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We examined the role of class IA PI3K in pre-TCR controlled �-selection and TCR-controlled positive/negative selection in thymic
development. Using mice deficient for p85�, a major regulatory subunit of the class IA PI3K family, the role of class IA PI3K in
�-selection was examined by injection of anti-CD3� mAb into p85��/�Rag-2�/� mice, which mimics pre-TCR signals. Transition
of CD4�CD8� double-negative (DN) to CD4�CD8� double-positive (DP) thymocytes triggered by anti-CD3� mAb was signifi-
cantly impaired in p85��/�Rag-2�/� compared with p85��/�Rag-2�/� mice. Furthermore, DP cell numbers were lower in
p85��/�DO11.10/Rag-2�/� TCR-transgenic mice than in DO11.10/Rag-2�/� mice. In addition, inhibition by IC87114 of the major
class IA PI3K catalytic subunit expressed in lymphocytes, p110�, blocked transition of DN to DP cells in embryonic day 14.5 fetal
thymic organ culture without affecting cell viability. In the absence of phosphatase and tensin homolog deleted on chromosome
10, where class IA PI3K signals would be amplified, the DN to DP transition was accelerated. In contrast, neither positive nor
negative selection in Rag-2�/�TCR-transgenic mice was perturbed by the lack of p85�. These findings establish an important
function of class IA PI3K in the pre-TCR-controlled developmental transition of DN to DP thymocytes. The Journal of Immu-
nology, 2007, 178: 1349–1356.

T cell development in the thymus is a highly controlled
process beginning with the most immature thymocyte,
termed CD4�CD8� double-negative (DN)3 (1–3). The

DN progenitors can be subdivided into four different stages based
on their CD44 and CD25 expression patterns. The earliest progen-
itors are CD44�CD25� (DN1) cells, followed by CD44�CD25�,
CD44�CD25�, and CD44�CD25� (DN2–4, respectively) cells.
After successful rearrangement of the TCR�, the CD44�CD25�

(DN3) cells express a pre-TCR on their surface made up of the
TCR� protein and a pT�. After passing the first T cell develop-
mental checkpoint, namely �-selection, DN3 cells make the tran-
sition to the CD4�CD8� double-positive (DP) stage. This transi-
tion includes cell proliferation triggered by signals through the
pre-TCR. The pre-TCR also triggers rearrangement of the TCR�

gene, leading to the expression of TCR�� heterodimers on DP
cells. These cells then go through a second checkpoint, termed
positive and negative selection. DP cells receiving weak signals
through the TCR survive and differentiate into mature CD4� or
CD8� single-positive (SP) cells (positive selection), whereas those
receiving strong signals are eliminated (negative selection). Fur-
thermore, those incapable of recognizing appropriate MHC mole-
cules fail to receive the TCR signal and are also eliminated (death
by neglect) (1–3).

PI3Ks are lipid kinases that specifically phosphorylate the D3
position of the inositol ring of phosphatidylinositol (PI) species
(reviewed in Refs. 4–7). PI3Ks are activated through a variety of
extracellular stimuli and promote assembly of signaling complexes
at the plasma membrane. PI(3,4)P2 and PI(3,4,5)P3, products of
PI3Ks, recruit specific signaling proteins containing a pleckstrin
homology domain that selectively binds 3-phosphoinositides.
These signaling proteins include phosphoinositide-dependent ki-
nase 1 (PDK1), Akt, and Vav1 and are involved in a wide range of
cellular processes such as cell metabolism, cell cycle progression
and survival. PI3K-signaling pathways are counteracted by phos-
phatase and tensin homologue deleted on chromosome 10 (Pten),
a 3-phosphoinositide-specific lipid phosphatase.

The class IA PI3Ks are heterodimeric proteins composed of a
catalytic (p110�, p110�, or p110�) and a regulatory (p85�, p55�,
p50�, p85�, or p55�) subunit and are activated mostly down-
stream of protein tyrosine kinases (4–7). Each regulatory subunit
can interchangeably associate with different catalytic subunits and
shows a unique tissue distribution. p85�, a product encoded by the
Pik3r1 gene, is the major regulatory subunit of class IA PI3Ks in most
types of cells including immune cells. The Pik3r1gene encodes two
alternative splicing forms in addition to p85�, p55�, and p50�. Mice
lacking p85� alone or mice lacking all products encoded by the
Pik3r1gene (p85�, p55�, and p50�) show comparable immune phe-
notypes such that B cell development and activation are impaired
while T cell functions are apparently unaffected (8–10). In contrast,
mice lacking the p85� regulatory subunit or transgenic (tg) mice
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expressing a p85�-binding domain derived from the p110� catalytic
subunit show some phenotypes in T cells rather than B cells (11, 12).
Among the catalytic subunits of the class IA PI3Ks, inactivation of
p110�, a catalytic subunit expressed predominantly in lymphocytes,
impairs Ag-induced proliferation of both T and B cells (13). Interest-
ingly, however, knockout studies have shown that the lack of p110�
leads to defects in the development and function of B cells but not T
cells (14, 15).

There has been some indirect evidence suggesting the importance
of PI3Ks in early T cell development. For example, T cell-specific
deletion of Pten resulted in an increase in thymocyte numbers and
allowed transition of DN thymocytes to DP in CD3��/� mice
(16). Introduction of a constitutively active form of Akt1 along
with TCR� efficiently induced DP cells from Rag-2�/� DN3 cells
in an OP9-DL1 culture system (17). Furthermore, reduced expres-
sion of PDK1, which functions upstream of Akt, resulted in im-
paired thymocyte expansion and developmental arrest at DN4 (18).
These results strongly suggest the involvement of PI3Ks in T cell
development. More recent papers suggested the role of p110� and
p110� in early thymocyte differentiation (19, 20). To directly elu-
cidate the functions of PI3Ks in �-selection, we used Rag-2�/�

mice in which �-selection can be directly examined in vivo by
injection of anti-CD3� mAb. We also assessed the role of p85� in
negative as well as positive selection in the thymus using TCR-tg
mice on a Rag-2�/� background where no endogenous TCR is
involved in the selection procedures. Our results demonstrate here
that class IA PI3Ks regulate the �-selection process but not pos-
itive and negative selection processes.

Materials and Methods
Mice

p85��/� mice (21) were backcrossed to BALB/c or C57BL/6 mice for 12
generations before intercrossing heterozygous mice. The colony has been
maintained by mating p85��/� female mice and p85��/� male mice, be-
cause p85��/� females are virtually sterile. Rag-2�/� mice on a BALB/c
background, Rag-2�/� mice on a C57BL/6 background, DO11.10/Rag-
2�/� mice on a BALB/c background, Cyt5CC7/Rag-2�/� mice on a B10.A
background, P14/Rag-2�/� mice on a C57BL/10 background, and Lck-
Cre-tg mice on a C57BL/6 background were obtained from Taconic Farms.
p85��/�Rag-2�/� mice were generated by mating p85��/� and Rag-2�/�

mice on a BALB/c background. p85��/� mice were also crossed with
DO11.10/Rag-2�/�, Cyt5CC7/Rag-2�/�, or P14/Rag-2�/� mice to gener-
ate various TCR-tg mice on a p85��/�Rag-2�/� background. Resulting
p85��/�DO11.10/Rag-2�/�, p85��/�Cyt5CC7/Rag-2�/�, and p85��/�

P14/Rag-2�/� mice were on BALB/c, B10.A, and C57BL/6 backgrounds,
respectively. To generate Rag-2�/� mice with a T cell-specific Pten defi-
ciency, Ptenflox/flox mice on a C57BL/6 background (22) were crossed with
Rag-2�/� mice on a C57BL/6 background. These mice were further
crossed with Lck-Cre-tg mice on a C57BL/6 background. In this paper
Lck-Cre/Ptenflox/flox mice and Ptenflox/flox mice were described as Pten�/�

and Pten�/� mice, respectively. All mice were maintained at Taconic
Farms or in our animal facility under specific pathogen-free conditions. All
experiments were performed in accordance with our institutional
guidelines.

In vivo administration of anti-CD3� mAb and antigenic peptide

Anti-CD3� mAb (2C11) was immunoaffinity purified from culture super-
natant of a hybridoma in our laboratory. A total of 75 �g of 2C11 was
delivered by i.p. injection into Rag-2�/� mice to examine the DN to DP
transition (23). Sera were prepared from each mouse 2 h after injection and
were analyzed for serum Ab titer by ELISA to confirm that the Ab was
properly injected. Thymocytes were analyzed at various time points after
injection. DO11.10/Rag-2�/� mice were i.v. injected with 50 �g of
OVA323–339 peptide every 24 h three times. Thymocytes were analyzed
72 h after the first injection.

Flow cytometry and cell sorting

FITC-conjugated anti-CD8� (53-6) and biotinylated anti-CD3� (2C11)
mAbs were produced in our laboratory. FITC-conjugated anti-CD44
(IM7), PE-conjugated anti-CD4 (GK1.5) and anti-CD25 (3C7), allophy-

cocyanin-CyChrome 7 conjugated anti-CD4 (GK1.5), and biotinylated anti-
CD2 (RM2-5) mAbs were purchased from BD Biosciences. Biotinylated
anti-V�2 (B20.6), anti-V�3 (KJ25), anti-V�7 (TR310), anti-V�8 (F23.1),
anti-V�9 (MR10-2), anti-V�12 (MR11-1), anti-V�14 (14-2) mAbs were
purchased from BD Pharmingen. Binding of biotinylated mAbs was de-
tected with streptavidin-allophycocyanin (BD Biosciences). After incuba-
tion with anti-Fc�R mAb (2.4G2) to block nonspecific binding of mAbs,
cells were stained with the designated Abs in HBSS with 0.1% BSA and
were subjected to analysis on a FACSCalibur using the CellQuest program
(BD Biosciences). Dead cells were gated out using 7-aminoactinomycin
D (7AAD).

To purify DN subsets, DN cells were first enriched by depletion of DP
and SP cells using anti-CD8�-coated magnetic beads with an AutoMACS
(Miltenyi Biotec). DN cells were then stained with FITC-conjugated anti-
CD44, PE-conjugated anti-CD25, allophycocyanin-cychrome-7-conju-
gated anti-CD4, biotinylated anti-CD3� mAb, followed by staining with
streptavidin-allophycocyanin, and 7AAD. After gating on the CD4 and
CD3� DN population, cells were sorted into DN1–4 populations according
to CD44 and CD25 expression profiles on a FACSAria (BD Biosciences).
DP (CD8�CD4�) cells were also isolated using a FACSAria. The sorted
populations were reanalyzed on a FACSAria for their purity and were
found to be �99% pure.

Western blot analysis

Anti-p85PAN Ab recognizing class IA PI3K regulatory subunits (p85�,
p55�, p50�, p85�, and p55�) was purchased from Upstate Biotechnology.
Anti-p110� (H-119) Ab and anti-Pten (H-19) Ab were purchased from
Santa Cruz Biotechnology. Anti-phospho-Akt (Ser473) (193H12) mAb and
anti-Akt Ab were purchased from Cell Signaling Technology. Cells were
lysed in a lysis buffer solution (1% Nonidet P-40, 20 mM Tris-HCl (pH
7.5), 2 mM EGTA, 10 mM NaF, 12.5 mM �-glycerophosphate, 1 mM
benzamidine, 1% aprotinin, and 2 mM DTT). The cell lysates were applied
to SDS-PAGE and were transferred to polyvinyldifluoride membranes to
perform Western blot analysis. Reactive proteins were visualized with ECL
chemiluminescent substrates (NEN or GE Healthcare Bio-Sciences). To
normalize sample loading, membranes were stripped by a stripping buffer
solution (62.5 mM Tris-HCl (pH 6.8), 2% SDS, and 100 mM 2-ME) and
subsequently reblotted with anti-ERK2 Ab (Santa Cruz Biotechnology).

Miscellaneous

A p110�-selective inhibitor IC87114 (24) was provided by ICOS. To con-
firm the efficacy of IC87114, purified T cells were preincubated for 20 min
at 37°C with or without IC87114 and then were stimulated with a mixture
of anti-CD3� and anti-CD28 mAb and goat anti-hamster IgG Ab (MP
Biomedicals) (10 �g/ml, respectively) at 37°C for 5 min. Anti-CD28 mAb
(37.51) was also immunoaffinity purified from culture supernatant of a
hybridoma in our laboratory. T cells were purified from total splenocytes
using anti-CD4 and anti-CD8�-coated magnetic beads with an AutoMACS
(Miltenyi Biotec) (purity of the cells was �95%).

Fetal thymic organ culture (FTOC) was performed as follows. After
dissection of day 14.5 fetuses obtained from timed pregnant mice, indi-
vidual thymic lobes were placed on a Millipore filter (Whatman) placed on
a sponge soaked in RPMI 1640 (Sigma-Aldrich) supplemented with 1%
penicillin-streptomycin, 2 mM glutamine, 1% sodium pyruvate, 1% MEM
nonessential amino acid, 10 mM HEPES (all from Invitrogen Life Technol-
ogies), and 10% FCS (HyClone) in 24-well plates. Plates were incubated at
37°C in 5% CO2 in air and 95% humidity. After 5 days of incubation, cells
were recovered and analyzed.

Statistical analysis was performed with the Mann-Whitney U test. Val-
ues of p � 0.05 were considered significant. Cell numbers and ratios of the
thymic population were calculated for independent experiments performed
in duplicate or triplicate.

Results
Pre-TCR signal-induced transition of DN to DP thymocytes in
Rag-2�/� mice is delayed in the absence of p85�

We examined the role of p85� in early thymocyte development
with anti-CD3� mAb injection into Rag-2�/� mice. Although thy-
mocytes of Rag-2�/� mice are arrested at the DN3 stage due to the
lack of TCR� rearrangement, pre-TCR signals can be generated in
Rag-2�/� mice by injection of anti-CD3� mAb. This mimics �-se-
lection and results in transition from the DN3 through DN4 to DP
stage (termed DN3 to DP transition) and cell expansion during
such transition (23). To determine whether p85� is involved in the
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pre-TCR-mediated transition from DN3 to DP, we injected anti-
CD3� mAb into p85��/�Rag-2�/� mice and p85��/�Rag-2�/�

littermate controls. Thymocytes of p85��/�Rag-2�/� mice are
also arrested at the DN3 stage as observed in Rag-2�/� mice.
Anti-CD3� mAb-induced transition from the DN3 to DP stage was
significantly impaired in p85��/�Rag-2�/� mice as compared
with control mice (Fig. 1). Thymocyte expansion during transition
to DP cells was also affected in p85��/�Rag-2�/� mice, as total
thymocyte numbers as well as DP cell numbers were significantly
lower in p85��/�Rag-2�/� mice than those of control mice (Fig.
1C). These data suggest that while p85� plays a role in the transition
from DN3 to DP upon pre-TCR stimulation, it is not essential because
this transition still occurs, albeit less efficiently, in p85��/� cells.

Lack of p85� has little effect on differentiation of DP into
CD4/CD8SP thymocytes

Analysis of p85��/� mice has previously demonstrated that
p85��/� and p85��/� mice show little difference in the compo-
sition of DN, DP and SP thymocytes (8). The apparent lack of

difference may be due to some compensatory mechanisms. Even if
the PI3K pathway is involved in the TCR signals for positive and
negative selection and the lack of p85� affects the signal strength,
thymocytes expressing TCRs of different affinities would have
substituted wild-type populations. To examine the role of p85� in
positive and negative selection processes without such compensa-
tory effects, we analyzed thymic selection using TCR-tg mice on a
p85��/�Rag-2�/� background in which no endogenous TCR can
be expressed. DO11.10 mice express an H-2d-restricted TCR spe-
cific for an OVA323–339 peptide. Thymocytes of p85��/�

DO11.10/Rag-2�/� mice develop into CD4 SP cells to a level
comparable to p85��/�DO11.10/Rag-2�/� mice (Fig. 2, A and B,
and Table I). Similarly, CD4 SP cell development was unaffected
in the absence of p85� in TCR-tg mice expressing another MHC
class II-restricted TCR, Cyt5CC7 (Fig. 2A and Table I). In addi-
tion, CD8 SP cell development appeared normal in the absence of
p85� in P14 and OT-I-tg mice expressing MHC class I-restricted
TCRs (Fig. 2A, Table I and data not shown). These results show
that positive selection is unaffected by the lack of p85�. We next
investigated the role of p85� in negative selection by in vivo ad-
ministration of the antigenic peptide, OVA323–339, which deletes
DP cells in DO11.10 TCR-tg mice (25). As shown in Fig. 2A and
Table I, no significant difference in the deletion of DP cells was
observed between p85��/� and p85��/�DO11.10/Rag-2�/�mice.
Furthermore, analysis of TCR V� repertoire in thymocyte and
splenocyte subpopulations revealed that p85��/� mice on a
BALB/c background had, if any, only slight effect on endogenous
superantigen mediated deletion as demonstrated by the deletion of
cells expressing V�3 and V�12 (Fig. 2C and data not shown).
These results indicate that negative selection is little affected in the
absence of p85� as well.

Interestingly, statistics compiled from thymocyte populations
showed significant reductions of total as well as DP cell numbers
in p85��/�DO11.10/Rag-2�/� mice compared with p85��/�

DO11.10/Rag-2�/� mice (Fig. 2B). In contrast, DN cell numbers
were similar between p85��/� and p85��/�DO11.10/Rag-2�/�

mice. Although DP cell numbers were decreased in p85��/�

DO11.10/Rag-2�/� mice, annexin V-positive DP cells were not
enriched compared with control mice (data not shown), indicating
that cell death is not particularly enhanced in the absence of p85�.
Thus, the reduction of DP cell numbers is unlikely due to increased
apoptosis mediated by negative selection or death by neglect, but
rather reflects the delayed transition from the DN3 to DP stage as
shown in p85��/�Rag-2�/� mice (Fig. 1). Although CD4 SP cell
numbers appeared slightly lower in p85��/�DO11.10/Rag-2�/�

mice than p85��/�DO11.10/Rag-2�/� mice, it may reflect de-
creased numbers of p85��/�DO11.10/Rag-2�/� DP cell but not
the defects during positive selection.

p110� is decreased in p85��/� DN cells

The Pik3r1 gene encodes three alternatively spliced products,
p85�, p55� and p50� (4–7). Because our targeting strategy only
deletes p85�, potentially leaving the p55� and p50� isoforms in-
tact, the expression levels of these alternative isoforms in p85��/�

cells may differ from those in wild-type cells. As shown previously
(10), the expression of p110� is greatly decreased in p85��/� B
cells (Fig. 3A), likely contributing to the observed B cell pheno-
types in p85��/� mice (8, 10). In contrast, DP thymocytes in
p85��/� mice express higher levels of p55�/p50� than those in
wild-type mice and expression levels of p110� were comparable
between p85��/� and p85��/� mice (Fig. 3A).

Since we observed the effect of p85� deficiency only at the DN
to DP transition, it was of interest to examine expression levels of
PI3K subunits during thymocyte development and to correlate this

FIGURE 1. DP cell transition upon anti-CD3� mAb stimulation delays
in p85��/�Rag-2�/� mice compared with p85��/�Rag-2�/� mice. A and
B, CD8/CD4 and CD44/CD25 surface phenotypes were examined in
p85��/�Rag-2�/� and p85��/�Rag-2�/� mice at the indicated times after
i.p. injection of anti-CD3� mAb. Numbers are the percentages of each
population. The lack of p85� had no effect on the expression levels of
CD3� on Rag-2�/� thymocytes (data not shown). C, Total thymocyte num-
bers and absolute numbers of DP and DN cells are shown as mean � SEM
in p85��/�Rag-2�/� and p85��/�Rag-2�/� mice before anti-CD3� mAb
stimulation and at the indicated days after injection (n � 10–13, except for
4 days where seven mice were analyzed). At 14 and 21 days after injection,
thymocyte numbers as well as DP cell numbers in p85��/�Rag-2�/� mice
are significantly lower than those in p85��/�Rag-2�/� mice (�, p � 0.01).
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with thymocyte phenotype. As shown in Fig. 3B, expression
levels of the p110� catalytic subunit, the major catalytic subunit
expressed in lymphocytes, were significantly lower in thymo-
cytes of p85��/�Rag-2�/� mice than p85��/�Rag-2�/� mice,
which are mostly at the DN3 stage. Normalized by the amounts
of ERK2, we assessed the reduction of p110� in p85��/�Rag-
2�/� mice to 27 � 16% (mean � SD, n � 3) of p85��/�Rag-
2�/� mice. The reduced expression level of p110� is likely due

to the reduction of regulatory subunits including p85�, because
association
with regulatory subunits stabilizes the catalytic subunits (4 –7).
Interestingly, the expression level of p50� was increased after
anti-CD3� mAb injection in p85��/�Rag-2�/� mice, and con-
comitantly the expression level of p110� in p85��/�Rag-2�/�

mice increased to a level similar to that of p85��/�Rag-2�/�

mice (Fig. 3B).

FIGURE 2. The effect of p85� deficiency on thymic selection in TCR-tg mice on a Rag-2�/� background. A, CD8/CD4 surface phenotypes were
examined in P14, Cyt5CC7, and DO11.10-tg mice on p85��/�Rag-2�/� and p85��/�Rag-2�/� backgrounds. In addition, p85��/�DO11.10/Rag-2�/� and
control mice were injected with OVA323–339 peptide i.v. 72 h before analysis. Numbers are percentages of each population. A is representative of two
independent experiments. B, Analysis of total thymocyte numbers and absolute numbers of DP, DN, and CD4SP cells in p85��/�DO11.10/Rag-2�/� mice
(n � 14) and control mice (n � 15). Each circle represents a single mouse and open and bold bars indicate the mean values of p85��/�DO11.10/Rag-2�/�

and control mice, respectively. Total and DP cell numbers in p85��/�DO11.10/Rag-2�/� mice are significantly (p � 0.05) lower than those in control mice.
C, The percentages of CD8SP, CD4SP, and DP thymocytes expressing V�2, 3, 4, 7, 8, 9, 12, and 14 were examined in p85��/� and p85��/� mice on
C57BL/6 and BALB/c backgrounds. Please note that CD8SP and CD4SP cell populations expressing TCR V�3 and V�12 (indicated by arrows) were
efficiently eliminated in both p85��/� and p85��/� mice on a BALB/c background.

Table I. Cell numbers of total, DP, DN, and CD4 or CD8SP thymocyte in TCR-tg micea

Mice Total (�107 cells) DP (�107 cells) DN (�106 cells) SP (�106 cells)

P14/Rag-2�/�

p85��/� 8.0 � 1.0 5.4 � 0.8 4.8 � 0.6 6.6 � 1.6
p85��/� 8.6 � 2.2 6.5 � 2.1 5.1 � 0.7 5.1 � 0.4

Cyt5CC7/Rag-2�/�

p85��/� 7.0 � 2.8 1.6 � 0.9 4.1 � 1.0 39 � 17
p85��/� 7.3 � 1.9 1.5 � 0.5 4.0 � 1.3 40 � 16

DO11.10/Rag-2�/�

p85��/� 9.0 � 1.4 7.4 � 1.3 4.1 � 0.3 8.4 � 1.2
p85��/� 5.0 � 0.9b 3.5 � 0.8b 4.1 � 0.8 6.7 � 0.8

DO11.10/Rag-2�/�

(After OVA injection)
p85��/� 4.9 � 1.2 1.70 � 0.64
p85��/� 2.3 � 0.2 0.20 � 0.06

a CD8/CD4 surface phenotypes of each mouse are shown in Fig. 2A. Data shown are means � SEM from more than two
independent experiments.

b Total and DP cell numbers in p85��/�DO11.10/Rag-2�/� mice are significantly ( p � 0.05) lower than those in control mice.
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We next sorted DN3, DN4, and DP cells and examined them for
expression levels of PI3K subunits (Fig. 3C). The expression level
of p110� in DN3 cells was higher than that in DN4 or DP cells as
normalized by ERK2 levels (the ratio of p110� to ERK2 was 2.4 �
0.18, 0.94 � 0.17, and 0.86 � 0.22 in DN3, DN4 and DP cells,
respectively, mean � SD, n � 3). In addition, when we compared
expression levels of p110� between p85��/� and p85��/� cells,
it was clear that the amount of p110� was significantly lower in
p85��/� DN3 and DN4 cells than those of heterozygotes. In
contrast, p110� levels in DP cells were not significantly affected by
the lack of p85� (Fig. 3C). We noted that expression levels of
p55� were increased in DP cells and DP cells express higher
amounts of p55�/p50� subunits than DN3 and DN4 cells (Fig. 3,
A and C). Such enhanced expression of p55�/p50� likely contrib-

utes to the stabilization of p110� in DP cells, leading to the in-
crease in expression levels of p110� in the DP cells as compared
with DN3 and DN4 p85��/� cells.

p110� is involved in the transition of DN to DP cells in
fetal thymocytes

Because our data raise the possibility that p110� regulates the tran-
sition of DN to DP thymocyte upon pre-TCR stimulation, we ex-
amined the effect of a selective p110� inhibitor IC87114 on an
early thymocyte development with embryonic day 14.5 (E14.5)
FTOC. As has been reported (24), IC87114 blocked Akt phos-
phorylation, a measure of PI3K activity, in splenic T cells stimu-
lated with anti-CD3� and anti-CD28 mAb (Fig. 4A). Addition of
IC87114 in E14.5 FTOC derived from wild-type mice significantly
decreased the induction of DP cells in a dose-dependent manner
(Fig. 4, B and C). IC87114 treatment did not induce cell death
because cell viability was estimated as 95 � 5% (mean � SD) of
control culture by 7AAD staining. IC87114 thus blocked pre-TCR
induced DN to DP transition without affecting cell viability. In
contrast, E17.5 thymocytes, which are at DN4 and DP stages in the

FIGURE 3. Evaluation of expression levels of PI3K subunits by West-
ern blot analysis. A, Expression levels of p85�/p55�/p50� and p110� were
examined in splenic B cells and DP thymocytes from p85��/� and
p85��/� mice. B, Expression levels of p85�/p55�/p50� and p110� were
examined in thymocytes from p85��/�Rag-2�/� and p85��/�Rag-2�/�

mice without anti-CD3� mAb injection (�) and at 14 days after injection.
C, DN3 and DN4 cells were sorted according to CD44/CD25 surface pro-
files from CD8�CD4�CD3�� thymocytes of p85��/� or p85��/� mice
(upper panels). DP cells were also sorted from p85��/� or p85��/� mice.
Purity was �99% in each population. Expression levels of p85�/p55�/
p50� and p110� were examined in DN3, DN4, and DP cells from p85��/�

mice and p85��/� mice (lower panel). Estimated protein levels of p85�/
p55�/p50� and p110�, which were normalized by the amounts of ERK2,
are indicated below.

FIGURE 4. The effect of IC87114 on early thymocyte development in
E14.5 FTOC. A, Splenic T cells derived from wild-type mice were stim-
ulated with anti-CD3� and anti-CD28 mAb (10 �g/ml each) for 5 min in
the presence or absence of 10 �M IC87114. Activation of Akt was eval-
uated by Western blotting with anti-phospho-Akt mAb. B, CD8/CD4 sur-
face phenotypes were examined in E14.5 FTOC cultured with the indicated
concentrations of IC87114 for 5 days. C, Cell numbers per lobe of total and
DP cells are shown as mean � SEM of four independent experiments.
Total and DP cell numbers in fetal thymi cultured with 10 �M IC87114 are
significantly lower than untreated lobes (�, p � 0.01). D, CD8/CD4 surface
phenotypes were examined in E17.5 FTOC cultured without (�) or with 10
�g/ml anti-CD3� mAb in the presence or absence (�) of 10 �M IC87114
for 24 h. Numbers are percentages of DP population. Total cell numbers
per lobe were also examined and indicated below (mean � SEM, n � 4).
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beginning of the culture, showed little difference in subsequent SP
cell development even in the presence of IC87114 (data not
shown). In addition, IC87114 had little effect on DP thymocyte
deletion induced by anti-CD3� mAb in E17.5 FTOC, suggesting
that p110� plays a limited role in negative selection (Fig. 4D),
which is consistent with the results shown in Fig. 2. These results
collectively indicate that p110� is involved in the pre-TCR signal
during DN to DP transition but not in subsequent transition to SP
thymocytes in both adult and fetal thymus.

Loss of Pten accelerates transition of DN to DP cells

Generation of PI(3,4)P2 and PI(3,4,5)P3 by PI3Ks is reversible and
is opposed by a specific lipid phosphatase, termed Pten. It is
known that the absence of Pten causes sustained PI3K signaling.
To further confirm that lipid products generated by PI3Ks are in-
volved in transition of DN to DP cells, we crossed Ptenflox/flox mice,
Rag-2�/� mice and Lck-Cre-tg mice to generate Rag2�/� mice
with T cell specific deletion of Pten. Lck-Cre/Ptenflox/flox

mice and Ptenflox/flox mice were described here as Pten�/� and
Pten�/� mice, respectively. Pten deficiency had no effect on ex-
pression levels of p85� and p110� in thymocytes on a Rag-2�/�

background (data not shown). We then injected anti-CD3� mAb
into Pten�/�Rag-2�/� and Pten�/�Rag-2�/� mice. Without anti-
CD3� mAb stimulation, most Pten�/�Rag-2�/� thymocytes re-
main at the DN3 stage as observed in Rag-2�/� mice. However,
two of seven mice spontaneously developed DP cells and such DP
cells showed an unusual CD2�CD25� phenotype (data not
shown). Mice with such DP cells were also found after anti-CD3�
mAb injection. We thus excluded mice with such unusual
CD2�CD25� DP cells from further analyses because those mice
would have had such DP cells even before anti-CD3� mAb injec-
tion. CD25 is down-regulated and CD2 up-regulated upon �-
selection and CD2�CD25� Rag-2�/� DN3 cells become
CD2�CD25� cells immediately after anti-CD3� mAb stimulation
before reaching the DP stage (Ref. 23 and Fig. 5B). Two days after
anti-CD3� mAb injection, CD2�CD25� DP cells were observed
in Pten�/�Rag-2�/� mice while CD2 was induced in most of the

cells without transition into DP cells in Pten�/�Rag-2�/� mice
(Fig. 5). As demonstrated in Fig. 1, these cells became DP cells 7
days after anti-CD3� mAb injection. Moreover, total thymocyte
numbers at 2 days after injection were higher in Pten�/�Rag-2�/�

mice than Pten�/�Rag-2�/� mice (99 � 28 � 106, n � 4 vs 11 �
4 � 106, n � 5, respectively). It should be noted that expression
profiles of developmental markers such as CD8/CD4 and CD25/
CD2 (Fig. 5) as well as thymocyte numbers (data not shown) in
Pten�/�Rag-2�/� mice at 2 days after anti-CD3� mAb injection
were quite similar to those in Pten�/�Rag-2�/� mice at 7 days
after injection. These data indicate that the loss of Pten dramati-
cally accelerates transition of DN3 to DP cells and that the lipid
products generated by PI3Ks are indeed involved in pre-TCR
signals.

Discussion
Initial studies on p85�-deficient mice have shown that develop-
ment and function of B cells are impaired but those of T cells are
grossly normal (8, 9). As demonstrated here, when we focused on
the �-selection process using the unique system by injecting anti-
CD3� mAb into Rag-2�/� mice, it was revealed that the lack of
p85� delayed transition of DN to DP cells. Previous studies have
shown that the proliferation of peripheral T cells is attenuated in
mice expressing an inactive form of p110� or Akt (13, 26), sug-
gesting that the PI3K/Akt pathway modulate TCR signals. If this
is also the case in the thymus, positive and negative selection
would be affected by the lack of p85� that altered the TCR rep-
ertoire selection but total cell numbers after selection may not be
different between p85��/� and p85��/� mice. Accordingly, the
p85� deficiency phenotype may have been hidden in previous
studies. Indeed, p85��/�DO11.10/Rag-2�/� mice expressing a
defined TCR with no endogenous TCRs showed a decrease in DP
cell numbers compared with control mice. Furthermore, a p110�-
selective inhibitor, IC87114, suppressed development of DP cells
in E14.5 FTOC after 5 days in culture, indicating that p110� is
involved in the transition of DN to DP cells in fetal thymus as well.
Interestingly, p85� deficiency had little effect on DP cell numbers
in some TCR-tg mice such as Cyt5CC7, P14, and OT-I on a Rag-
2�/� background. These differences could be explained by the fact
that the expression level of TCR in each tg mouse varies according
to promoter and copy numbers of transgene. In addition, the timing
of transgene expression varies in different tg mice. Thus, a higher
expression level of TCR� in DN3 might generate strong signal
enough to overcome the attenuation of DN to DP transition caused
by lack of p85�. In contrast to the effect of the DN to DP transi-
tion, positive and negative selection was unaffected in the absence
of p85�. We noted that expression levels of p110� in p85��/� DP
and SP cells were comparable to those of wild-type counterparts,
likely due to increased expression of p55�/p50�. Although the
lack of p85� would also affect the expression level of p110� ex-
pressed in thymocytes (12), we were not able to examine the
amounts of p110� in p85��/� thymocytes due to lack of an ap-
propriate Ab. However, immunoprecipitation of p110� from total
thymocyte lysates resulted in nearly complete depletion of p85�/
p55�/p50� (our unpublished observations), indicating that p110�
is indeed the major catalytic subunit and the contribution of p110�
must be marginal, if any. Expression levels of p110� in wild-type
DN3 cells were higher than those in DN4 or DP cells (Fig. 3C),
suggesting an important role for p110� in �-selection rather than
thymic selection at DP stage. Indeed, when we analyzed E14.5
FTOC for 7 and 9 days or E17.5 FTOC for 5 days, no defect in
subsequence development of SP cells was observed in the presence
of IC87114 (our unpublished observations). Similarly, a previous

FIGURE 5. DP cell transition is accelerated in Pten�/�Rag-2�/� mice
compared with Pten�/�Rag-2�/� mice upon anti-CD3� mAb stimulation.
A and B, CD8/CD4 and CD25/CD2 surface phenotypes were examined in
Pten�/�Rag-2�/� and Pten�/�Rag-2�/� mice at the indicated times after
injection. Numbers are percentages of DN and DP populations in A and
CD2�CD25� and CD2�CD25� populations in B. Figures are representa-
tive of three independent experiments.
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study also reported that the inhibition of p110� function by
IC87114 had little effect in FTOC in 7-day cultures (20).

Our observation is consistent with a report demonstrating that
mice with a reduced expression level of PDK1, which functions
downstream of PI3Ks, as well as mice with T cell specific deletion
of PDK1 show impaired expansion of thymocytes (18). Mice de-
ficient for p110�, the catalytic subunits of class IB PI3K, have
decreased thymocyte numbers compared with wild type (27). Al-
though the substrate specificity of class IB PI3K which consists of
a catalytic subunit p110� and a regulatory subunit p101 is similar
to that of class IA PI3K, class IB PI3K is activated by G-protein-
coupled receptors including chemokine receptors. Interestingly, it
was shown that introduction of a constitutively active mutant of
class IA PI3K was able to restore the defect of p110��/� mice
(28). Rodrı́guez-Borlado et al. (28) have reported that forced ex-
pression of a mutant form of p85� leading to activation of catalytic
subunits resulted in acceleration of CD4 SP cell differentiation
without affecting CD8 SP cells. In contrast, tg mice established by
Barbee and Alberola-Ila (12) that express a portion of p110� sub-
unit that lacks catalytic activity but binds p85�, leading to activa-
tion of the endogenous catalytic subunit showed no difference in
CD4/CD8 commitment. Our results are consistent with the latter
report and there was no difference in differentiation to CD4 SP and
CD8 SP cells. However, these tg mice show no difference in DN
or DP populations compared with non-tg controls. The reason for
such discrepancy is unknown at the moment but difference in TCR
repertoire may have compensated for the defects as discussed
above, because mice used in previous studies were not on a
Rag2�/� background. Interestingly, a recent report has shown that
thymocyte numbers are significantly lower in p110��/�p110��/�

double knockout mice than individual single-deficient mice, likely
due to not only facilitation of apoptosis in DP cells but also defects
in �-selection (19, 20). The more severe phenotype of p110��/�

p110��/� mice likely reflects the fact that the PI3K/Akt-signaling
pathway via various receptors synergistically regulates thymocyte
development.

In contrast to the deficiency of PI3Ks, the absence of Pten ac-
tivates the PI3K/Akt-signaling pathway. The loss of Pten dramat-
ically accelerated transition of DN to DP thymocytes and cellular
expansion. These observations are consistent with our conclusion
that the PI3K/Akt-signaling pathway is involved in pre-TCR sig-
nals during the DN to DP transition. As discussed above, thymo-
cytes of two of seven Pten�/�Rag-2�/� mice spontaneously de-
veloped into DP cells at 9 wk of age without anti-CD3� mAb
injection. Such spontaneous development of DP cells was inde-
pendent of the age (our unpublished observations) and such DP
cells showed an abnormal phenotype as they express both CD2 and
CD25. The loss of Pten is often associated with tumorigenesis
(29) and it is possible that the loss of Pten leads to thymoma
generation. In the case of T cell-specific deletion of Pten in
mice, the first clinical signs of tumor formation were observed
in mice at 6 –7 wk and all mice died within 17 wk (22). The
observed variability of the thymocyte phenotype of Pten�/�

Rag-2�/� mice may be ascribed to the timing of Cre expression.
Although the p56lck proximal promoter used here is known to be
active in DN1 cells, expression of Pten protein was still detectable
in the Pten�/�Rag-2�/� thymus (our unpublished observations)
where thymocytes are arrested at the DN3 stage. Perhaps the p56lck

proximal promoter exhibits altered expression patterns as a trans-
gene. However, anti-CD3� mAb injection led to complete loss of
Pten expression (data not shown), likely due to enhanced activity
of p56lck proximal promoter.

The PI3K/Akt-signaling pathway is known to suppress apopto-
sis, increase cell size due to activation of cellular metabolism, and

induce cell cycle progression through expression of cyclins and
cytokines (30–32). The levels of BrdU uptake in thymocytes in
p85��/� mice were comparable with those in p85��/� mice (data
not shown), suggesting that proliferation during transition from the
DN to DP stages was not affected dramatically by the lack of p85�,
although it is possible that slight difference in cell cycle progres-
sion leads to difference in DP cell numbers. Additionally, IC87114
suppressed DP cell induction without cell death in E14.5 FTOC,
indicating that p110� is not critical for survival at least at the DN
stage. In our preliminary experiments, inhibition of mammalian
target of rapamycin, a downstream molecule of the PI3K/Akt-sig-
naling pathway, by rapamycin resulted in blockade of DN to DP
transition in E14.5 FTOC (our unpublished observations), raising
the possibility that the PI3K/Akt-signaling pathway regulates the
�-selection through mammalian target of rapamycin. Future stud-
ies with mice where the PI3K/Akt-signaling pathway is perturbed
should reveal the molecular mechanisms underlying transition of
DN to DP thymocytes.
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