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PTEN is a tumor suppressor gene but whether cancer can develop in
all PTEN-deficient cells is not known. In T cell-specific PTEN-deficient
(tPTEN—/-) mice, which suffer from mature T cell lymphomas, we
found that premalignancy, as defined by elevated AKT and senes-
cence pathways, starts in immature T cell precursors and surprisingly
not in mature T cells. Premalignancy only starts in 6-week-old mice
and becomes much stronger in 9-week-old mice although PTEN is lost
since birth. tPTEN~/~ immature T cells do not become tumors, and
senescence has no role in this model because these cells exist in a
novel cell cycle state, expressing proliferating proteins but not pro-
liferating to any significant degree. Instead, the levels of p27kiP1,
which is lower in tPTEN—/~ immature T cells and almost nonexistent
in tPTEN—/~ mature T cells, correlate with the proliferation capability
of these cells. Interestingly, transient reduction of these cancer pre-
cursor cells in adult tPTEN—/— mice within a crucial time window
significantly delayed lymphomas and mouse lethality. Thus, loss of
PTEN alone is not sufficient for cells to become cancerous, therefore
other developmental events are necessary for tumor formation.
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H ow premalignancy arises, how the cells respond to it, and what
the molecular steps leading to tumors are remain crucial
questions in understanding cancer and designing possible future
therapies. It has been widely accepted that cancer can be initiated
by a combination of gain-of-function mutations of oncogenes
and/or loss-of-function mutations of tumor suppressor genes.
Whether cells become transformed immediately or other “tumor-
initiating” events are still needed for tumor development is not
completely known. Recent evidence has demonstrated that leuke-
mia and some solid tumors might contain “cancer stem cells” within
the tumors (1, 2). This population is distinct from the cancer cells,
exhibit the ability to self-renew, and undergo differentiation to
produce cancer cells. However, a more recent study strongly argued
against the stem cell model for cancer at least for myc-induced B cell
lymphomas and ras-induced T cell lymphomas (3). As the devel-
opment of B and T cells is a sequential process occurring in different
organs, one possible explanation in these cases is that the tumor-
initiating cells might be located in other organs rather than the
tumor-arising sites.

PTEN is a negative regulator of PI3 kinase pathway (4, 5) and a
tumor suppressor gene commonly lost or inactivated in many
human cancers. In addition, germ-line PTEN mutations result in
the Cowden syndrome, in which patients develop hyperplastic
lesions in multiple organs with increased risks of malignant trans-
formation (6, 7). Thus, understanding PTEN biology and how it
regulates cell death and cell proliferation during tumor develop-
ment should yield significant insights into how cancer cells arise.
The importance of PTEN in controlling tumor formation was also
shown by the phenotype of PTEN heterozygous mice (PTEN™ 7).
These mice suffer from multiple types of tumors (8-10) and ~12%
of PTEN"/~ mice die between 20 and 50 weeks of age because of
massive tumor growth. In animal models where PTEN is lost in both
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chromosomes in specific tissues, tumors arise early but not imme-
diately. Prostate-specific PTEN conditional-deficient mice suffer
from nonlethal high-grade prostatic intraepithelial neoplasia at ~9
weeks of age (11). p53 seems to be an important fail-safe protein as
an inducer of the senescence pathway in this model. Combined
pS3/PTEN mutations lead to accelerated prostate tumor progres-
sion and lethality by 7 months of age (11). Similarly, T cell-specific
PTEN conditional mice (Ick-cre/PTEN"" or tPTEN~/") suffer
from CD4*CD8~ T cell lymphomas starting at ~10 weeks of age
(12), and all of them die by 15 weeks of age. Here, we analyzed
tumorigenesis of tPTEN~/~ mice in detail and found that instead
of in lymph nodes and spleen, premalignancy starts in the thymus.
Interestingly, significant premalignancy starts in a synchronous
fashion in double positive (DP) cells at 9 weeks of age, suggesting
that other tumor-initiating events are needed for PTEN-deficient
cells to become cancerous. We also found that DP thymocytes exist
in a unique state of cell cycle and render senescence program
irrelevant in serving as a barrier to cancer. Instead, T cell matura-
tion is an integral part of tumor development. More strikingly,
transient administration of dexamethasone into 7.5-week-old
tPTEN~/~ mice, which reduced the number of DP thymocytes but
not mature T cells, led to a significant rescue of lethality and
prevented incidence of lymphomas in >50% of the mouse popu-
lation up to 21 weeks.

Results

Molecular Changes Associated with Premalignancy Appear in DP
Thymocytes in a Timed and Synchronous Fashion. To study how
tumors develop in PTEN-deficient cancer cells, we used Ick-Cre/
PTEN" mice (tPTEN /") as a lymphoma mouse model. In these
mice, PTEN expression is lost in a T cell lineage-specific fashion
because of the expression of the Cre recombinase under the control
of the lck proximal promoter, which is active in thymocytes starting
from the double negative (DN) stage as early as embryonic day (E)
17 of mouse gestation (13). Intracellular staining with anti-PTEN
antibody showed the loss of PTEN in close to 100% of DP
thymocytes in all of the mice examined, including 3-week-old mice
(Fig. 14). As noted previously, most of these mice develop CD4*
T cell lymphomas only when they are 10 weeks or older (12). When
mice are ~9 weeks or younger, few tumors develop as measured by
the proliferation marker Ki-67 (14) in the spleen and lymph nodes
(Fig. 1B). Consistent with published data (15), T cell development
and T cell numbers of 9-week-old or younger tPTEN~/~ mice were
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completely normal (data not shown). In contrast, mature T cells
from 12 weeks or older tPTEN '~ mice were all Ki-67". Senescence
and DNA damage pathways are activated in premalignant cells and
are thought to act as barriers against cancer development (11,
16-20). Senescence can be easily detected by elevated B-gal activity
at pH 6.0 [senescence-associated B-gal (SA-B-gal)] and by a dra-
matic transcriptional increase of several cell cycle inhibitors p19'T,
pl6™k42 or p21 (21). We performed quantitative RT-PCR with
p19- and p21-specific primers and SA-B-gal staining using C;,FDG
(22) as the substrate in the presence of chloroquine (23). Whereas
6-week-old thymocytes and T cells from tPTEN~/~ mice showed no
elevation of SA-B-gal in comparison to their wild-type counterparts,
DP thymocytes from 9-week-old mice showed a distinct shift of
SA-B-gal (Fig. 1C; n = 6). No changes were detected in other
thymocyte populations or peripheral T cells (Fig. 1C). Occasionally,
PTEN-deficient CD4 single positive (SP) thymocytes also exhibited
an increased staining for SA-B-gal (data not shown), but PTEN-
deficient peripheral T cells always showed the same SA-B-gal
staining as their wild-type counterparts (n» = 6). The same obser-
vation was made in examinations of the levels of p19¥f and p21.
Most of the p19 induction occurred in thymocytes of 9-week- but
not 6-week-old tPTEN " mice [Fig. 1D and supporting informa-
tion (SI) Fig. 6]. Although induction of p21 could be found in
6-week-old mice, we concluded that the a robust senescence
program does not start until 9 weeks. The level of p164 was
undetectable in all T cell populations from either wild-type or
PTEN-deficient mice although it was readily seen in mouse fibro-
blast cells (data not shown).

Oncogene-induced senescence is thought to be part of the ATM
DNA damage pathway that involves many proteins, including
phosphorylation/activation of p53, chkl, chk2, y-H2AX, and ATM
(19, 24). To examine the status of DNA damage pathway during T
cell development in tPTEN~/~ mice, we performed Western blot
analysis with sorted/column-purified T cell populations from 8- to
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ments were done at least three times.

9-week-old tPTEN/~ mice and their wild-type littermates. We
found that p53, chkl, and chk2 were highly phosphorylated in
wild-type DP thymocytes, consistent with the stages where V(D)J
recombination (and hence RAG1-mediated breaks) occurs (Fig.
1E). Phosphorylation of p53, chk1, and chk2 was negligible in CD4
SP and naive wild-type T cells. Interestingly, PTEN-deficient DP
but not SP thymocytes or mature T cells expressed higher levels of
phosphorylated p53, chk1, and chk2 but not y-H2AX (Fig. 1E). No
thymocyte populations expressed y-H2AX. Thus, DNA damage
and senescence pathways overlap to some extent but they are not
100% concordant.

We then examined other molecular changes that might accom-
pany tumorigenesis in PTEN-deficient cells. Intracellular staining
with AKT phospho-specific antibody showed an elevated level of
activated AKT in DP but not CD4 SP or peripheral T cells of
9-week-old tPTEN~/~ mice (Fig. 24). Phosphorylation of AKT was
undetectable in the mice younger than 6 weeks old, whereas a very
slight increase was seen in 6- to 8-week-old tPTEN~/~ mice (Fig. 24
and data not shown). Consistent with full development of tumors,
rampant AKT phosphorylation was seen in all PTEN-deficient T
cell populations when mice had reached 12 weeks of age. The AKT
downstream protein, Foxo3a, was also heavily phosphorylated in
DP but not in CD4 SP or naive T cells of 9-week-old tPTEN~/~
mice (Fig. 2B). Another known AKT downstream target, glycogen
synthase kinase 3 (GSK3), was slightly activated but ribosomal S6
kinase (S6K), part of the mTOR pathway, was not differentially
phosphorylated in PTEN-deficient DP thymocytes (Fig. 2B). Thus,
activation of AKT in DP cells only affect selected downstream
pathways. Taken together, these data suggest that although PTEN
is lost early, premalignancy does not start until mice are 6 weeks old
and becomes very strong by 9 weeks of age. Lymphomas develop
later, and all of the mice die by 15 weeks (Fig. 2C).

Wild-Type and PTEN-Deficient DP Thymocytes Exist in a Unique State

of Cell Cycle. Although PTEN-deficient DP cells show the first signs
of tumorigenesis, most of the tPTEN~/~ mice develop CD4"CD8~
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Fig. 2. Activation of the AKT pathway was found in DP thymocytes of
9-week-old tPTEN~/~ mice. (A) Intracellular staining with AKT phospho-
specificantibody showed an elevated level of activated AKT in DP but not CD4
SP or peripheral T cells (T) of 9-week-old tPTEN '~ mice. At 12 weeks of age,
rampant AKT phosphorylation was seen in all PTEN-deficient T cell popula-
tions. The profiles of isotype controls for 6- and 9-week-old tPTEN '~ mice are
the same as the wild-type mice. (B) Activation of AKT downstream genes
(Fox0O3a, GSK3, and S6K) was measured by Western blot using antibodies
specific for each protein or for the corresponding phosphorylated form. All
experiments were repeated several times with similar results. (C) A schematic
diagram of the timeline to malignancy in tPTEN~/~ mice. The dotted line
indicates the presumed deletion of PTEN in DP cells.

lymphomas

mature T cell lymphomas. To begin understanding why most
tPTEN~/~ mice do not suffer from DP thymomas and to see
whether senescence in DP thymocytes can potentially serve as a
barrier to tumor development, we examined the cell cycle status of
wild-type and tPTEN~/~ DP thymocytes. More than 95% of DP
thymocytes from adult mice exhibit 2N DNA content (25) (SI Fig.
6), but their cell cycle state is not completely defined. When mice
were injected with one to two pulses of BrdU and thymi were taken
4 hto 11 days later (26), BrdU-labeled DN thymocytes disappeared
quickly, consistently with the extensive proliferation of DN com-
partment. However, DP thymocytes retained BrdU up to 5 days.
These published data suggest that DP thymocytes are either
proliferating slowly or do not proliferate. Deletion of survivin, a
protein required for mitosis, in DP thymocytes had no effect on T
cell maturation or apoptosis of DP cells (27), arguing strongly that
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DP thymocytes are not proliferating. Interestingly, Ki-67, a marker
associated with non-Gy cells (14), was highly expressed in 100% of
DP thymocytes and was down-regulated as thymocytes matured
(Fig. 34). A fraction of DN thymocytes were Ki-67*, consistent
with the fact that some of them were proliferating. In contrast,
100% of CDS intermediated SP cells, a population before DP cells,
and DP cells, expressed Ki-67. Lower levels of Ki-67 were seen in
CD4* CD87/CD4~ CD8* SP thymocytes (Fig. 34), ending with
Ki-67-negative Gy mature T cells. These data suggest that DP cells
are non-Gy cells, and positive selection is accompanied by induc-
tion of quiescence. The Ki-67 profiles of 6- to 9-week-old
tPTEN~/"mice were indistinguishable from their littermate con-
trols (Fig. 34), suggesting again that T cell development proceeds
normally in these mice. We then analyzed individual cell cycle
proteins with Western blot and intracellular staining to see whether
any of them might be abnormally changed in tPTEN~/~ T cells.
Surprisingly, DP thymocytes expressed all of the cell cycle proteins
analyzed, including those involved in the Gy, S, G2, and M phases.
Stimulation with anti-CD3/CD28 either down-regulated or had no
effect on the expression levels of these cell cycle proteins (SI Fig.
6). Intracellular staining with antibodies specific for some of these
cell cycle proteins showed that these proteins were not expressed in
only a subset of cells but in the majority of DP thymocytes (Fig. 3B).
No changes in these cell cycle proteins, with the exception of p27¢iP!,
could be seen in tPTEN~/~ DP cells (see below and data not
shown). We also examined expression of two Rb family members,
p130 and p107, and their associations with the E2F transcription
factors. Activities of p130 and p107 have been shown to correlate
with resting and proliferating cells, respectively (28, 29). DP cells
expressed both p130 and p107 that functionally associated with E2F
as shown in a gel-shift analysis (Fig. 3C). Unlike activated T cells or
DN thymocytes, however, no free E2F could be seen in DP
thymocytes, consistent with the notion that DP cells are not
proliferating. No significant reproducible changes in expression of
p107, p130, or cyclinA were seen in tPTEN~/~ DP cells (Fig. 44).
We concluded that DP thymocytes exist in a unique state, express-
ing many cell cycle proteins but yet do not proliferate to any
significant degree. The senescence program found in tPTEN~/~ DP
cells does not seem to have any effect on the overall cell cycle status
of DP cells, including the high level of CDK2 kinase activity.

PTEN-Deficient CD4+CD8~ T Cells Exhibit Propensity to Proliferate. In
contrast to the DP compartment, higher levels of p107 and cyclin
A, a slight reduced level of p130, and spontaneous activation of the
CDK?2 kinase activity were found in mature T cells or SP thymo-
cytes of most 9-week-old tPTEN~/~ mice (Fig. 44 and data not
shown). Expression of pl07 and cyclin A is normally down-
regulated during T cell development, whereas p130 expression stays
the same as cells develop toward the quiescent state in naive T cells.
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The cell cycle profiles of wild-type and tPTEN~/~ thymocytes and mature T cells. (A) (Upper) Intracellular staining of Ki-67 showed a gradient expression

level of Ki-67 starting with DN thymocytes. (Lower) The Ki-67 profiles of 9-week-old tPTEN~/~ mice are the same as the wild-type littermate controls. (B)
Intracellular staining of cell cycle proteins (cyclinA, p130, CDK2, and cdc2) was seen in the majority of DP thymocytes. The staining profiles of DN thymocytes are
shown as controls. Gray areas represent the staining profiles of isotype controls. (C) E2F complexes in different T cell populations were characterized by gel-shift
analysis. Each of the complexes was identified by the supershifting or blocking of the individual complex with antibodies to p130, p107, or cyclinA.
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Down-regulation of the cell cycle inhibitor p27XiP' correlates with the changes of proliferating proteins. (A) (Top and Middle) Western blot analysis of

sorted/column-purified T cell populations (from 9-week-old mice) with antibodies specific for p27kiP1, Pim2, cyclinA, p107, p130, and anti-ERK5 for loading
control. (Bottom) The CDK2 kinase activities of the indicated T cell populations were measured after immunoprecipitation with anti-CDK2 antibody and
incubation with GST-Rb as the substrate in the presence of 32P y-ATP. As a control, the immunoprecipitated CDK2 was blotted with anti-CDK2 antibodies. (B)
(Top and Middle) BrdU staining of untreated and anti-CD3 stimulated thymocytes from 9-week-old tPTEN ~/~ mice and their littermate controls. The percentages
of BrdU™* cells are shown. The gray-shaded peaks are control staining without BrdU. (Bottom) An overlay of side-scatter as an indication of cell size for untreated

(gray shading) and anti-CD3 stimulated DP and CD4 SP cells (solid line).

In this example of 9-week-old tPTEN~/~ mice, where no visible
tumors were observed, down-regulation of p107, cyclin A, and
CDK2 activity in SP thymocytes occurred normally but their
mature T cells exhibited abnormal levels of p107, cyclin A, and
spontaneous activation of the CDK2 kinase activity (Fig. 4a).
Interestingly, the expression levels of the cell cycle inhibitor p27%iP!
correlated with these changes. p27 was expressed at a very high level
in wild-type DP thymocytes and was significantly reduced in
PTEN-deficient DP cells. A gradual decrease of p27 in concor-
dance with T cell maturation was observed in both wild-type and
tPTEN~/~ mice. PTEN-deficient naive T cells contained virtually
no p27. As p27 has been shown to be the downstream gene of
Foxo3a (30, 31), the lower levels of p27 can be explained by the
lower transcriptional activity of Foxo3a in 9-week-old tPTEN~/~
DP cells.

To see whether PTEN-deficient T cells have a tendency to
undergo proliferation, we stimulated them with anti-CD3 antibody
and measured BrdU incorporation and cell size 24 or 48 h later (by
48 h, most DP thymocytes had died, and no proliferation could be
detected in SP at the 24-h time point). Very few DP thymocytes
proliferated as expected. Some PTEN-deficient DP cells incorpo-
rated BrdU but they didn’t increase in cell size (Fig. 4B). In contrast,
CD4 SP thymocytes increased in cell size, with more of them in
PTEN-deficient cells. tPTEN~/~ CD4 SP thymocytes also prolif-
erated more readily than their wild-type counterparts (Fig. 4B).
This difference could also be caused by the slight increased capa-
bility of tPTEN~/~ DP cells that then translates to this enhanced
proliferation potential after positive selection. Interestingly, the
level of Pim-2, a kinase important for cell size in T cells (32),
increased during T cell maturation (Fig. 44). All of these data
combined suggest that molecular changes taking place in the
tPTEN~/~ DP thymocytes are not sufficient for tumor formation,
but T cell maturation that normally down-regulates p27 and up-
regulates Pim-2 is another factor that most likely plays a role in
development of CD4*CDS8~ T cell lymphomas.

Transient Reduction of DP Thymocytes Within a 3-Week Window

Significantly Halts Lymphoma Development. To see whether prema-
lignancy taking place in DP thymocytes is essential for development

Xue et al.

of CD4" T lymphomas and hence mouse lethality, we i.p.-injected
dexamethasone or PBS to 7.5-week-old tPTEN "~ mice to tran-
siently reduce the number of DP thymocytes (day 1). DP thymo-
cytes but not mature T cells are known to be very sensitive to
dexamethasone-induced apoptosis. Dexamethasone has also been
shown to have relatively little effect on the ability of mature T cells
to proliferate (33). Mice aged 7.5 weeks old have a steady state of
T cell development and contain full mature T cell repertoires. We
repeated the dexamethasone injection at days 8 and 15. Under this
regimen, a significant reduction of DP thymocytes could be seen in
these mice (Fig. 54) but the numbers of splenic or lymph node T
cells were not affected (Fig. 5B). The number of DP thymocytes
came back 7 days postinjection, presumably because of the clear-
ance of dexamethasone. To confirm that mature T cells from these
mice could still undergo proliferation, we stimulated mature T cells
taken at different time points after each dexamethasone injection.
As shown in Fig. 5c, the abilities of these T cells to undergo
proliferation in response to many different stimuli were completely
normal. Thus, transient injection of dexamethasone should have a
negligible direct effect on any tumor cells (which are mostly CD4*
CD8™ mature T cells) that might be arising between 9.5 and 10.5
weeks of age. Indeed, wild-type CD4*CD8™ T cells and tPTEN~/~
CD4"CD8~ tumor cells are similarly resistant to dexamethasone-
induced apoptosis in vitro (data not shown). Consistent with the
importance of DP thymocytes in lymphoma development, we found
that this transient injection of dexamethasone had a major effect on
mouse lethality. A significant delay in mouse lethality was observed
(Fig. 5D). In the control PBS-injected group, 100% of tPTEN~/~
mice (n = 16) had died by 15 weeks of age as expected (12, 34).
Forty percent of dexamethasone-treated tPTEN™/~ mice died
~3-4 weeks later, consistent with the idea that reduction of DP
thymocytes for 3 weeks led to some delay in lymphoma develop-
ment. Surprisingly, 56% of dexamethasone-treated tPTEN /" mice
were still alive and healthy when they were 21 weeks of age
(Fig. 5D). Some of these mice were 26 weeks or older. Analysis of
three dexamethasone-injected tPTEN™/~ mice that survived be-
yond 15 weeks of age showed that none of them exhibited rampant
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Fig. 5. Injection of dexamethasone specifically reduced the number of DP
thymocytes and caused a significant delay of tPTEN~/~ mouse lethality. Three
doses of dexamethasone or PBS were i.p.-injected starting when mice were 7.5
weeks old. tPTEN~/~ mice were used for the survival experiment, and littermate
controls were used for the other experiments. Arrows denote the injections. (A
and B) The numbers of DP thymocytes and CD4* mature T cells from spleen were
measured atdays 2, 4,7, 11, 14, 18, and 21. Dotted lines denote dexamethasone
(Dex)-injected mice, and solid lines represent PBS-injected mice. (C) Four days (d4)
or 7 days (d7) after each injection, splenic T cells were isolated and stimulated with
anti-CD3, ConA plus PMA, or PMA plus ionomycin for 72 h. The percentages of
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when they were 7.5 weeks old. The curve represents the percentages of mice
survived over time. (E) Dexamethasone-treated tPTEN~/~ mice were analyzed for
the presence of Ki-67 and phospho-AKT (dark lines) in different T cell populations
by intracellular staining. Gray areas represent staining by isotype controls.

Ki-67 staining in the peripheral T cells, indicating that tumors did
not develop. Interestingly, AKT phosphorylation was not even
observed in DP thymocytes of two of these mice and was signifi-
cantly lowered in one of them (Fig. 5E). These data suggest that
events that trigger premalignancy in DP thymocytes might only
occur transiently during development and thus even a transient
reduction of DP thymocytes of adult tPTEN~/~ mice within a
critical 3-week window could prolong the life of these mice in a
significant fashion.

Discussion

Using tPTEN/~ mice as a lymphoma model, we have found a
surprising timed appearance of premalignant cells in a precursor
organ rather than the place where tumors develop. We also show
the important role of normal developmental events in tumorigen-
esis. Premalignancy, defined by activation of senescence and DNA
damage pathways, was found in the thymus but not in spleen or
lymph nodes, where lymphomas eventually arise. Although PTEN
is presumably lost as early as E17 during gestation because of the
activity of the Ick proximal promoter, activated AKT and Foxo3a
phosphorylation do not appear till 6 weeks of age. It is not clear
what events trigger these pathways but it is unlikely caused by
random mutations at another gene locus because of the relatively
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synchronous appearance of these “premalignant” cells. Neither is it
likely caused by the accumulated effect of PTEN deficiency,
because DP thymocytes live for only 3-4 days (35) and thus DP
thymocytes in 6-week-old mice are not the same population from
that of 9-week-old mice. Unknown developmental cues that activate
the PI3 kinase pathway at ~8-9 weeks of age are the likely reason
for the synchronous molecular changes in tPTEN~/~ mice. One
theoretical possibility is the advent of puberty and sexual matura-
tion, which occurs ~6-8 weeks of age for mice. Increased circu-
lating hormones might stimulate tPTEN~/~ DP thymocytes that
lead to the significant elevated AKT phosphorylation in 9-week-old
mice. In assessing the possible role of senescence in tPTEN—/~
tumorigenesis, we found that DP thymocytes in both wild-type and
tPTEN~/~ mice are not proliferating to any significant degree even
though they express many cell cycle proteins and exhibit a high level
of CDK?2 activity. The higher level of p27kip1 is the likely inhibitor
that prevents DP cells from entering the S phase. The expression
level of p27 is gradually reduced during T cell development in both
wild-type and tPTEN~/~ mice. The extremely low level of p27 in
tPTEN~/~ peripheral T cells correlates with higher expression
levels of p107 and cyclin A and spontaneous activation of CDk2
kinase activity. Thus, tPTEN~/~/p27~/~ mice might suffer from DP
thymomas. However, other changes must also contribute to the
onset of tumors because p27~/~ mice do not have lymphomas
(36-38). The increased Foxo3 phosphorylation (and thus presum-
ably decreased Foxo3 protein in the nucleus) might be another
crucial event in PTEN tumorigenesis. The Foxo family proteins are
transcriptional factors of many key cell cycle proteins and can serve
as tumor suppressor genes (39-41), Loss of Foxol, Foxo3, and
Foxo4 led to the development of DP thymomas in 20-week-old mice
(39), possibly caused by a complete reduction of p27 levels (39, 40).
Interestingly, another important AKT downstream pathway,
mTOR (4, 42), is not activated in the DP thymocytes of 9-week-old
tPTEN~/~ mice. This finding is in contrast to PTEN-deficient
hematopoietic stem cells, which exhibit high-level activation of the
mTOR kinase pathway (1). Rapamycin, an inhibitor of the TOR
pathway, depleted leukemic stem cells and rescued these hemato-
poietic conditional PTEN-deficient mice from lethality. Thus, the
effects of PTEN loss and AKT activation differ between cell types.

The timed appearance of premalignant DP thymocytes is crucial
for the development of CD4* T cell lymphomas and cancer
treatment in general might benefit from considering not only the
organs where tumors develop but also other related organs. Even
transient reduction of DP thymocytes by dexamethasone has a
profound effect on mouse lethality, which correlates with uncon-
trolled proliferation of CD4 lymphomas. Indeed, examination of
several dexamethasone-treated tPTEN ™/~ mice showed a complete
absence of lymphomas in their spleen and lymph nodes. It is
interesting to note that >50% of the mice survived >21 weeks.
Some of the dexamethasone-treated mice did not even exhibit
increased AKT phosphorylation in their DP thymocyte population,
which suggests that events that trigger premalignancy in PTEN-
deficient DP thymocytes only happen within a short time window.
It is possible that longer dexamethasone treatment might have a
more pronounced effect on a larger percentage of tPTEN~/~ mice.

Finally, the high-level expression of cell cycle-specific proteins
in nonproliferating DP thymocytes might relate to the propensity
of these cells to undergo apoptosis. A possible link between cell
cycle and apoptotic machineries has been proposed before (43,
44). Expression of cell cycle proteins in DP thymocytes might
then be important for T cell development as they render these
cells susceptible to negative selection and might also be the basis
of DP cells’ short life span. Whether this is true and what the
molecular cause of the constitutive expression of these cell cycle
proteins in DP cells is await further experimentation.

Xue et al.
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Materials and Methods

Flow Cytometric Analysis. 3-Gal activity was measured as described (23). Briefly,
fresh isolated thymocytes and peripheral T cells were cultured and pretreated
with 300 uM chloroquine for 2 h to induce lysosomal alkalinization. C;,FDG (33
M) was then added to the pretreatment medium, and the incubation was
continued for another 4 h. The B-gal activity was measured after the cell surface
staining of CD4 and CD8. Intracellular staining was performed as described (45).
Briefly, formaldehyde was added directly to culture medium to a final concen-
tration of 2% and incubated for 10 min at room temperature. The cells were
pelleted, resuspended in ice-cold methanol, and incubated for 15-30 min on ice.
The cells were then washed three times with staining buffer (0.5% BSA in PBS)
and stained with the following antibodies: Ki-67 (BD Biosciences), phospho AKT
(Ser-473) and PTEN (Cell Signaling); and p130, cyclinA, CDK2, and cdc2 (Santa Cruz
Biotechnology).

Quantitative Real-Time RT-PCR. RNAs were extracted from sorted DP thymocytes,
CD4+CD8~ SP thymocytes, and column-purified mature spleniclymph node T
cells. The primer sequences are: p21, forward (5'-GTGTGCCGTTGTCTCTTCGG)
and reverse (5'-CTCAGGTAGACCTTGGGCAG); p192™, forward (5'-GTCGCAGGT-
TCTTGGTCACT) and reverse (5'-ATCGCACGAACTTCACCAA); p16, forward
(GGCACTGAATCTCCGCGA) and reverse (5'-GGGGTACGACCGAAAGAGTT), and
HPRT, forward (5'-TGCTCGAGATGTCATGAAGG) and reverse (5'-AATCCAGCAG-
GTCAGCAAAG).

Western Blotting. Cell lysates were prepared from sorted DN thymocytes, DP
thymocytes, CD4*CD8 SP thymocytes, column-purified mature splenic T cells, or
activated T cells [1.5 ug/ml of ConA and 2.5 ng/ml of phorbol 12-myristate
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13-acetate (PMA) for 48 h]. Antibodies used were: phospho-p53 (Ser-15), phos-
pho-Chk1 (Ser-345), Chk1, phospho-Chk2 (Thr-387), FoxO3a, phospho-AKT
(Ser-473), AKT, phospho-GSK3a/B (Ser-21/9), and phospho-S6K (Thr-389) (Cell
Signaling); p107, p130, p27, cyclinA, and Pim2 (Santa Cruz Biotechnology); phos-
pho-histone y-H2AX (Ser-139) and phospho-FoxO3a (Thr-32), (Upstate
Biotechnology); and affinity-purified anti-ERK5 (46).

CDK2 Kinase Assay and Gel-Shift Analysis. CDK2 kinase activity was measured as
described (47). Gel-shift analysis was performed as described (28) using the
whole-cell extracts. The E2F oligonucleotide used was: 5'-TCATTTAAGTT-
TCGCGCCCTTTCTCAA-3'.

Dexamethasone Injection Study. Dexamethasone or PBS i.p. injections were
started in 7.5-week-old tPTEN~'~ mice (2.5 mg/kg of dexamethasone for male
mice and 5 mg/kg of dexamethasone for female mice). Injections were repeated
at days 8 and 15. Survival curves were recorded to compare PBS-injected and
dexamethasone-injected mice. At the same time, 7.5-week-old littermate mice
were injected with the same doses of PBS or dexamethasone. Two, 4, or 7 days
after each injection, the number of DP thymocytes and mature T cells was
compared between PBS- and dexamethasone-injected mice. Four and 7 days after
each injection, splenic T cells were stimulated with 1 png/ml of anti-CD3, 1.5 ug/ml
of ConA, and 2.5 ng/ml of PMA, or 2.5 ng/ml of PMA and 500 ng/ml of ionomycin
for 72 h. Ki-67 staining was performed to measure cell proliferation.
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