycycline,
U251-PTEN (17). As a control we used another cell line, U251-
C124S, that is inducible for a mutant form of PTEN that is
devoid of phosphatase activity due to a cysteine 124 alteration
to serine. In contrast to the radiosensitization and impaired
DNA damage repair noted when wild-type PTENwas induced,
doxycycline-mediated induction of U251-C124S showed no
effect on clonogenic survival or resolution of H2AX activation.
These experiments together link Akt activation with DNA
damage repair, a pathway that may be usefully modulated by
PTEN.

EXPERIMENTAL PROCEDURES

Tissue Culture and Reagents—U251MG, a humanmalignant
glioma cell line that is PTEN-deficient, was obtained from the
Brain Tumor Research Center Tissue Bank at the University of
California San Francisco. U251MG cells were cultured in Dul-
becco’s modified Eagle’s medium (4500 mg/liter glucose;
Invitrogen) containing 10% fetal bovine serum (AtlantaBiologi-
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cals). U251-PTEN and U251-C124S doxycycline-inducible
cells, both derivatives of U251MG cells, were a gift from M.
Georgescu (M.D. Anderson Cancer Center, Houston, TX) (17).
These cells were cultured in Dulbecco’s modified Eagle’s
medium (4500 mg/liter glucose; Invitrogen) containing 10%
fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA)
with G418 (400 �g/ml) and blasticidin (2 �g/ml) added. These
cells were cultured in and grown in an incubator containing 5%
carbon dioxide and 21% oxygen.

Radiation Survival Determination—Cells were seeded into
60-mmdishes at defined densities and irradiated 1 h after addi-
tion of drug at a dose rate of 1.6 Gy/min using a Mark I cesium
irradiator (J. L. Shepherd, San Fernando, CA). Colonies were
stained and counted 10 to 14 days after irradiation. A colony by
definition had �50 cells. The surviving fraction was calculated by
dividing the number of colonies formed by the number of cells
plated � plating efficiency. Each point on the survival curve rep-
resents the mean surviving fraction from at least three replicates.

FIGURE 1. PI3K/Akt pathway inhibition radiosensitizes U251MG glioblastoma cells. A, clonogenic survival assays indicate radiosensitization of U251MG
after pharmacologic inhibition of PI3K/Akt. U251MG cells were seeded as single cell suspensions. Three hours after seeding, LY294002 (10 �M) or vehicle only
was added and then followed 1 h later by mock-irradiation or exposure to ionizing radiation at the indicated doses. After 24 h of exposure, the LY294002 was
removed and the cells left to grow undisturbed for 7–10 days; the resultant colonies were stained and counted. B, induction of wild-type or mutant PTEN.
U251MG cells engineered to be inducible for either wild-type PTEN or phosphatase-dead PTEN (C124S) were exposed to doxycycline (1 �g/ml). After 24 h, cells
from each group were harvested and the resultant lysates immunoblotted for the proteins indicated. Doxycycline-induced PTEN protein diminishes activated
Akt as indicated by reduced levels of Akt phosphorylated at serine 473. C, radiosensitization of U251MG after induction of wild-type PTEN. Clonogenic assays
performed on U251-PTEN in the presence or absence of doxycycline. Cells were exposed to doxycycline or vehicle for 24 h, followed by reseeding onto fresh
plates and mock-irradiation or irradiation with the indicated doses. D, lack of radiosensitization with induction of mutant PTEN. Clonogenic assays performed
on U251 cells engineered to be inducible for catalytically inactive PTENC124S in the presence or absence of doxycycline. Cells were exposed to doxycycline or
vehicle for 24 h, followed by reseeding onto fresh plates and mock-irradiation or irradiation with the indicated doses. After 4 h to allow for attachment, they
were irradiated. Doxycycline was removed after 24 h. Survival fraction is plotted on the y-axis versus dose of radiation on the x-axis. All surviving fractions with
radiation were normalized to these base-line plating efficiencies.
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Protein Extraction,Western Blot Analysis—Details regarding
protein isolation, gel electrophoresis, and Western blotting
have been published previously (18). The following antibodies
were used: monoclonal anti-phospho Akt antibody that recog-
nizes P-S473 (Cell Signaling, Danvers, MA), anti-Akt antibody
(Cell Signaling) at a dilution of 1:1000, anti-b-actin antibody
(Sigma) at a 1:1,000 dilution. The secondary antibody used for
these blotswas a goat anti-mouse antibody (Bio-Rad). Antibody
binding was detected by chemiluminescence using an ECL kit
(Amersham Biosciences).
Flow Cytometry—Determination of cell cycle status was per-

formed via flow-assisted cytometric analysis as described pre-
viously (19). Cells were flash-frozen via liquid nitrogen
immediately after harvesting and resuspension in citrate
buffer (40 mM sodium citrate and 5% Me2SO) and stored at
�70° until analysis. At analysis, all samples were thawed and
stained with propidium iodide simultaneously. Flow analysis
was performed on a BD Biosciences FACSCalibur flow
cytometer, and the data were analyzed using CellQuest Pro
cell cycle analysis program.
Assays for �-H2AX Activation—Following irradiation, cells

were assessed via immunofluorescence for unrepaired DNA
damage via phosphorylation of H2AX (�-H2AX), a standard
marker of unrepaired double strand DNA damage. For these
experiments, cells were grown on coverslips. All groups of cells
were fixed in 4% paraformaldehyde with 0.1% Triton-X100 and
probed with anti-�-H2AX antibody (Upstate Biological, Inc.,
Lake Placid, NY), followed by secondary antibody (anti-mouse
Alexa Fluor 594 (Molecular Probes. subsidiary of Invitrogen).
After the staining with specific antibody, the coverslips were
counterstained with 4�,6-diamidino-2-phenylindole (DAPI) to
mark the nuclei. All treatment groups were then assessed for
�-H2AX foci via sequential imaging through each nuclei. A
minimum of 300 cells in each treatment group were counted.

RESULTS

U251MG glioblastoma cells are PTEN-deficient, resulting in
a high level of Akt activation (5). Treatment of these cells with
the PI3K inhibitor LY294002 increases their sensitivity to radi-
ation as determined by clonogenic survival assays (Fig. 1A).
Because pharmacologic agents may exert nonspecific effects,
wewished to employ a genetic approach to verify these findings.
Tomanipulate the level of PTENand consequently of phospho-
Akt in U251MG cells, we used a derivative cell line containing a
tetracycline-induciblewild-type PTEN transgene (17).We con-
firmed that addition of doxycycline to this cell line increased
expression of PTEN and decreased the level of phospho-Akt, as
expected (Fig. 1B). An isogenic control cell line was also used in
which a mutant, phosphatase-dead form of PTEN (124S) was
induced with doxycycline, which did not result in a decrease in
phospho-Akt expression (Fig. 1B). U251-PTEN cells were
treated with doxycycline, irradiated, and then assessed for clo-
nogenic survival. Induction of wild-type PTEN in these cells led
to radiosensitization (Fig. 1C), whereas no such effect was seen
in U251-C124S, the control counterpart cell line in which
mutant PTEN was induced (Fig. 1D).
These experiments established that down-regulation of the

PI3K/Akt pathway in these cells led to increased sensitivity to

radiation. Because radiosensitivity varies with the cell cycle, it
was important to assess that induction of wild-type PTEN did
not dramatically alter the cell cycle profile. Fig. 2 shows that the
addition of doxycycline led to aminimal change in the percent-
age of cells in G1, G2, and S phase in these cells at the time of
irradiation (T � 0 h). Therefore, changes in cell cycle distribu-
tion do not account for the radiosensitization seen with PTEN
induction.
We investigated next whether PTEN induction might mod-

FIGURE 2. Cell cycle status after radiation of cells induced for wild-type
PTEN. U251-PTEN cells engineered to be inducible for wild-type PTEN in
response to doxycycline were exposed to vehicle only (�Dox) or doxycycline
(�Dox) for 24 h, followed by irradiation (IR) with 4 Gy. Replicate plates of cells
were harvested either immediately before IR (0) or at the indicated hours after
IR. Cells from all time points and treatment groups were assessed for cell cycle
status via fluorescent cell sorting. The resultant histograms are shown, with
the portions of the x-axis (DNA Content) corresponding to either G1 or G2/M as
indicated by the brackets.
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ulate unrepairedDNADSBdamage,
via assessment of �-H2AX. At sites
of DSBs, �-H2AX is recruited to
megabase domains detectable as
nuclear foci, the number of which
correlates with the amount of unre-
paired damage (20). Fig. 3A shows
representative photographs of the
U251-PTEN cell line treated with
combinations of doxycycline and
ionizing radiation (4 Gy). These
data are quantitated in Fig. 3B. Radi-
ation-induced �-H2AX foci were
readily visible within 1 h of irradia-
tion in both doxycycline-treated
and control groups. These foci had
substantially decreased in number
by 8 h post-irradiation in the control
group and had disappeared by 24 h.
In contrast, the addition of doxycy-
cline to U251-PTEN cells led to a
substantial percentage of cells still
retaining these foci at 24 h (Fig. 3B).
In further support of the idea that
these foci represent sites of unre-
paired DSBs, we tracked the fate of
the persistent foci in surviving cells.
At extended times after irradiation,
many �-H2AX foci were retained
within micronuclei, which are frag-
ments of chromatin that are widely
considered to represent unrepaired
DNA damage (21–23) (Fig. 4).
To exclude the possibility that

exposure to doxycycline in itself
may affect the kinetics ofDNAdam-
age repair, we assessed the isogenic
U251-C124S cell line in which cata-
lytically inactive PTEN was induced
by the addition of doxycycline. (Fig.
1B). In contrast to the striking dif-
ference seen with the U251-PTEN
line (Fig. 3), induction of mutant
PTEN showed near-identical rates
of resolution of �-H2AX foci (Fig.
5), indicating that exposure to doxy-
cycline or the induction of an inac-
tive PTEN protein does not influ-
ence DNA damage repair.
Our observations suggest that

PTEN likely modulates its effects
on radiosensitivity through down-
regulation of PI3K activity and
suppression of efficient DNA
damage repair. As an additional
test of this hypothesis, we assessed
the effect of the PI3K inhibitor
LY294002 on DNA damage repair.

FIGURE 3. Induction of wild-type PTEN protein leads to persistence of �-H2AX foci. U251 cells engineered
to be inducible for wild-type PTEN grown on coverslips were exposed to vehicle only (�Dox) or doxycycline for
24 h (�Dox), followed by irradiation (IR) with 4 Gy. Replicate groups of cells were fixed either immediately
before IR (0) or at the indicated hours after IR. All cells were then stained for �-H2AX or nuclei (DAPI) via
immunofluorescence. Representative images of cells of each treatment group are shown in panel A. The num-
ber of �-H2AX foci was counted for each cell and the average number of foci/cell recorded. A minimum of 300
cells in each treatment group were counted. The quantitation of the average number of �-H2AX foci is shown
in panel B. Error bars indicate S.E.
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These experiments also tested whether the radiosensitiza-
tion noted with LY294002 (Fig. 1A) was attributable to defi-
cient DNA damage sensing. U251 cells were treated with
LY294002 and then irradiated in the presence of the drug. At
1 h after IR, the number of �-H2AX foci was similar in the
presence or absence of the drug. The largest differences were
seen at subsequent time points, in which LY294002 resulted in
persistence of �-H2AX foci (Fig. 6,A and B). These results sug-
gest that inhibition of PI3K activity in U251 cells probably does
not abolish the sensing of DNA damage but leads rather to a
reduced rate of repair of this damage. Consequently, down-
regulation of a pathway that results in diminished PI3K activity
leads to persistence of a marker of unrepaired double strand
DNA damage.

DISCUSSION

Numerous studies have shown that activation of the PI3K/
Akt pathway is associated with resistance to radiation in many
cell lines (6–15). We show in this report using U251, a PTEN-
deficient cell line, that either treatment with the PI3K inhibitor
LY294002 or conditional PTEN expression using a doxycy-
cline-inducible system leads to radiosensitization. How does
this occur? One possibility is that there might be redistribution
of cells into more radiosensitive phases of the cell cycle. How-
ever, flow cytometry showed that induction of wild-type PTEN
caused minimal changes in the cell cycle at the time of irradia-
tion (T � 0 h); therefore, this is unlikely to be the explanation
for the radiosensitization.
H2AX is a histone that is phosphorylated on Ser-129 (24) by

ataxia telangiectasia mutated (ATM) and DNA-protein kinase
(25–27) in response to DNA DSBs. This reaction occurs
extremely rapidlywith half-maximal amounts generatedwithin
a minute and maximal amounts by 10 min (24). Hence, meas-
urement of �-H2AX is a sensitive and specific assay for unre-

paired DSBs. �-H2AX regulates the
recruitment of repair factors such as
Nbs1, 53BP1, and BRCA1 to foci
located at DSB sites (28, 29). It is
hypothesized that the formation of
these foci increases the local con-
centration of repair proteins and
facilitates repair ofDSBs. Therefore,
�-H2AX is not merely a marker for
DNA damage repair but plays an
essential role in the repair process.
Consistent with this notion, mice
deficient for both copies of the gene
are viable but display genomic insta-
bility and are exquisitely sensitive to
ionizing radiation (30, 31).
In the studies described here, we

combined complementary genetic
and pharmacologic approaches to
show that a potential mechanism
for the radiosensitization by PTEN
is disruption of the DNA damage
repair process. Both approaches
indicated that PTENmodulated pri-

marily the repair of DNA damage repair. Other studies have
investigated the effects of PI3K inhibitors on �-H2AX foci. At
nanomolar concentrations, wortmannin irreversibly inhibits
the lipid kinase activity of PI3K (32). Burma et al. (26) found
that 1 �M of the drug did not prevent the induction of �-H2AX
after DNA damage. However, at 100 �M, �-H2AX activation
was abolished. These results are consistent with the inhibition
of kinases other than PI3K, perhaps including DNA-protein
kinase, mTOR, mitogen-activated protein kinase, ATM at
extremely high levels of wortmannin (33–36). Stiff et al. (27)
found that LY294002 did not decrease �-H2AX foci formation
in cells unless theywere deficient forATM, implicatingATMas
the target of the drug. Likewise, Paull et al. (28) found that
preincubation of cells with a high concentration ofwortmannin
(200 �M) interfered with activation of �-H2AX but, interest-
ingly, addition of the same concentration of wortmannin after
irradiation did not prevent �-H2AX foci formation. Unfortu-
nately, the kinetics of foci resolution were not assessed.
A genetic approach can help avoid nonspecific effects that

sometimes accompany pharmacologic interventions. An
advantage to using a PTEN-inducible cell line is that this results
in specific down-regulation of the PI3K/Akt pathway rather
than inhibition of other phosphatidyl 3-kinase-related kinase
family members such as DNA-protein kinase or ATM. Our
results are more consistent with those of Toulany et al. (37),
who measured �-H2AX foci in A549 lung carcinoma cells 24 h
after irradiation and found that the number of foci/cell was
greater in cells treated with LY294002 and radiation than in
cells treated with radiation alone. However, this result is diffi-
cult to reconcile with their other finding, that LY294002
blunted �-H2AX induction following radiation as determined
by Western blotting in these cells (37).
Of note, we found that inhibition by PTEN induction or by

LY294002 did not abolish expression of �-H2AX foci. Quite the

FIGURE 4. Persistence of �-H2AX foci in micronuclei in U251 cells induced for wild-type PTEN protein.
U251 cells were prepared and treated as described for Fig. 3 but fixed for immunofluorescence at 36 h after
irradiation. Surviving cells were stained for �-H2AX and then counterstained with DAPI to visualize chromatin.
Images show representative groups of cells, with the panels in either A or B representing images of the same
group of cells. Panels IA and B show staining for �-H2AX, while panels IIA and B show DAPI. Panels IIIA and B show
both �-H2AX and DAPI pseudocolored, respectively, for magenta and blue and then merged. The portions of
the panels in III indicated by the dashed boxes are shown at higher magnification in panels IVA and B. Arrow-
heads denote examples of �-H2AX staining coinciding with micronuclei, indicating that micronuclei contain
unrepaired double strand DNA damage.
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contrary, the number of foci/cell 1 h after radiation was the
same in control cells as in the PTEN-induced or LY294002-
treated cells. However, the �-H2AX foci persisted much longer
in the PTEN-induced or LY294002-treated cells. By 24 h, all the
foci had disappeared from control cells but they were still pres-
ent in the treated cells. The fact that many of the persistent foci
were seen in cellswithmicronuclei (Fig. 5) is consistentwith the
idea that unrepaired DNA damage in these cells leads to cell
death. Ionizing radiation produces dicentrics that then lead to
the formation of both micronuclei and anaphase bridges. Cells
containing a micronucleus at the first division after irradiation
or subsequently generally cannot form colonies (38).
In conclusion, we found that down-regulation of PI3K/Akt

signaling by PTEN induction or by treatment with the PI3K
inhibitor LY294002 led to persistence of unrepaired double
strand DNA damage. These observations also imply that the
PI3K/Akt pathway can modulate DNA damage repair in
response to radiation and may have relevance to modulating

the efficacy of radiation therapy in other types of human can-
cers in which this pathway has been activated.
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