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In the BLA, formation of PNNs marked the end
of a developmental period duringwhich fearmem-
ories could be erased by extinction and coincided
with ability to form contextualized fear and ex-
tinction memories. This may suggest a general
role for PNNs in mediating developmental changes
in information storage in neuronal circuits. How-
ever, because degradation of PNNs in adult ani-
mals reenabled erasure of fear memories by
extinction, this demonstrates that themechanisms
underlying extinction-induced fear memory era-
sure in juveniles are not lost in the adult, but that
fear memories are actively protected from erasure
by PNNs. Because context-dependent renewal of
conditioned fear responses is believed to be an
important factor contributing to the relapse of path-
ological fear in patients undergoing therapy for
anxiety disorders (28), our findings may point to
novel strategies in preventing the development of
extinction-resistant pathological fear and anxiety.
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Activation of the PI3K Pathway in
Cancer Through Inhibition of PTEN by
Exchange Factor P-REX2a
Barry Fine,1 Cindy Hodakoski,1 Susan Koujak,1 Tao Su,1,2 Lao H. Saal,1 Matthew Maurer,1,4
Benjamin Hopkins,1 Megan Keniry,1 Maria Luisa Sulis,1,3 Sarah Mense,1
Hanina Hibshoosh,1,2 Ramon Parsons1,2,4*

PTEN (phosphatase and tensin homolog on chromosome 10) is a tumor suppressor whose
cellular regulation remains incompletely understood. We identified phosphatidylinositol
3,4,5-trisphosphate RAC exchanger 2a (P-REX2a) as a PTEN-interacting protein. P-REX2a mRNA
was more abundant in human cancer cells and significantly increased in tumors with wild-type
PTEN that expressed an activated mutant of PIK3CA encoding the p110 subunit of phosphoinositide
3-kinase subunit a (PI3Ka). P-REX2a inhibited PTEN lipid phosphatase activity and stimulated the
PI3K pathway only in the presence of PTEN. P-REX2a stimulated cell growth and cooperated with a
PIK3CA mutant to promote growth factor–independent proliferation and transformation. Depletion of
P-REX2a reduced amounts of phosphorylated AKT and growth in human cell lines with intact PTEN.
Thus, P-REX2a is a component of the PI3K pathway that can antagonize PTEN in cancer cells.

The PTEN (phosphatase and tensin homo-
log on chromosome 10) gene is frequent-
ly lost in cancers, and germline PTEN

mutations are linked to inherited cancer pre-
disposition syndromes (1). The PTEN protein

dephosphorylates phosphatidylinositol 3,4,5-
trisphosphate (PIP3), the critical lipid second
messenger generated by phosphoinositide 3-kinase
(PI3K) upon stimulation of cells by external mi-
togens (2, 3). Inactivation of PTEN leads to accu-
mulation of PIP3 and, as a consequence, increases
activity of the kinase AKT, which promotes cel-
lular survival, cell cycle progression, and growth,
thereby contributing to oncogenesis. Studies of
human tumors have revealed alterations in mul-
tiple components of the PTEN-PI3K-AKT axis,
all of which result in increased signaling (4).
There is mounting evidence that posttranslational
modifications, including oxidation, phosphoryl-
ation, and ubiquitinylation, regulate PTEN (5, 6).

To further elucidate cellular regulatory mechanisms,
we identified PTEN-interacting proteins by affinity
purification. We postulated that a PTEN-mutant
cell line would be a rich source for interacting pro-
teins without competing endogenous PTEN and
selected DBTRG-05MG, a human glioblastoma
cell line, because it grows rapidly in culture and
lacks detectable PTEN owing to an in-frame de-
letion of codons 274 to 342 (7). PTEN-binding
proteins were purified from cytoplasmic extracts
on an affinity columnwith PTEN as a glutathione
S-transferase (GST) fusion protein and sequenced
by mass spectrometry (Fig. 1A) (8, 9). Associated
proteins included PTEN-binding protein, major
vault protein (MVP), and a second protein named
P-REX2a (10).

P-REX2a is a guanine nucleotide exchange
factor (GEF) for the RAC guanosine triphosphatase
(GTPase), which was discovered in a search for
proteins with sequence similarity to the leukocyte-
specific RAC GEF, P-REX1 (11, 12). P-REX1
GEF activity is critical for RAC-mediated forma-
tion of reactive oxygen species in response to PIP3
and signaling by the bg heterodimer of hetero-
trimeric guanine nucleotide–binding protein (Gbg
signaling) in neutrophils (13). P-REX1 expression
is increased in metastatic prostate cancers and has
been shown to mediate a RAC-dependent meta-
static and invasive phenotype in prostate cancer
cell lines (14). P-REX2a is a widely expressed
paralog of P-REX1 and contains an N-terminal
Dbl homology and pleckstrin homology (DHPH)
domain (which confers GEF activity), pairs of PDZ
and DEP domains, and a C terminus with weak
similarity to inositol 4-polyphosphate phosphatase.

To demonstrate an endogenous interaction,
we coimmunoprecipitated P-REX2a and PTEN
from HEK293 extracts using either a polyclonal
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Fig. 2. Inhibition of PTEN phosphatase activity by P-REX2a. (A) Full-length
P-REX2a, or a deletion of the DHPH domain (DDHPH), or the DHPH domain
alone were added in the indicated molar volumes to 40 nM PTEN, purified
from HEK293 cells, and phosphatase activity of PTEN was assayed with 20 mM
di-C8-PIP3. This is a representative experiment; error bars indicate standard
deviation (n = 3), **P < 0.005, *P < 0.05 by ANOVA. (B) P-REX2a (10 nM or
20 nM) was added to the reactions, and the phosphate released was mea-

sured over a range of di-C8-PIP3 by using 40 nM PTEN. Regression line (solid) to Michaelis-Menten kinetics is shown along with 95%CI (dotted lines). Vmax values
are shown in the table along with standard deviation and 95% CI. A representative experiment is shown, and error bars represent standard deviation (n = 3). (C)
Effect of P-REX2a and a GEF dead point mutant of P-REX2a, N212A, on phosphorylation of AKT in the presence and absence of PTEN. (D) Effect of expression of
P-REX2a alone in MCF10A cells on abundance of p473AKT. The phosphorylation status of T308AKT was not detectable under normal growth conditions in
MCF10A cells. (E) Effect of P-REX2a and DHPH on proliferation of MCF10A cells grown in reduced growth factors (0.1% serum). OD, optical density.
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Fig. 1. P-REX2a as a PTEN-binding protein. (A) Silver stain of 1 M salt elu-
tions of affinity-purified PTEN-binding proteins. GST and GST-PTEN columns
were incubated with (left and middle) and without (right) DBTRG-05MG cyto-
plasmic extract, and proteins eluted with high salt were separated and iden-
tified by mass spectrometry (9). P-REX2a and MVP are indicated with arrows.
Peptide sequences of P-REX2a are shown. (B) Coimmunoprecipitation of endog-

enous PTEN and P-REX2a. Immunoprecipitations were performed (8), and pro-
teins were detected by immunoblotting. (C) Box plot of P-REX2a expression in
PTEN-positive and -negative breast tumors. Bars above and below represent
the maximum andminimum expression, respectively. The box delineates the first to
third quartiles of expression, and the central bar represents the median. P-REX2a
levels are significantly associated with PTEN status (P = 0.027) by two-tailed t test.
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antibody to P-REX2a or a monoclonal antibody
to PTEN (Fig. 1B). We used Flag-tagged PTEN
truncation mutants coexpressed with V5-tagged
P-REX2a in HEK293 cells to map the binding
domain of PTEN. Deletion of the tail and PDZ-
binding domain of PTEN (PTENDTail, amino
acids 1 to 353) disrupted binding to P-REX2a
(fig. S1). On the other hand, the C2 and tail
domains alone (C2TDPDZ) were able to bind to
P-REX2a, which indicated that the tail of PTEN,
not including the PDZ-binding domain, is required
for binding to P-REX2a. In in vitro experiments,
PTEN bound the DHPH domain, an interaction
that was mediated by the PH domain (fig. S2).
When overexpressed, PTEN and P-REX2a also
displayed subcellular colocalization both diffusely
throughout the cytoplasm and at peripheral foci
in U87 cells (fig. S3). In stimulation experiments,
only those cells exposed to either PDGF or in-
sulin after starvation displayed peripheral foci
of colocalization. Starved cells and epidermal
growth factor (EGF)–stimulated cells retained
diffuse cytoplasmic localization only (fig. S4).

The P-REX2a gene is located on chromosome
8q13, a region of frequent amplification in breast,
prostate, and colorectal cancers (15–17), which has
also been linked to aggressive cancer phenotypes

and metastatic progression (18, 19). We investi-
gated P-REX2a expression by quantitative reverse
transcription polymerase chain reaction (qRT-PCR)
in a breast tumor data set thoroughly annotated
for PI3K pathway alterations. P-REX2a showed
a significant two-tailed association with PTEN
status (P = 0.027), and the median P-REX2a ex-
pression was three times that in tumors that re-
tained PTEN as in those that did not (Fig. 1C).
Additionally, gene expression data sets from other
cancer databases demonstrate increased expression
of P-REX2a in various tumors, including breast
and prostate, compared with that in normal tissues
(fig. S5). Mutations in P-REX2a were not found
in a breast tumor mutation survey (20); how-
ever, our analysis of publicly available databases
yielded numerous somatic mutations in P-REX2a
in other tumors, including those of the colon, pan-
creas, and lung, which make it one of the most
commonly mutated GEFs in cancer (fig. S6). We
thus suspected that P-REX2a might be a PTEN-
regulating factor that is co-opted in tumors to
stimulate PI3K signaling.

Affinity-purified full-length P-REX2a (hereafter
referred to as P-REX2a) protein (fig. S7) decreased
PTEN lipid phosphatase activity at various molar
ratios of P-REX2a to PTEN (Fig. 2A) with a sol-

uble lipid substrate di-C8-PIP3.At equimolar quan-
tities of P-REX2a, PTEN’s phosphatase activity
was decreased by 61.6 T 2.2% (SD). A decrease of
43.2 T 2.8% in phosphatase activity was recorded
with the DHPH domain of P-REX2a (hereafter
DHPH). Both P-REX2a and DHPH significantly in-
hibited PTEN activity [P < 0.005 for P-REX2a,P <
0.05 for DHPH, analysis of variance (ANOVA)].
Conversely, addition of a P-REX2a lacking the
DHPH domain (DDHPH) showed only modest ef-
fects on PTEN activity and was not significantly
different than buffer alone (P > 0.05, ANOVA).

We measured activity of 40 nM PTEN over
a range of substrate (di-C8-PIP3) concentrations
from 5 to 100 mM and used nonlinear regression
analysis (GraphPad Prism 5.0) to best fit the data
to the Michaelis-Menten equation (Fig. 2B). In-
creasing amounts of P-REX2a resulted in de-
creases in the maximum phosphatase velocity
(Vmax) of PTEN, indicative of noncompetitive in-
hibition. We calculated the dissociation constant
for inhibitor binding Ki between P-REX2a and
PTEN to be 18.97 T 1.769 nM (SD; 95% con-
fidence interval (CI) = 15.41 to 22.52) (GraphPad
Prism 5.0). This high affinity was calculated in the
presence of soluble lipid substrate and may be al-
tered at the physiological membrane where PTEN
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Fig. 3. P-REX2a and PI3Kmutants cooperate. (A) P-REX2a expression
levels in PTEN wild-type breast tumors without PIK3CA-activating
mutations (left) and with them (right) (P = 0.014; two-tailed t test).
(B) Proliferation in the absence of all growth factors and serum in
MCF10A cells expressing P-REX2a and PI3K[EK]. (C) Microscopy of
branched multilobulated mammospheres in MCF10A cells expressing
combinations of PI3K[EK], P-REX2a, or DHPH as indicated when

grown in matrigel. (Inset) Amount of phospho-473-AKT (p473AKT) and total AKT (tAKT) are shown. All phase-contrast images are displayed at 100×
magnification. (D) Colony formation by MCF10A cells grown in soft agar. Cells expressing P-REX2a and PI3K[EK] as indicated (**P < 0.01; t test).
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has been shown to be a highly efficient interfacial
phosphatase (21). We also found that coexpres-
sion of P-REX2a, but not DDHPH, decreased
the phosphatase activity of PTEN immunopre-
cipitated from these cells (fig. S8). Using a
point mutant modeled after P-REX1, we fur-
ther showed that PTEN phosphatase inhibition
was independent of the GEF activity of P-REX2a
(fig. S9) (22).

Expression of PTEN in PTEN-deficient U87-
MG cells decreased the amount of phosphorylated
AKT (pAKT) (Fig. 2C and figs. S10 to S12).
Overexpression of P-REX2a had no effect on
pAKT alone, but when expressed with PTEN, it
restored phosphorylation of AKT at both Ser473

and Thr308 (Fig. 2C). This restoration was inde-
pendent of P-REX2a’s GEF activity but dependent
on both the tail (fig. S10) and catalytic activity of
PTEN (fig. S11). We observed a similar rescue of

AKT phosphorylation in a second PTEN-deficient
glioblastoma cell line (fig. S10). In platelet-derived
growth factor (PDGF)–stimulated U87-MG cells
(fig. S12), overexpression of PTEN expression
alone reduced amounts of phosphorylation of
T308AKT, S473AKT, and glycogen synthetase
kinase 3 b (GSK3b). P-REX2a coexpression with
PTEN restored levels of phosphorylated AKT and
GSK3b to baseline. Among other agonists inves-
tigated, P-REX2a also was able to rescue PTEN
suppression of insulin signaling but was ineffectual
for those cells stimulated with EGF (fig. S13).
Throughout these experiments, we observed that
wild-type P-REX2a expression increased levels
of simultaneously overexpressed PTEN (Fig. 2C
and figs. S11 and S12). This may be a direct
result of PTEN inactivation, as previous studies
have shown that PTEN stability and activity are
inversely correlated (6).

We explored the effect of overexpression of
P-REX2a on endogenous wild-type PTEN in an
immortalized humanmammary cell line,MCF10A.
Cells engineered to express either P-REX2a or
DHPH exhibited increased amounts of phospho-
rylation of Ser473 AKT and enhanced proliferation
in tissue culture (Fig. 2, D and E). The presence
of growth factors was required to observe this
difference in proliferation. P-REX2a may not be
sufficient to impart growth factor–independent
proliferation, because effects of PTEN inhibition
would still require PIP3 generation to allow for
PI3K activation.

Analysis of P-REX2a mRNA in a cohort of
PTEN-expressing breast tumors showed a signifi-
cant association between increased P-REX2a ex-
pression levels and activating mutations in PIK3CA
(P = 0.014, t test) (Fig. 3A). Expression of either
P-REX2a or the PI3Ka E545K (Glu545 replaced

Fig. 4. Diminished phos-
phorylation of AKT and
proliferation after deple-
tion of P-REX2a. Phospho-
rylation of AKT (A) and
proliferation (B) after de-
pletion of P-REX2a in
PTEN wild-type MCF7
cells or PTEN-null BT549
cells. OD595, absorbance
at 595 nm. (C) Effect of
P-REX2a depletion in
MCF10A cells on pAKT
and pGSK3b and amounts
of the p21 and p27 cell
cycle inhibitors. (D) X-gal
staining of indicated cell
lines. Phase-contrast im-
ages displayed at 40×
magnification. (E) MCF10A
proliferation after P-REX2a
depletion.
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by Lys) constitutively active mutant (PI3K[EK])
alone did not allow growth in the absence of all
growth factors, but overexpression of PI3K[EK]
and P-REX2a together allowed for growth factor–
independent cellular proliferation (Fig. 3B). In
three-dimensional matrigel culture, MCF10A cells
normally form single–acinar cell clusters; how-
ever, expression of either P-REX2a or DHPH
resulted in multiacinar epithelial structures, simi-
lar to published results of cells expressing acti-
vated AKT, ERRB2, or PI3K (Fig. 3C) (23, 24).
Expression of PI3K[EK] with P-REX2a led to
formation of large, branched, and highly dys-
morphic structures and evidence of matrigel in-
vasion. This effect was also observed in soft agar
assays in which P-REX2a and PI3K[EK] expres-
sion together yielded approximately three times
as many transformed colonies as were seen with
PI3K[EK] alone (P < 0.01, t test) (Fig. 3D).
Amounts of phosphorylated AKT increased as
well (Fig. 3C, inset).

To test whether endogenous P-REX2a influ-
enced the PI3K pathway in tumor cells, we de-
pleted P-REX2a with short hairpin RNA (shRNA)
in a PTEN–wild-type cancer cell line harboring
an E545K PIK3CA mutation, MCF7, and a
PTEN-deficient cell line, BT549. MCF7 cells
displayed decreased amounts of pAKT and re-
duced cell proliferation after introduction of
P-REX2a shRNAs, whereas amounts of pAKT
and extent of proliferation were not perturbed in
BT549 cells (Fig. 4, A and B). Thus, the effects
of depletion of P-REX2a on the PI3K pathway
and cell proliferation are dependent on the pres-
ence of PTEN.Depletion of P-REX2a inMCF10A

cells decreased amounts of pAKT and pGSK3b
(Fig. 4C) and reduced proliferation rate (Fig. 4E).
Cells depleted of P-REX2a appeared to be larger,
which was confirmed by forward scatter on flow
cytometry (fig. S14). Staining of these cells with
5-bromo-4-chloro-3-indolyl b-D-galactopyranoside
(X-gal) at pH 6.0, an assay for cell senescence,
resulted in marked increase in blue-stained cells
in both shRNA knockdown cell lines compared
with control cells (Fig. 4D and fig. S14). Increased
amounts of the senescence-associated cell cycle
inhibitors p21 and p27 were also detected by im-
munoblot (Fig. 4C). Senescence similarly occurs
in human fibroblasts after inhibition of the PI3K
pathway by either LY294002 or overexpression
of PTEN (25).

Within the PI3K pathway (fig. S15), P-REX2a
is poised to amplify PI3K signaling by decreasing
catabolism of PIP3. As an activator of the PI3K
pathway, P-REX2 may contribute to numerous
pathological or physiological processes, such as
tumorigenesis, diabetes, and aging. Its place in
the pathway as a coordinator of RAC and PTEN
makes it an intriguing target for further analysis
of signal transduction and therapeutic intervention.
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Recruitment of Antigen-Specific
CD8+ T Cells in Response to
Infection Is Markedly Efficient
Jeroen W. J. van Heijst,1 Carmen Gerlach,1 Erwin Swart,1 Daoud Sie,2
Cláudio Nunes-Alves,3 Ron M. Kerkhoven,2 Ramon Arens,1*
Margarida Correia-Neves,3 Koen Schepers,1† Ton N. M. Schumacher1‡

The magnitude of antigen-specific CD8+ T cell responses is not fixed but correlates with the severity
of infection. Although by definition T cell response size is the product of both the capacity to
recruit naïve T cells (clonal selection) and their subsequent proliferation (clonal expansion), it
remains undefined how these two factors regulate antigen-specific T cell responses. We determined
the relative contribution of recruitment and expansion by labeling naïve T cells with unique genetic
tags and transferring them into mice. Under disparate infection conditions with different
pathogens and doses, recruitment of antigen-specific T cells was near constant and close to
complete. Thus, naïve T cell recruitment is highly efficient, and the magnitude of antigen-specific
CD8+ T cell responses is primarily controlled by clonal expansion.

Akey feature of adaptive immunity is its
ability to recognize a wide range of path-
ogens by specific antigen receptors ex-

pressed on lymphocytes. Because the diversity of
antigen receptors is large (1), the frequency of
cells specific for any single antigen is extremely

low (less than 1 in 105 cells) (2, 3). This leaves the
immune systemwith the remarkable challenge of
selecting those few pathogen-specific cells among
the millions of cells that do not recognize a given
pathogen at the moment infection occurs. This
process of clonal selection is followed by mas-

sive expansion of those selected cells to give rise
to sufficient progeny to combat the invading path-
ogen. Thus, the magnitude of adaptive immune
responses is regulated by two processes. First, the
number of participating clones is set by the effi-
ciency with which antigen-specific cells are re-
cruited from the naïve repertoire. Second, the
burst size of these participating clones, defined as
the net sum of all proliferation and cell death, de-
termines the total number of antigen-specific prog-
eny that is generated per recruited cell.

The magnitude of T cell responses generated
upon infection is not fixed but is shaped accord-
ing to the severity of infection (4, 5). Although
this correlation is well established, it remains un-
defined to what extent changes in the magnitude
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