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In Vivo Analysis of Protein Kinase B (PKB)/Akt Regulation in
DNA-PKcs-null Mice Reveals a Role for PKB/Akt in DNA
Damage Response and Tumorigenesis™
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Full activation of protein kinase B (PKB/Akt) requires phos-
phorylation on Thr-308 and Ser-473. It is well established that
Thr-308 is phosphorylated by 3-phosphoinositide-dependent
kinase-1 (PDK1). Ser-473 phosphorylation is mediated by both
mammalian target of rapamycin-rictor complex (mTORC2) and
DNA-dependent protein kinase (DNA-PK) depending on type
of stimulus. However, the physiological role of DNA-PK in the
regulation of PKB phosphorylation remains to be established.
To address this, we analyzed basal, insulin-induced, and DNA
damage-induced PKB Ser-473 phosphorylation in DNA-PK cat-
alytic subunit-null DNA-PKcs ™/~ mice. Our results revealed
that DNA-PK is required for DNA damage-induced phospho-
rylation but dispensable for insulin- and growth factor-induced
PKB Ser-473 phosphorylation. Moreover, DNA-PKcs ™/~ mice
showed a tissue-specific increase in basal PKB phosphorylation.
In particular, persistent PKB hyperactivity in the thymus appar-
ently contributed to spontaneous lymphomagenesis in DNA-
PKcs ™/~ mice. Significantly, these tumors could be prevented by
deletion of PKBa. These findings reveal stimulus-specific regu-
lation of PKB activation by specific upstream kinases and pro-
vide genetic evidence of PKB deregulation in DNA-PKcs™/~
mice.

The serine/threonine protein kinase B (PKB),? also known as
Akt, is a downstream effector of phosphatidylinositol 3-kinase
(PI3K) and a major regulator of a variety of cellular processes,
including metabolism, transcription, survival, proliferation,
and growth (1-4). PKB acts on a plethora of substrates, includ-
ing GSK3B and FoxO transcription factors (3—6). PKB is acti-
vated by several stimuli, including hormones, growth factors,
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cytokines and, as recently reported, also by DNA damage
(7-10). Deregulation of PKB is implicated in carcinogenesis
and diabetes (1, 11, 12).

Activation of PKB requires phosphorylation at two key
regulatory sites as follows: Thr-308 and Ser-473 (of PKBa).
Phosphorylation by 3-phosphoinositide-dependent kinase-1
(PDK1) occurs on Thr-308 in the activation loop of PKB. The
phosphorylation on Ser-473 within a C-terminal hydrophobic
motifleads to full activation of PKB. The mTOR-rictor complex
(mTORC?2), a member of the PI3K-related kinase (PIKK) fam-
ily, has been reported to regulate Ser-473 phosphorylation (13—
16). Significantly, it was shown that DNA-dependent protein
kinase (DNA-PK), a further member of the PIKK family, also
regulates PKB Ser-473 phosphorylation (9). In addition, a role
for DNA-PK in the activation of PKB by CpG-DNA has been
established using bone marrow-derived macrophages (17).
Moreover, Bozulic et al. (8) demonstrated recently that
DNA-PK phosphorylates PKB Ser-473 upon induction of DNA
double strand breaks. However, the regulation of PKB by
DNA-PK under physiological conditions remained to be estab-
lished. This study made use of genetically modified mouse
models to investigate PKB regulation by DNA-PK, as phospho-
rylation of Ser-473 may be stimulus-, signaling pathway-,
and/or cell type-specific.

DNA-PK is composed of a 470-kDa catalytic subunit (DNA-
PKcs) and the Ku antigen complex (Ku80/Ku70) and involved
in V(D)] recombination, repair of DNA double strand breaks by
nonhomologous end joining, apoptosis, and transcription reg-
ulation (18). Double-stranded DNA ends produced by ionizing
radiation or radiomimetic drugs activate DNA-PK, which is a
primary sensor of DNA damage (19). DNA-PKcs /™ mice dis-
play growth retardation, hypersensitivity to ionizing radiation,
and severe immunodeficiency (20-22). Because of defects in
V(D)J recombination, the development of T and B cells is
blocked at an early progenitor stage in DNA-PKcs™/~ mice.
Moreover, DNA-PKcs~/~ thymus has decreased cellularity and
displays hypotrophy. Furthermore, DNA-PKcs ™/~ mice dis-
play an increased rate of T cell lymphoma (23).

Studies of mutant mice carrying a null mutation for each of
the three PKB isoforms PKB«, PKBp, and PKBvy revealed dif-
fering phenotypes, some of which are shared by DNA-PKcs ™/~
mice. Similar to DNA-PKcs ™/~ mice, PKBa /'~ mice display
growth retardation and hypersensitivity to DNA damage (24—
27). Furthermore, PKBa ™'~ mice show accumulation of early
thymocyte subsets (28 -30). PKBB~/~ mice display glucose
intolerance and insulin resistance, whereas PKBy~/~ mice have
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a reduced brain size (31-34). Deletion of PKBB and PKBy iso-
forms revealed that a single functional allele of PKBa is suffi-
cient for mouse development and survival (35).

In this study, we investigated the role of DNA-PK in basal,
insulin-induced, and DNA damage-induced phosphoryla-
tion of PKB Ser-473 under physiological conditions. We
report that DNA-PK phosphorylated PKB on Ser-473 upon
DNA damage induced by +y-irradiation in vivo. In contrast,
DNA-PK was dispensable for insulin and growth factor-in-
duced PKB activation. Interestingly, analysis of basal PKB
Ser-473 phosphorylation in DNA-PKcs~/~ mice showed tis-
sue-specific deregulation of the PKB/FoxO pathway. In par-
ticular, we provide evidence that persistent PKB hyperactiv-
ity in the thymus apparently contributes to spontaneous
thymic lymphomagenesis in DNA-PKcs /~ mice. Lym-
phomagenesis could be prevented by the deletion of PKB«
and implies deregulation of PKB in DNA-PKcs ™/~ thymi.

EXPERIMENTAL PROCEDURES

Mice—DNA-PKcs ™'~ mice (20) were kindly provided by
Prof. Fredrick Alt (Howard Hughes Medical Institute, Harvard
Medical School). PKBa '~ mice were described previously
(27). For the generation of DNA-PKcs ' PKBa '~ mice,
DNA-PKcs ™/~ mice were mated with PKBa ™/~ mice, and the
resulting DNA-PKcs*/“PKBa™'~ progeny intercrossed. All
mice had a C57BL/6;129 mixed background. Mice were housed
according to Swiss Animal Protection legislation under specific
pathogen-free conditions. All procedures were conducted with
the approval of the appropriate authorities.

Cell Culture and Treatments—Mouse embryonic fibroblasts
(MEFs) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, 100 units/ml penicil-
lin, and 100 ug/ml streptomycin. For IGF-1 and serum stimu-
lation, MEFs were starved overnight prior to treatment with
IGF-1 (50 ng/ml) or serum (10% fetal calf serum) for the indi-
cated times.

Western Blot Analysis—Protein lysates were prepared by
homogenization of various organs in lysis buffer (50 mm Tris-
HCI, pH 8.0, 120 mm NaCl, 1% Nonidet P-40, 40 mm SB-glycer-
ophosphate, 10% glycerol, 0.05 mm phenylmethylsulfonyl fluo-
ride, 1 mm benzamidine, 50 mm NaF, 1 mm Na,VO,, 1 um
microcystin LR). Homogenates were centrifuged twice (13,000
rpm for 15 min at 4 °C) to remove cell debris. Protein concen-
trations were determined using the Bradford assay (Bio-Rad).
Proteins were separated by 6, 8, or 10% SDS-PAGE and then
transferred to Immobilon-P polyvinylidene difluoride mem-
branes (Millipore). Antibodies against phospho-PKB (Ser-473),
phospho-PKB (Thr-308), phospho-Foxo4 (Ser-193), phospho-
GSK3p (Ser-9), phospho-S6K (Thr-389), and phospho-PKC
(Ser-657) were purchased from Cell Signaling. PKCa« antibody
was from Santa Cruz Biotechnology. Phospho-FoxO3 (Thr-32)
and IRS-1 antibodies were from Upstate Biotechnology, Inc./
Millipore. DNA-PKcs (Ab-4) and actin (Ab-5) antibodies were
from NeoMarkers. PKBa isoform-specific antibody and PKB
antibody Ab10 were previously described (27, 36). Anti-TSC2
antibody was generated as described previously (37) and kindly
provided by K. Molle (Biozentrum, University of Basel, Switzer-
land). A rat monoclonal anti-a-tubulin (YL1/2)-producing
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hybridoma cell line was obtained from American Type Culture
Collection. Quantification was performed using ImageQuant
TL (Amersham Biosciences) software.

In Vivo Insulin Stimulation—Insulin stimulation was per-
formed on ~3-month-old DNA-PKcs™/~ mice and wild-type
controls (n = 8). Following an overnight fast, a bolus of insulin
(1 unit/kg of body weight; human recombinant insulin; Sigma)
or saline solution was injected via the inferior vena cava into
terminally anesthetized mice. White adipose tissue, liver, skel-
etal muscle, and heart were collected 20 min after stimulation
and immediately snap-frozen. Tissues were homogenized and
lysed as described above.

Glucose and Insulin Tolerance Tests—Three-month-old
mice were fasted overnight (n = 2 for wild-type; n = 5 for
DNA-PKcs /7). For glucose tolerance tests, glucose (2 g/kg of
body weight; D-(+)-glucose anhydrous; Fluka) was given orally,
and for insulin tolerance tests, insulin (1 unit /kg; human
recombinant insulin, Sigma) was administered by intraperito-
neal injection as described previously (35). Blood samples were
collected at the indicated times from tail veins, and glucose
levels were determined using Glucometer Elite (Bayer).

Total Body vy-Irradiation of Mice—Mice received a single
exposure of 1 Gy total body irradiation with x-rays (Asteophys-
ics Research Corp., TORREX 120D x-ray system). The tissues
were collected after 30 min and immediately snap-frozen. Tis-
sues were homogenized and lysed as described above.

Flow Cytometry—Thymocytes in suspension were stained at
4. °C for 30 min in FACS buffer (2% fetal calf serum in phos-
phate-buffered saline) with fluorescein isothiocyanate- or phy-
coerythrin-conjugated antibodies to CD4 and CDS8 cell-surface
markers. Antibodies were from Immunotools.

Histological Analysis—Organs were dissected and fixed in 4%
paraformaldehyde/phosphate-buffered saline at 4 °C. After
dehydration in ethanol, samples were embedded in paraffin.
Tissues were cut into 4-um-thick sections and stored for stain-
ing. For hematoxylin-eosin (Sigma) staining, sections were
deparaffinized and stained.

Statistics—Data are provided as arithmetic means * S.E.,
and # represents the number of independent experiments.
Data were tested for significance using one-way analysis of
variance. The p values for the Kaplan-Meier survival curve
were determined by LogRank tests with the Holm-Sidak
multiple comparisons procedure using SigmaStat 3.11 (Sys-
tat Software, Inc.) statistics software. Results at p < 0.05
were considered significant.

RESULTS

In Vivo, DNA-PK Is Dispensable for PKB Ser-473 Phosphoryl-
ation upon Insulin Stimulation—To evaluate the involvement
of DNA-PK in the regulation of PKB in response to insulin
stimulation, we treated wild-type and DNA-PKcs /~ mice with
insulin. The mice were fasted overnight and then injected with
a bolus of insulin (1 unit /kg body weight) or a saline control.
Twenty minutes after injection, liver, skeletal muscle, adipose,
and heart tissues were collected and analyzed by immunoblot-
ting. PKB Ser-473 was robustly (~20-fold for liver; ~25-fold for
skeletal muscle and heart; ~10-fold for adipose tissue; data not
shown) phosphorylated upon insulin stimulation in all four tis-
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FIGURE 1. DNA-PK is dispensable for PKB Ser-473 phosphorylation upon
insulin and growth factor stimulation. After overnight fasting and insulin
(ins) stimulation (1 unit/kg body weight) for 20 min, tissues from 3-month-old
(WT) and DNA-PKcs ™/~ (KO) mice were analyzed for PKB Ser-473 phosphoryl-
ation via immunoblotting with phospho-specific antibodies. A, skeletal mus-
cle; B, liver; G, heart; D, adipose tissue. Wild-type and DNA-PKcs '~ MEFs (KO)
were stimulated with IGF-1 (50 ng/ml) (E) or serum (10%) (F) for various times,
and PKB Ser-473 phosphorylation was analyzed by immunoblotting.

sues from both wild-type and DNA-PKcs '~ mice (Fig. 1,
A-D). Thus, we concluded that DNA-PK is dispensable for
insulin-induced PKB Ser-473 phosphorylation in vivo. Addi-
tionally, we treated wild-type and DNA-PKcs™ '~ mouse
embryonic fibroblasts (MEFs) with IGF-1 (Fig. 1E) or serum
(Fig. 1F). Neither treatment resulted in impaired PKB Ser-473
phosphorylation in DNA-PKcs/~ MEFs, indicating that
DNA-PK is not essential for PKB Ser-473 phosphorylation
upon IGF-1 or serum stimulation.

To investigate the role of DNA-PK in the maintenance of
glucose metabolism, mice fasted overnight were subjected to an
insulin or glucose tolerance test. To evaluate insulin sensitivity,
insulin (1 unit/kg) was injected intraperitoneally and blood glu-
cose levels measured at the indicated time points. No signifi-
cant differences in blood glucose levels were found between
DNA-PKcs /™ mice and wild-type controls (Fig. 2A). After oral
application of glucose (2 g/kg), blood glucose levels were meas-
ured at the indicated times. Wild-type and DNA-PKcs™ /™ mice
displayed a similar response to the glucose treatment (Fig. 2B).
Hence, DNA-PKcs /™ mice display neither insulin resistance
nor glucose intolerance. Taken together, the results show that
DNA-PK is dispensable for PKB Ser-473 phosphorylation in
response to insulin and growth factor stimulation and is also
not essential for the maintenance of glucose homeostasis.

DNA-PK Is the Physiological PKB Ser-473 Kinase upon y-Ir-
radiation-induced DNA Damage—DNA-PK is activated by
DNA double strand breaks induced by y-irradiation and radio-
mimetic drugs (18, 19). To investigate the role of DNA-PK in
PKB Ser-473 phosphorylation induced by +y-irradiation, we
analyzed the PKB response to DNA damage in MEFs. Phospho-
rylation of PKB was promoted in wild-type MEFs in a dose-de-
pendent manner (~4-fold for 5 Gy and 5-fold for 10 Gy),
whereas this response was significantly impaired (p = 0.0017
for 5 Gy and p < 0.001 for 10 Gy) in DNA-PKcs~/~ MEFs (Fig.
3A). Moreover, the levels of phosphorylated FoxO4 Ser-193
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FIGURE 2. DNA-PK is dispensable for maintenance of glucose metabo-
lism. For analysis of glucose metabolism, 3-month-old wild-type (WT) and
DNA-PKcs ™~ (KO) mice after overnight fasting were treated with insulin (1
unit /kg body weight) for insulin tolerance tests (A) or glucose (2 g/kg body
weight) for glucose tolerance tests (B). The graphs depict arithmetic means +
S.E. of blood glucose concentrations at the indicated time points following
the treatments.

also increased in a dose-dependent manner, reaching a peak at
10 Gy (Fig. 3A). Further increase in DNA damage at 15 Gy
irradiation led to compromised PKB and FoxO4 phosphoryla-
tion (Fig. 3A), which is reminiscent of the dependence of PKB
activation on the extent of DNA damage. Further analysis
showed that the phosphorylation of PKB Ser-473 and FoxO4
Ser-193 remained impaired in DNA-PKcs—/— MEFs com-
pared with WT MEFs at additional time points analyzed (Fig.
3B). Subsequently, we investigated DNA-PK-dependent PKB
activation induced by y-radiation in vivo. Wild-type and DNA-
PKcs ™/~ mice were subjected to 1 Gy total body irradiation,
and tissues were collected after 30 min. PKB was phosphoryla-
ted on both Thr-308 and Ser-473 (~3.5-fold) in the brains of
wild-type animals upon y-irradiation. Strikingly, this activation
was compromised in the DNA-PKcs ™/~ brain (Fig. 3B). Like-
wise, levels of phosphorylated FoxO4 increased in wild-type
irradiated brain (~18-fold), whereas there was no induction of
FoxO4 phosphorylation in DNA-PKcs /™ -irradiated brain
(Fig. 3B). Immunoblot analysis with an antibody that preferen-
tially recognizes the unphosphorylated form (because of the
fact that the peptides used for production of the antibodies
against phosphoprotein and total protein were derived from the
same sequence) showed a decrease in total FoxO4 protein upon
irradiation. This indicates a robust phosphorylation of FoxO4
Ser-193 upon DNA damage (Fig. 3B). In summary, in vivo and
ex vivo results both indicate that PKB activation is promoted
and that DNA-PK is required for phosphorylation of PKB Ser-
473 in response to DNA damage induced by y-irradiation.
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FIGURE 3. DNA-PK is the physiological PKB Ser-473 kinase in the response to vy-irradiation. PKB and FoxO4
phosphorylation were analyzed by phospho-specific antibodies in wild-type (WT) and DNA-PKcs ™~ (KO) MEF
lysates 30 min after the indicated doses of y-irradiation (A) or atindicated time points after 10 Gy irradiation (B). Right
panels, quantification of fold increase in PKB Ser-473 phosphorylation after y-irradiation determined by phospho-
PKB (p-PKB)Ser-473/PKB ratio with respect to nonirradiated WT and KO controls. Data were tested for significance
using one-way analysis of variance with the Holm-Sidak multiple comparisons procedure. ns, not significant. C,
analysis of PKB and FoxO4 phosphorylation in WT and DNA-PKcs '~ (KO) brain 30 min after 1 Gy total body +y-irra-
diation or sham irradiation. Right panel, quantification of fold increase in p-PKB Ser-473/actin ratio and phospho-
FoxO4 (p-FoxO4) Ser-193/actin ratio after +y-irradiation with respect to sham-irradiated WT and KO controls.
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FIGURE 4. Analysis of basal PKB phosphorylation in DNA-PKcs '~ tissues.
Tissues were collected from 2-month-old random-fed WT and DNA-PKcs /"~
mice and analyzed by immunoblotting. A, top panel, PKB phosphorylation in
WT and DNA-PKcs/~ (KO) adipose tissue. Bottom panel, quantification of PKB
Ser-473 phosphorylation determined by p-PKB Ser-473/PKB ratio relative to
wild-type ratio. B, top panel, PKB phosphorylation in WT and DNA-PKcs ™/~
(KO) brown fat. Bottom panel, quantification of PKB Ser-473 phosphorylation
determined by p-PKB Ser-473/PKB ratio relative to wild-type ratio. C, top
panel, PKB Ser-473, PKB Thr-308, GSK3 Ser-9, FoxO3a Thr-32, and S6K Thr-
389 phosphorylation and total IRS-1 protein levels in WT and DNA-PKcs ™/~
(KO) thymi. Bottom panel, quantification of PKB Ser-473 phosphorylation
determined by p-PKB Ser-473/PKB ratio relative to wild-type ratio.
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been shown to repress upstream
signaling by induction of insulin
receptor substrate-1 (IRS-1) degra-
dation (38 —40). In contrast, neither
the phosphorylation of S6K1 on the
hydrophobic motif residue Thr-389
nor the IRS-1 protein levels were
significantly different in DNA-
PKcs ™/~ and wild-type thymus and
adipose (Fig. 4C and supplemental
Fig. 1B). Hence, we concluded that
the increased PKB activity in the
DNA-PKcs null background was not because of defective S6K/
IRS-1-mediated feedback regulation in these tissues. Interest-
ingly, in some cases we observed increase of both S6K Thr-389
phosphorylation as well as IRS-1 protein levels in DNA-
PKcs™/~ brown fat (supplemental Fig. 1B). The marked
increase in PKB phosphorylation upon loss of an upstream
kinase prompted us to further investigate components of the
PKB signaling pathway in DNA-PKcs ™/~ thymus. Further anal-
ysis of PKB downstream targets revealed that there was no sig-
nificant difference in GSK3f Ser-9 phosphorylation, whereas
the FoxO4 transcription factor was strongly phosphorylated in
DNA-PKcs /™ thymus compared with the wild type. This sug-
gests that the PKB/FoxO pathway is deregulated in DNA-
PKcs ™/~ thymus (Fig. 4C).

Constitutive PKB Activity Contributes to the Development of
Spontaneous Thymic Lymphomas in DNA-PKcs™’~ Mice and
Can Be Prevented by Deletion of PKBa—PKB deregulation has
been implicated in various types of cancer, including thymic
lymphoma (41). Transgenic mice expressing a constitutively
active PKB in T cells develop T cell lymphomas (42—44). Con-
sistent with previous results (23), we observed an increased fre-
quency of thymic lymphomas in DNA-PKcs ™/~ mice (Fig. 5A).
Thymic tumors already appeared in 3-month-old animals and
were 30-fold larger than nonmalignant DNA-PKcs ™/~ thymi
(0.010 = 0.001 g versus 0.313 = 0.106 g; p = 0.03) (Table 1).
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FIGURE 5. Deletion of PKBa prevents spontaneous development of thy-
mic tumors. A, incidence of thymic tumors from wild-type (WT), DNA-
PKcs ™/~ (KO) analyzed between 3 and 7 months age and DNA-PKcs™’
—PKBa /™ double knock-out (DKO) mice analyzed between 2 and 15 months
age. B, PKB Ser-473, FoxO4 Ser-193, and FoxO3a Thr-32 phosphorylation in
WT thymus, DNA-PKcs ™/~ tumor, and DNA-PKcs ™/~ PKBa~/~ (DKO) thymi.

TABLE 1

Thymic weights of wild-type and DNA-PKcs
control and tumor)
n indicates number of mice analyzed.

~/~ mice (nonmalignant

Thymic weight
(*£S.E.)

Thymic/body
weight (+S.E.)

%

Tissue

g
0.045 (+£0.004)

Wild-type thymus 0.181(*£0.017) n=38

DNA-PKcs™/~ nonmalignant  0.010 (+0.001)* 0.038 (£0.005)* »n =8
thymus

DNA-PKcs™/~ thymic tumor  0.313 (*£0.106)> 1.231(+0.450)° n=5

“ p < 0.001 DNA-PKcs ™/~ nonmalignant thymus versus wild-type thymus.

?p = 0.003 DNA-PKcs ™/~ thymic tumor versus DNA-PKcs™/~ nonmalignant
thymus.

€p = 0.005 DNA-PKcs™/~ thymic tumor versus DNA-PKcs ™/~
thymus.

nonmalignant

PKBa is highly expressed in thymocytes particularly at the early
stages of development (28 —30), where DNA-PKcs ™/~ T cells
are arrested (20-22). Reasoning that persistent PKB activity in
DNA-PKcs /~ thymus might contribute to thymic lymphoma
formation, we investigated whether deletion of PKBa, pre-
vented formation of thymic tumors in DNA-PKcs™/~ mice.
About 27% (6/22) of DNA-PKcs ™/~ mice aged 3—7 months dis-
played thymic tumors, as against zero in wild-type mice (0/14)
(Fig. 5A). Significantly, none of the DNA-PKcs /" PKBa /™~
double knock-out (DKO) mice analyzed at 2—15 months (0/6)
exhibited thymic tumors (Fig. 54). The analysis of DNA-
PKcs /" PKBa /~ DKO mice over a wide age range ruled out
delayed progression of thymic tumors. Further immunoblot
analysis of DNA-PKcs™/“PKBa ™/~ DKO thymi revealed that
elevated PKB Ser-473 and FoxO phosphorylation in DNA-
PKcs ™/~ thymi were restored to wild-type levels with deletion
of PKBw (Fig. 5B). This suggests that increased PKB and FoxO
phosphorylation in DNA-PKcs ~/~ thymi is because of deregu-
lation of PKBe. In line with previous reports (23), we observed
reduced viability correlated with the occurrence of thymic
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FIGURE 6. Deletion of PKBa improves survival of DNA-PKcs™'~ mice.
Kaplan-Meier survival curves for wild-type (WT), DNA-PKcs—/~, PKBa ™/, and
DNA-PKcs™/~PKBa /™ double knock-out (DKO) mice analyzed by LogRank
analysis and the Holm-Sidak multiple comparisons procedure. The survival of
DNA-PKcs™/"PKBa/"DKO mice significantly increased compared with
DNA-PKcs ™/~ mice (p < 0.001). Mice that survived longer than 2 months were
included in the analysis. Numbers of mice analyzed are as follows: WT 52;
DNA-PKcs ™/~ 21; PKBa /™ 26; and DNA-PKcs~/~PKBa~/~ (DKO) 13.

tumors in DNA-PKcs ™/~ mice (Fig. 6). Hence, we investigated
whether deletion of PKBa gene improved survival of mice lack-
ing DNA-PKcs. The survival of DNA-PKes ™/~ PKBa /'~ DKO
mice significantly increased compared with DNA-PKcs ™/~
mice (p < 0.001). The longevity of mice increased from ~238
days for DNA-PKcs™/~ to 375 days for DNA-PKcs '~
PKBa~/~ DKO supporting the involvement of PKB deregula-
tion in the reduced life span of DNA-PK-deficient mice because
of tumorigenesis (Fig. 6).

Histological analysis of thymi by hematoxylin-eosin and Ki67
staining showed tumors from DNA-PKcs ™/~ mice to consist of
atypical cells with a high proliferative index (Fig. 7A and data
not shown). DNA-PKcs ™/~ PKBa '~ DKO thymi showed dis-
ruption of the cortico-medullary boundary similar to DNA-
PKcs ™/~ thymi (see insets in Fig. 7A). To further investigate the
role of PKB in DNA-PKcs™/~ tumors, thymocytes isolated
from wild-type, DNA-PKcs™/~, and DNA-PKcs / PKBa ™/~
DKO mice were analyzed by flow cytometry using antibodies
against CD4 and CD8 cell-surface markers (Fig. 7B). In DNA-
PKcs ™/~ thymus, development of T cells was blocked at the
CD4~CD8™ double-negative (DN) stage; about 80% of DNA-
PKcs ™/~ T cells were CD4~CD8~ (DN) cells compared with
about 2% DN stage cells in the wild type (Fig. 58 and Table 2). T
cells escaped from this developmental block in tumors from
DNA-PKcs™/~ mice, where there was a marked increase in
CD4"CD8" double-positive (DP) cells (80%). Interestingly,
flow cytometric analysis of T cells from the two thymus lobes of
a DNA-PKcs™/~ animal displayed differing profiles; one was
totally blocked at the DN stage and the other closely resembled
the profile of an advanced tumor (Fig. 5B). Consistent with this,
the latter was significantly enlarged (0.008 g versus 0.027 g). In
contrast, DNA-PKcs /"PKBa /~ DKO thymocytes were
almost exclusively blocked DN stage cells (Fig. 5B and Table 2),
which suggests that PKBa has a role in neoplastic expansion of
T cells in the DNA-PKcs ™/~ thymus.

DISCUSSION

In this study, we evaluated the in vivo role of DNA-PK in
basal PKB Ser-473 phosphorylation as well as in the responses
to various stimuli. We found that DNA-PK is dispensable for
insulin- and growth factor-induced PKB activation. Further-
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FIGURE 7. Deletion of PKBa prevents neoplastic expansion of DNA-PKcs ™/~ thymocytes. A, histological analysis of thymi from wild-type (WT), DNA-
PKcs ™/~ (KO), and DNA-PKcs ™/~ PKBa ™/~ double knock-out (DKO) mice and thymic tumors from DNA-PKcs ™/~ mice. Thymi were fixed with 4% paraformal-
dehyde, processed with paraffin, sectioned, and stained with hematoxylin-eosin (X400 magnification; scale bar indicates 50 um). The insets show x40
magnification. M, medulla; C, cortex. B, flow cytometric analysis of thymocytes from WT, DNA-PKcs /™ (KO), and DNA-PKcs —/~PKBa/~ (DKO) mice for CD4 and

CD8 markers.

TABLE 2

Percentages of T cell subsets in wild type, DNA-PKcs ~/~, and DNA-PKcs ™/ “PKBa ™/~ DKO mice
T cell subsets that are double negative (DN), double positive (DP), CD4+CD8~ (CD4 "), and CD4~CD8" (CD8™) for CD4 and CD8 cell surface markers. Data provided as

% mean (*S.E.).

T cell wWT DNA-PKcs ™/~ DNA-PKcs ™/~ DNA-PKcs ™/~ DNAPKcs /"PKBa '~
Subsets non-malignant enlarged Tumor DKO
DN 1.66 (+0.14) 78.72 (£2.12) 1.84 0.7 83.71 (=1.18)
DP 79.99 (+1.80) 0.55 (+0.20) 82.47 79.66 0.1(+0.1)
CcD4* 6.46 (*0.47) 2.50 (+0.62) 0.41 0.27 1.84 (+0)
CD8* 1.67 (+0.16) 0.64 (+0.24) 2.55 4.41 0.46 (+0.14)

more, DNA-PK is not essential for the maintenance of glucose
metabolism. In contrast, our iz vivo and ex vivo results revealed
that DNA-PK is required for phosphorylation of PKB Ser-473
upon DNA damage induced by +y-irradiation. Taken together,
this implies stimulus-specific regulation of PKB Ser-473 phos-
phorylation by specific upstream kinases. The impaired phos-
phorylations of both PKB Ser-473 and Thr-308 residues
observed in DNA-PKcs ™/~ cells as well as in PDK1 /™ cells (8)
treated with y-irradiation suggest the requirement of phospho-
rylation of these two sites for full activation of PKB and imply
that two phosphorylation steps are tightly connected and inter-
dependent (8, 45). Hence, both Thr-308 by PDK1 and Ser-473
phosphorylations by DNA-PK appear to be essential for activa-
tion of PKB in response to DNA damage induction (8). The fact
that increased doses of y-irradiation led to compromised PKB
phosphorylation suggests the dependence of PKB activation
upon the extent of DNA damage, which is consistent with data
obtained with human umbilical vein endothelial cells (8). In
addition, the PKB response to y-irradiation includes phospho-
rylation of the downstream target FoxO4 (this study) as well as
regulation of p21 (8) and GSK3 (8, 46) placing PKB as an impor-
tant mediator of DNA damage signaling. In addition to its
response to irradiation-induced double strand DNA breaks,
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PKB is activated by various other DNA damage inducers.
Numerous studies have demonstrated the importance of func-
tional PKB signaling for survival after DNA damage. Doxorubi-
cin promotes PKB activation (Ser-473 and Thr-308 phospho-
rylation) in mouse embryonic fibroblasts (8). In addition,
doxorubicin-induced PKB activation was shown in several
breast cancer cell lines (7) as well as in vivo by which elevated
myocardial PKB signaling ameliorates doxorubicin-induced
congestive heart failure and promotes heart growth in mice
(47). Furthermore, a recent study showed that doxorubicin
leads to phosphorylation of PKB and concominantly to PKB-
dependent inactivation and nuclear exclusion of FoxO4 in
human colon carcinoma cell line (48). Moreover, PKB activa-
tion is promoted by etoposide (49), cisplatin (50-52), and UV
light (26, 53) in several different cell types. Notably, PKBa« is
important for survival after UV irradiation, as MEFs lacking
PKBa undergo irradiation-induced apoptosis to a much larger
extent than the wild-type MEFs (26). These studies place PKB
as an important mediator of DNA damage signaling.

Our results revealed deregulation of PKB phosphorylation in
DNA-PKcs ™/~ mice in a tissue-specific manner. The marked
increase in basal PKB Ser-473 phosphorylation in the absence
of an upstream kinase is unexpected. Elevated PKB Ser-473
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phosphorylation in DNA-PK ™/~ tissues could most likely be
mediated by mTORC2 and reminiscent of cross-talk between
the two PKB Ser-473 kinases, DNA-PK and mTOR. This regu-
lation might take place at multiple levels of the pathway as our
results showed that elevated PKB Ser-473 phosphorylation
could also be observed without the accompanying changes in
S6K Thr-389 phosphorylation. Therefore, although we cannot
completely rule out the contribution of an S6K-mediated
mechanism, our data suggest the existence of an alternative
mechanism of regulation where deletion of DNA-PK could lead
to its disruption and result in deregulation of PKB.

It has been suggested that mTORC2 is necessary for modu-
lation of PKCa Ser-657 phosphorylation (54), and it was shown
that overexpression of mTORC2 components leads to
enhanced PKCu activity. Knockdown of rictor or mTOR leads
to impaired PKCa phosphorylation (54, 55). Furthermore,
ablation of rictor or mLST8 was shown to severely compromise
PKCa activity (14). We therefore examined whether PKCa
phosphorylation was altered in DNA-PKcs™/~ thymus. We
observed increased phosphorylation of PKCa Ser-657 (supple-
mental Fig. 2A4) reminiscent of increased mTORC2 activity in
DNA-PKcs ™/~ thymus. Furthermore, a recent study suggested
that TSC1-TSC2 complex positively regulates mTORC2 inde-
pendent of its effects on mTORC1 (56). Interestingly, we
observed increased total TSC2 levels in DNA-PKcs ™/~ thymus
(supplemental Fig. 2B). Although circumstantial evidence on
whether this has an effect on increased PKB Ser-473 phospho-
rylation via positively regulating mTORC2 in DNA-PKcs ™/~
thymus remains to be established, this result supports our
hypothesis that hyperphosphorylation of PKB Ser-473 could be
mediated by mTORC2. On the other hand, the possibility that a
third Ser-473 kinase leading to increased PKB phosphorylation
in DNA-PKcs~/~ thymus cannot be completely excluded. For
instance, another PIKK family member, ataxia telangiectasia
mutated has also been proposed to function as PKB Ser-473
kinase (57).

Recent studies proposed a role for Tel2 to function as a coor-
dinator among PIKKs and suggested the existence of cross-talk
between different PIKKs where alteration of one PIKK may
influence the other (58—-61). It has been shown that Tel2
directly interacts with and stabilizes the protein levels of PIKKs,
including DNA-PK and mTOR (59, 61). It has also been pro-
posed that Tel2 may serve as a scaffold protein that mediates
signal transduction from PIKKs to their target proteins (60).
However, further study is required to understand the mecha-
nistic role of Tel2 as a mediator of PIKK functions. It will be
intriguing to see whether Tel2 could have a role mediator role
affecting the downstream signaling of PIKKs, in particular
within the context of mMTOR and DNA-PK.

We have found that the PKB/FoxO pathway is deregulated in
DNA-PKcs /™ thymus and shown that increased PKB activity
in a DNA-PKcs null background contributes to spontaneous
formation of thymic tumors by allowing neoplastic expansion
of thymocytes. Significantly, these tumors could be prevented
by deletion of PKB« that is highly expressed in thymocytes,
particularly in DN and DP stages (28 —30). Furthermore, subse-
quent deletion of the PKBa gene improves the survival of DNA-
PKcs™/~ mice. However, the survival of DNA-PKcs /'~
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PKBa ™/~ DKO mice was not restored to that of PKBa™' ™ mice,
which is not surprising given that DNA-PK has a wide variety of
functions, some of which are independent of PKBa. Alterna-
tively, the loss of DNA-PK ina PKBa '~ background could lead
to deterioration of DNA-PK-dependent PKB functions in tis-
sues other than the thymus. Moreover, deregulation of other
isoforms of PKB in DNA-PK™~/~ mice could possibly affect
overall organismal fitness and survival. Finally, loss of DNA-
PK-independent PKBa functions could lead to additive effects
in DNA-PKcs™/"PKBa ™/~ DKO mice. Further studies using
tissue-specific DNA-PK~/"PKBa '~ double knock-out mice
will be necessary to evaluate these possibilities.

PKB has been shown to play an important role in DN to DP
stage transition and to be essential for thymocyte survival and
differentiation (28 -30). Therefore, persistent PKB activity in
the DNA-PKcs ™/~ thymus, where DN thymocytes predomi-
nate, could contribute to malignant transition. It was reported
recently that conditional and simultaneous disruption of
FoxO1, FoxO3, and FoxO4 genes in mice leads to the develop-
ment of thymic lymphomas and that thymocytes from these
mice show increased proliferation (62, 63). Moreover, disrup-
tion of FoxO function was shown to accelerate Myc-driven
lymphomagenesis (64). Therefore, deregulation of PKB/FoxO
downstream events affecting proliferation or apoptosis may
play a role in thymic tumor induction in DNA-PKcs ™/~ mice.

Given the importance of PKB activity in T cell development
and the role of PKB in lymphomagenesis, the signaling compo-
nents leading to PKB activation in DNA-PK-deficient thymus
need to be established. Pre-T cell receptor (pre-TCR), Notch,
and interleukin-7 (IL-7) signaling provide critical signals for the
survival, proliferation, and differentiation of T cells (30,
65-68). Activation of the PI3K/PKB pathway is common to all
three receptors and points to the PI3K/PKB pathway as a cen-
tral player that translates these signals into multiple functional
outcomes. As pre-TCR signaling requires a functionally rear-
ranged TCR, which is lacking in DNA-PKcs ~/~ thymocytes as
aresult of defective V(D)] recombination, it is unlikely that PKB
activity increases in response to pre-TCR signaling. Hence,
deregulation of Notch and/or IL-7 signaling and their role in
PKB activation need to be investigated in DNA-PKcs~/~ thy-
mus. Frequent mutational activation of Notch has been identi-
fied in human T cell acute lymphoblastic leukemia (T-ALL) and
subsequently in mouse thymic lymphomas, including those
from severe combined immunodeficient mice, a DNA-PK defi-
cient mouse model (66, 69, 70). Recent studies provided evi-
dence that Notch-1 up-regulates the PI3K/PKB pathway in
T-ALL cells bearing Notch-1 mutations and showed synergistic
suppression of growth in cells treated with small molecule
inhibitor of Notch and rapamycin (71, 72). In other studies of
T-ALL cells, rapamycin inhibited IL-7-mediated cell cycle pro-
gression and cellular proliferation (73). The rapamycin deriva-
tive, CCI-779, was shown to reduce mTORC?2 signaling and
inhibit PKB activation in hematopoietic malignancies, although
another study reported that PKB activation remained
unchanged using a different rapamycin derivative, RAD0O01 (74,
75). Rapamycin treatment was shown to inhibit PKB phospho-
rylation in a tissue-dependent manner, particularly in thymus
(76). It is plausible that PKB hyperactivity in the thymus in the
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absence of DNA-PK could be mediated by mTORC?2, and tis-
sue-specific disruption of the PKB/FoxO pathway could render
DNA-PK-deficient thymic lymphomas susceptible to rapamy-
cin treatment. A number of small molecule inhibitors of
DNA-PK have been developed, and the inhibition of DNA-PK
sensitizes cells to DNA-damaging agents (77, 78). However, the
use of DNA-PK inhibitors needs to be evaluated cautiously in
the treatment of thymic lymphomas as loss of DNA-PK activity
could lead to increased PKB signaling. Taken together, these
results provide genetic evidence that PKB is deregulated in
DNA-PKcs /~ thymi and demonstrate a key role for PKBa in
thymic tumor progression in DNA-PKcs™/~ mice. In general,
the results indicate elaborate regulation of PKB phosphoryla-
tion by upstream kinases and its deregulation leading to malig-
nant transformation.
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