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The phosphoinositide 3-kinase (PI3K)/PTEN (phosphatase and tensin homolog) pathway is one of the central routes that en-
hances cell survival, division, and migration, and it is frequently deregulated in cancer. PI3K catalyzes formation of phosphati-
dylinositol 3,4,5-triphosphate [PI(3,4,5)P3] after cell activation; PTEN subsequently reduces these lipids to basal levels. Activa-
tion of the ubiquitous p110� isoform precedes that of p110� at several points during the cell cycle. We studied the potential
connections between p110� and p110� activation, and we show that cell stimulation promotes p110� and p110� association,
demonstrating oligomerization of PI3K catalytic subunits within cells. Cell stimulation also promoted PTEN incorporation into
this complex, which was necessary for PTEN activation. Our results show that PI3Ks dimerize in vivo and that PI3K and PTEN
activities modulate each other in a complex that controls cell PI(3,4,5)P3 levels.

The phosphoinositide 3-kinase (PI3K)/PTEN axis regulates cell
survival, division, and migration. PI3Ks are lipid kinases

conserved throughout evolution that catalyze phosphorylation of
the third position of the inositol ring of phosphatidylinositol
(PI). The PI3K family is subdivided into three classes, of which
only class I generates phosphatidylinositol 3,4,5-triphosphate
[PI(3,4,5)P3] and, after SH2 domain-containing inositol 5=-phos-
phatase action, PI(3,4)P2 (1–3). These plasma membrane compo-
nents initiate signaling pathways that lead to cell activation and are
downregulated by the PTEN phosphatase (1–5). Class IA PI3Ks
are heterodimers composed of a 110-kDa catalytic subunit and a
regulatory subunit: p85� (and its alternative spliced forms, p55�
or p50�), p85�, or p55� (1–5). p85� and p85� are ubiquitous,
whereas p55� is expressed only in certain tissues (1–5). Although
four genes encode p110 subunits, only p110� and p110� are ex-
pressed ubiquitously in mammals and are more important in can-
cer (1–5). p110� and p110� are activated by receptor tyrosine
kinases, although p110� can also be activated through G protein-
coupled receptors (GPCRs) (6, 7). After activation, PI3K regulates
processes such as cell cycling and survival (8–10).

PI3K activity increases after stimulation of growth factor (GF)
receptors in early G1 phase and again in advanced G1. The first
PI3K peak corresponds mainly to p110� activation, followed by a
minor p110� activity peak; p110� is also activated before p110� in
late G1-S-phase entry (8, 9). p110� is found in the cytoplasm,
whereas p110� shuttles between the cytosol and nucleus and ac-
cumulates in the nucleus in S phase (8–10). The distinct p110�
and p110� localizations and activation kinetics might reflect
nonredundant roles for each isoform. p110� controls early G1

events, whereas p110� regulates S-phase progression (8–10);
p110� is involved in cell responses to insulin and angiogenesis (11,
12), whereas p110� affects nuclear processes such as DNA repli-
cation and repair (9–13). p110� is activated again at the beginning
of mitosis, followed by that of p110� (14). Activation of p110�
thus precedes that of p110� at several points in cell cycle progres-
sion (8, 9, 13, 14), although it is not known whether p110� regu-
lates p110� activation. The PI3K activation-induced increase in
PI(3,4,5)P3 levels is subsequently reduced to basal levels by PTEN
(15–17). Various mechanisms regulate PTEN activity (16, 17),
although it is unclear how its activation is linked to that of PI3K.

Given that p110� activation precedes that of p110�, we postu-
lated that p110� activity might be necessary for p110� activation.
We found that after cell stimulation, p110� associated with
p110�, and formation of this complex controlled optimal p110�
activation. PTEN was also incorporated into this complex, and its
association with p110�/p110� regulated its phosphatase activity.
The results show that PI3K catalytic subunits oligomerize within
cells. We propose that this complex controls optimal activation of
p110� and PTEN, suggesting PI3K/PTEN cooperation in the tem-
poral control of cell PI(3,4,5)P3 and PI(3,4)P2 levels.

MATERIALS AND METHODS
Cell lines, cell culture, plasmids, siRNA, and reagents. p110�flox/flox

mouse embryonic fibroblasts (MEF) and p110�-deficient MEF were
kindly donated by J. J. Zhao and T. M. Roberts (Dana-Farber Cancer
Institute, Boston, MA) (18, 19). Wild-type (WT), p85��/�, and p85��/�

MEF were obtained from p85��/� and p85��/� mice (20, 21), which
were donated by D. Fruman (University of California, Irvine, CA). MEF
were prepared as described previously (8, 18, 19). U2OS, PC3, 293T, NIH
3T3, and MEF cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Gibco-BRL) supplemented with 10% fetal bovine serum, 2 mM
glutamine, 10 mM HEPES, 100 IU/ml penicillin, and 100 �g/ml strepto-
mycin. pSG5-p110�, -myc-p110�, -myc-p110�, -p85�, and -p85� are
described elsewhere (8, 22). His-tagged wild-type hp110� was donated by
B. Vanhaesebroeck (Barts Cancer Institute, Cancer Research UK, London,
United Kingdom); the cDNA encoding V12-Ras was donated by J. Down-
ward (London Research Institute, London, United Kingdom). Recombi-
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nant hemagglutinin (rHA)-p85�, rHA-p85�, and rHA-SH3-BcR (SH3,
Src-homology domain 3; BcR, breakpoint cluster region homology do-
main), and p50� were described previously (23). LacZ and E160-p85�
lentiviral vectors were donated by G. Mills (M. D. Anderson Cancer Cen-
ter, Houston, TX) (24). Murine p110� shRNA was from Origene, and
p110� shRNA has been described elsewhere (8). Small interfering RNA
(siRNA) for p85� or -�, human p110 isoforms, and PTEN and scrambled
siRNA were custom-made (Invitrogen). PIK75 and TGX221 are described
elsewhere (8). Okadaic acid and the PTEN inhibitor bpV(pic) were from
Calbiochem.

Antibodies, Western blotting, immunoprecipitation, and in vitro
transcription/translation. Blots were probed with the following antibod-
ies (Ab): anti-Myc tag (9B11; Cell Signaling), anti-pan-p85 and anti-his-
tone (Upstate Biotechnology, Millipore), anti-�-actin (Sigma), anti-Akt,
anti-pAkt(Thr308), and anti-pAkt(Ser473) (Cell Signaling). Anti-HA was
from Covance, and anti-p85� was described previously (22). Anti-His
monoclonal antibody (MAb) was from Clontech, and anti-PCNA was
from BD Transduction Labs; antibodies to Sin1 and p400 were from
Bethyl Laboratories and Abcam, respectively. Horseradish peroxidase-
conjugated secondary Ab were from Dako Cytomations. We used anti-
p110� C73F8 MAb (Cell Signaling) for all purposes, anti-p110� C33D4
MAb (Cell Signaling) for human cells, and S-19 Ab (Santa Cruz Biotech-
nology) for murine p110�. We used anti-PTEN 6H2.1 MAb (Millipore)
for Western blotting (WB) of whole-cell lysates and goat polyclonal Ab
N-19 (Santa Cruz Biotechnology) for immunoprecipitations. For optimal
detection of immunoprecipitated PTEN, WB was performed using anti-
PTEN MAb 138G6 (Cell Signaling). An enhanced chemiluminescence kit
was from GE Healthcare. Cells were lysed in a detergent buffer (10 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 10 mM KCl, 0.5% Nonidet P-40) with
protease inhibitors (11836170001; Roche Applied Science) and incubated
at 4°C for 1 h, followed by centrifugation (9,300 � g, 10 min). Western
blotting and immunoprecipitation were performed as described previ-
ously (8, 23). Specific cDNAs were transcribed and translated in vitro in
the presence of [35S]Met using the TNT T7-coupled reticulocyte lysate
system (Promega).

Transfection, subcellular fractionation, immunofluorescence, and
PI3K assay. Cells were transfected with Lipofectamine Plus (Qbiogene)
and cultured 48 h before analysis; for siRNA transfection, we used Lipo-
fectamine Max (Qbiogene). For subcellular fractionation, cells that were
transfected and lysed as described above were cultured for the indicated
times/conditions, and cytoplasmic, nuclear, and chromatin fractions were
isolated as described previously (25). Immunofluorescence analysis with
green fluorescent protein (GFP)–Btk-PH was performed as described pre-
viously (10). For PI3K assays, cells were lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (9). PI3K was immunoprecipitated with anti-
p110� and anti-p110� antibodies. p110� and p110� immunoprecipitates
were extensively washed and resuspended in 45 �l of 50 mM HEPES (pH
7.5) containing purified PI (0.5 mg/ml; Avanti Polar Lipids). For the ki-
nase reaction mixture (50 �l, final volume), we used 5 �l 10� kinase
buffer (10 �Ci [32P]ATP, 100 mM MgCl2, and 200 �M unlabeled ATP).
Reaction mixtures were incubated (15 min, 37°C), and reactions were
terminated by addition of 1 mM HCl (100 �l). Phosphoinositides were
extracted in methanol-chloroform (1:1 [vol/vol]; 200 �l, final volume).
Radiolabeled products and nonradioactive PI(3)P, PI(3,4)P2, and
PI(3,4,5)P3 standards (Echelon Biosciences) were resolved in silica gel
plates; before autoradiography, the positions of phosphoinositide stan-
dards was determined with iodine vapor. The signal intensities of PI(3)P
spots produced in this assay were quantitated by using ImageJ software,
the background signal for control immunoprecipitates was subtracted,
and the values were divided by the signal intensity of the p85 loading
control. For PI3K assays performed using gel filtration fractions (see Fig.
4C, below), PI(3)P signal was normalized to that of p110� or p110�
loading. To compare p110� or p110� activity in different conditions and
assays, the distinct values obtained were referred to p110� or p110� max-
imal activity (considered 100%).

Cell cycle, gel filtration, and native gel electrophoresis. Cell cycle
analysis was performed as described previously (8). 293T cells, PC3, and
NIH 3T3 cells were lysed as described above. Extracts were applied to a
Superdex 200 column (Amersham Pharmacia) and washed with lysis buf-
fer (0.5 ml/min, 4°C); after the void volume, 0.5-ml fractions were col-
lected. Blue native gel electrophoresis was performed using whole-cell
extracts or gel filtration fractions as described previously (26).

PTEN activity assay. For the PTEN activity assay, cells were lysed as
described above and immunoprecipitated with anti-PTEN Ab plus pro-
tein G (4°C, 19 h). Immunoprecipitates were washed and used for WB and
phosphatase assays (27). For the phosphatase assay, immunoprecipitates
were washed and resuspended in enzyme reaction buffer (50 mM Tris [pH
8], 50 mM NaCl, 10 mM dithiothreitol, 10 mM MgCl2) with 3 �M
PI(3,4,5)P3 (Echelon Biosciences; 30 min, 37°C); reactions were termi-
nated with malachite green reagent (100 �l; Echelon Biosciences). Free
phosphate levels were measured in an enzyme-linked immunosorbent
assay (ELISA) reader as the absorbance at 620 nm (A620). Phosphate re-
leased during the reaction was extrapolated from a titration curve ob-
tained using dilutions of a phosphate standard provided by the kit man-
ufacturer. To compare different assays, PTEN activity for each time and
transfection condition was calculated as a percentage of the maximal
PTEN activity (A620 minus background) normalized to the maximal sig-
nal in each experiment (considered 100%).

Statistical analyses and quantitation. Cell cycle plots were analyzed
with the Cytomics CxP software. Fluorescence and WB signal intensity
were measured with ImageJ software (NIH). To quantitate p110 WB sig-
nals of SDS-PAGE-resolved p110 immunoprecipitates, we measured the
signal intensity in each band and divided this value by the corresponding
signal intensity of the p85 loading control. This number was expressed as
a percentage relative to the maximum value in each experiment (100%).
For cells with lower p110 levels than control cells (after p85 subunit dele-
tion or depletion [see Fig. 3B and C]), the p110� WB signal of SDS-PAGE-
resolved p110� immunoprecipitates was first normalized to that of the
loading control (immunoprecipitated p110�), and the resulting values
were normalized for p110� cellular levels (as determined by WB for
whole-cell extracts). Statistical significance was evaluated using Prism5
V.5.0 software.

RESULTS
Endogenous p110� associates with p110�. p110� is activated
before p110� at the G0/G1 transition, as well as in the G1/S and
G2/M transitions (8, 9, 13, 14). We analyzed whether p110� asso-
ciated with p110� and regulated its activity. To study associations
of endogenous proteins, we immunoprecipitated p110� from ex-
tracts of exponentially growing 293T cells (1 mg) and tested for
associated p110� by WB; we used p110� immunoprecipitated
from 200 �g as a positive control. The assay showed that a fraction
of p110� was present in complex with p110� (Fig. 1A). The pro-
portion of p110� in p110� immunoprecipitates could not be cal-
culated accurately, since the antibody used to immunoprecipitate
p110� differed from that of the positive control (anti-p110�). To
compare experiments, we normalized the p110� signal in com-
plex with p110� (and that of the p110� positive control) to the
p85 signal. As most cellular p110 is in complex with p85 (28), p85
measurement estimates the amount of p85/p110 in different im-
munoprecipitates when the same Ab is used. p110� signal inten-
sity was 	40% in p110� precipitates compared to that of the
p110� positive control, indicating that anti-p110� coimmuno-
precipitated a relatively large amount of p110� (Fig. 1A). In the
reciprocal experiment, anti-p110� antibody precipitated less
p110�/p110� complex (discussed below), although this experi-
ment confirmed that a fraction of p110� associated with p110�
(Fig. 1A).
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FIG 1 Endogenous p110� and p110� form a complex. (A) Endogenous p110� or p110� was immunoprecipitated from 293T cell extracts (1 mg) by using specific Ab.
WB was used to test for associated p110. A smaller amount (1/5) of whole-cell extract (WCE; 200 �g) was used to immunoprecipitate p110� or p110� positive controls.
Negative controls included protein A plus Ab (Ctr 1) and extract plus protein A (Ctr 2); WCE (50 �g) and immunoprecipitates (IP) were analyzed by WB. Graphs show
the percentage of p110� signal in the p110� immunoprecipitates and in the p110� positive control, normalized for p85 signal, which estimates the amount of PI3K
precipitated under both conditions. Normalized signals are shown as a percentage of maximal signal (p110� positive control, 100%; mean 
 standard error of the mean,
n � 5). The percentage of p110� in p110� immunoprecipitates was calculated similarly. (B) cDNAs encoding p110�, p110�, or both were transcribed/translated in vitro
in the presence of [35S]methionine. Translation products or immunoprecipitated products were visualized by autoradiography. As controls, translation products were
incubated with protein A. Frame with solid line, p110� signal; frame with dashed line, p110� signal. (C) 293T cells were transfected with control, p110�, or p110� siRNA
(72 h). p110�, p110�, and positive controls were immunoprecipitated from WCE as described for panel A. The negative control contained cell extract plus protein A. The
graphs are similar to those for panel A. n � 3. (D) p110�flox/flox MEF were infected with adenoviral Cre (72 h); pik3ca gene deletion was 80% efficient. Cre-infected or WT
p110� MEF were lysed and tested as described for panel A. The figure shows a representative experiment (n � 3). (E) 293T cells were transfected with cDNAs encoding
Myc-p110�, His-p110�, HA-p85�, and HA-p85� (48 h). WCE (50 �g) was tested by WB or immunoprecipitated (1 mg) using anti-His Ab (for p110�); associated
p110� was analyzed with WB. For the positive control, we immunoprecipitated Myc-p110�-transfected cell extract (200 �g) with anti-Myc Ab. Negative controls were
as described for panel A; the reciprocal assay was performed similarly. For panels A, C, D, and E, empty lanes rule out spillover from adjacent lanes. Arrowheads indicate
the p110 isoform (p110� or p110�) in complex with the other. MW, molecular weight.
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We tested for antibody specificity by using p110� and p110�
separately transcribed and translated in vitro. Anti-p110� Ab did
not immunoprecipitate the p110�-translated product (and vice
versa), indicating antibody specificity (Fig. 1B). When cDNAs en-
coding p110� and p110� were translated together, neither anti-
p110� nor -p110� Ab precipitated the p110�/p110� complex,
suggesting that the purified isoforms do not associate in vitro un-
der these conditions (Fig. 1B). To confirm Ab specificity, we re-
duced p110� or p110� expression by transfecting specific or con-
trol (scrambled sequences) siRNA in 293T cells (72 h) and tested
for complex formation with p110�. The p110� coimmunopre-
cipitated in complex with p110� was reduced after p110� silenc-
ing, showing specificity of p110� detection; anti-p110� Ab pre-
cipitated trace amounts of p85 and did not immunoprecipitate
associated p110� (Fig. 1C). Immunoprecipitation of p110� in
p110�-depleted cells did not precipitate p110� or p110� or
p110�-associated p85 (Fig. 1C); results were similar in U2OS cells
(see Fig. S1A in the supplemental material). Quantification of WB
signals confirmed reduction of p110� in complex with p110�
(and vice versa) after p110� (or p110�) knockdown (Fig. 1C).

We also analyzed p110�/p110� oligomers in MEF, which do
not express p110� (19). We infected p110�flox/flox MEF with ad-
enoviral Cre twice (72 h) and used WB to estimate pik3ca gene
deletion efficiency (	80%). Although pik3ca gene deletion was
partial, it eliminated p110� signal in complex with p110� and vice
versa (Fig. 1D). In p110�-deficient MEF, alone or reconstituted
with WT p110� (18), immunoprecipitation of p110� followed by
WB of p110� confirmed complex formation in controls but not in
p110�-deficient MEF (see Fig. S1B in the supplemental material).
The p110�/p110� complex was thus only detectable in MEF that
express p110� and p110�, confirming Ab specificity.

We verified the p110�/p110� association by using recombi-
nant proteins. Cotransfection of Myc-p110�, His-p110�, and p85
allowed complex isolation using anti-tag Ab. Anti-His Ab was less
efficient than anti-Myc Ab, as determined by the low p85 levels
precipitated, but immunoprecipitation with either Ab confirmed
the p110�/p110� association (Fig. 1E; see also Fig. S1C in the
supplemental material).

Cell activation controls p110�/p110� dimerization. p110�
and p110� are activated sequentially after GF receptor stimulation
at several points during cell cycle progression (8). To test whether
cell activation triggered p110�/p110� association, we used NIH
3T3 cells, which can be arrested in G0 by serum deprivation (19 h)
and induced to enter the cell cycle by serum addition (1 h) (8). We
immunoprecipitated p110� or p110� in extracts of quiescent or
serum-stimulated cells and examined associated proteins by WB.
The p110�/p110� association was minimal in quiescence but was
induced after cell activation (Fig. 2A). Serum stimulation also in-
duced p110�/p110� complex formation in freshly isolated pri-
mary MEF (Fig. 2B) and in human U2OS cells (see Fig. S1D in the
supplemental material).

To identify endogenous p110�/p110� complexes by an alter-
native method, we used blue native gel electrophoresis, which al-
lows detection of protein complexes in total cell extracts (without
prior immunoprecipitation). Extracts of quiescent and serum-
stimulated 293T cells were resolved by 4 to 16% blue native elec-
trophoresis. Under native conditions, protein complex mobility
differed from that in SDS-PAGE. In quiescent cells, the majority of
p110� and p110� signal was observed near 220 kDa, correspond-
ing to a p85:p110 heterodimer; in contrast, after 1 h of cell activa-

tion, significant fractions of p110� and p110� were found at 	440
and 	660 kDa (Fig. 2C). The proportions of p110� and p110�
with a high molecular mass identified under native conditions
(	50% of total p110� or p110�) were greater than those from the
immunoprecipitation, suggesting that the latter underestimates
p110�/p110� complexes in activated cells.

p85 mediates PI3K oligomerization. Purified transcribed and
translated p110� and p110� did not associate in vitro (Fig. 1B),
although they exhibit PI3K activity (29), suggesting that incorrect
folding of p110� or p110� is not the cause of defective association.
We therefore postulated that p110�/p110� association can be me-
diated by additional proteins. As most cellular p110 is associated
with the p85 regulatory subunit (28), we tested whether addition
of p85 and platelet-derived growth factor receptor diphosphopep-
tide (pp-PDGFR), which mimics receptor activation (30), in-
duced p110�/p110� complex formation in vitro. p110� and
p110� have similar molecular masses; to improve resolution in
WB, we used a fusion protein with glutathione S-transferase for
p110� (GST-p110�), which has a mass of 135 kDa. The combina-
tion of p85 (p85� or p85�) and the pp-PDGFR peptide triggered
p110�/p110� complex formation (Fig. 3A). Class I p110 has a
Ras-binding domain, and v-Ras mediates optimal p110� activa-
tion (31); nonetheless, addition of v-Ras to the p85 plus pp-
PDGFR peptide mixture did not further increase p110�/p110�
association (Fig. 3A). These results showed that in the presence of
pp-PDGFR and p85, p110� and p110� associate in vitro, although
the amount of complex was lower than that in living cells
(Fig. 1A).

Most cellular p110 is in complex with p85 (28); since p85 mol-
ecules dimerize through their N-terminal SH3-BcR domains (32),
p85 dimers might mediate the p110�/p110� association. To test
this, we used p50�, a splice form of p85� that has the two SH2
domains and the inter-SH2 region, responsible for p110 associa-
tion, but lacks the SH3-BcR region needed for p85 dimerization
(32). Transcribed/translated p50� plus pp-PDGFR peptide failed
to mediate p110�/p110� association (Fig. 3A), suggesting that
p85 dimerization through N-terminal SH3-BcR domains is nec-
essary for p110�/p110� complex formation.

To confirm p85 involvement in complex formation, we de-
pleted cells of p85� or p85�. p85 depletion reduced p110 stability
(Fig. 3B), as reported previously (33). To distinguish between re-
duced complex formation and destabilization, we measured the
p110� signal in complex with p110� and normalized this signal to
the amount of immunoprecipitated p110� and to p110� cellular
levels. Depletion of p85� or p85� decreased p110�/p110� com-
plex formation (Fig. 3B). We also studied complex formation in
p85-deficient MEF. The low p110 levels in p85��/� MEF (20)
hampered interpretation of results; we used p85��/� MEF (21).
p85��/� MEF showed less p110� in complex with p110� than
control MEF (Fig. 3C). As in knockdown cells, p85� deletion re-
duced p110 levels; we normalized the p110� signal in complex
with p110� to the amount of immunoprecipitated p110� and to
cell p110� levels (Fig. 3C).

We found that a fraction of p110� associated with p110� fol-
lowing serum stimulation in human and murine cells (including
primary cells), as detected by immunoprecipitation/WB and in
native electrophoresis of whole-cell extracts. The findings that p85
but not p50� induces p110�/p110� association in vitro and that p85
deletion or knockdown reduces complex formation indicated that
p110� and p110� association is mediated, at least in part, by p85.
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p110� regulates p110� activation. To determine whether
p110� regulates p110� activity, we interfered with cellular p110�
activity by overexpressing an inactive p110� form (K802R-
p110�). Cells in exponential growth were cotransfected with var-
ious combinations of WT p110�, His-WT-p110�, Myc-K802R-
p110�, and Myc-K805R-p110� and mixed 1:1 with HA-p85� to
stabilize p110 expression (48 h) (33). Recombinant protein ex-
pression was analyzed via WB; p110 was expressed at levels similar
to that of endogenous protein (Fig. 4A). We immunopurified
p110� (with anti-p110� Ab) or p110� (with anti- p110� Ab) and
confirmed equal enzyme levels by using a pan-p85 Ab in the WB
assay, which allowed evaluation of p110� and p110� immunopre-
cipitates with the same Ab. Although PI(4,5)P2 is the physiological
PI3K substrate in vivo, we used PI as the substrate of p110� and
p110�, as these immunoprecipitates were not anticipated to have
perceptible amounts of 4- or 5-PI-kinases. PI is an efficient sub-
strate in vitro, with the advantage that its product, PI(3)P, is resis-
tant to PTEN action (27). Whereas inactive p110� did not mark-
edly affect p110� activity, inactive p110� reduced p110� activity
(Fig. 4A). KR-p110� only partially reduced p110� activity
(	40%), since KR-p110� expression was within the range of the
endogenous protein (9). KR-p110� had no effect on p110� activ-
ity (Fig. 4A), suggesting that p110� activity regulates that of p110�
but not vice versa.

To test the effect of reducing p110� expression on p110� acti-
vation, we transfected U2OS cells with p110� or p110� siRNA (72
h) and incubated them in serum-free medium followed by serum
stimulation (1 or 2 h). We immunoprecipitated p110� or p110�
and compared p110� activity in control and p110�-depleted cells,
and vice versa. We checked silencing efficiency via WB; whereas
p110� depletion did not notably affect p110� activation, p110�
silencing decreased serum-induced p110� activity (Fig. 4B), con-
firming a p110� effect on p110� activation.

Gel filtration can resolve 	220-kDa p85/p110 heterodimers
from higher-mass p85/p110 oligomers; we used this method to
study p110� activity in oligomers in serum-stimulated NIH 3T3
cells. Although the entire gel could not be visualized in the linear
range, since different fractions had distinct amounts of p85 and
p110, longer exposure times permitted detection of p110� and
p110� at 	220 kDa and at higher masses (	440 kDa and 	660
kDa) (Fig. 4C). To test whether p110� and p110� form part of
complexes with distinct molecular masses, we analyzed these frac-
tions by native electrophoresis. The analysis identified p110� and
p110� in protein complexes, with masses near 220, 440, and 660
kDa (Fig. 4C), which confirmed p85/p110 oligomer formation in
serum-stimulated cells. We also immunoprecipitated p110� and
p110� from high- and low-mass fractions and performed PI3K
assays. The amount of p110 in the 	660-kDa fraction was very
low, making quantitation difficult. The analysis of the 	220- and
	440-kDa fractions showed that, whereas the specific activity of
p110� was similar at both molecular masses, p110� was more
active in the 	440-kDa fraction, suggesting that p110� was more
active in the oligomeric fraction (Fig. 4C).

For an alternative approach to show that p110�/p110� associ-
ation affects p110� activity, we analyzed the effect of disrupting
p110�/p110� complexes on PCNA loading onto chromatin, a
p110�-regulated process (9). SH3-BcR domains associate be-
tween themselves in vitro but do not bind to p110 (1, 32) and thus
should not form p110 oligomers. Similarly, p50� (which lacks the
SH3-BcR region) associates with p110 but is unable to bind an-

other p85 molecule (32). Expression of p50� or SH3-BcR reduced
p110�/p110� complex formation as well as PCNA loading onto
chromatin (Fig. 5A and B). The percentage of cells in S phase was
similar in control and p50�- or SH3-BcR-expressing cells (Fig. 5A
and B; see also Fig. S2 in the supplemental material), ruling out a
delay in the G1-S transition as the cause of defective PCNA recruit-
ment onto chromatin.

We also transfected NIH 3T3 cells with p50� or SH3-BcR to
determine their effect on p110� activity. After serum stimulation,
p110� activity was unaffected by expression of p50�, SH3-BcR�,
or SH3-BcR�. In contrast, p110� immunoprecipitates from
p50�- or SH3-BcR-expressing cells showed lower PI3K activities
(Fig. 5C), which indicated that the p110� association with p110�
regulates optimal p110� activation. These results showed that se-
rum stimulation induces p110� association with and activation by
p110�.

p110� is also activated by GPCRs, such as sphingosine-1-P
(S1P) or lysophosphatidic acid (LPA) (6, 7). In contrast to PDGF
or serum, S1P alone does not trigger cell cycle entry efficiently
(34). To determine whether p110� activation is also linked to that
of p110� after GPCR stimulation, we compared Akt activation by
PDGF and S1P in p110� or p110� knocked-down cells. PDGF
induced greater Akt activation than S1P, which required longer
exposure times for pAkt detection. Moreover, whereas early
PDGF-induced Akt activation was sensitive to p110� and p110�
silencing, S1P-induced pAkt was more sensitive to p110� knock-
down (see Fig. S1E in the supplemental material). At later times,
p110� or p110� silencing triggered a more sustained PDGF-in-
duced Akt activation than did controls (see below). The modest
defect in pAkt levels after p110� silencing in S1P-stimulated cells
supports the idea that p110� activation by GPCR is less dependent
on p110� than activation via tyrosine kinase receptors.

PTEN expression is not essential for p110�/p110� associa-
tion. Based on gel filtration results, p110� and p110� had molec-
ular masses corresponding to p85/p110 heterodimers (	220 kDa)
and higher (	440 and 	660 kDa) (Fig. 4). PTEN and p110 iso-
forms have reported to coelute at 	660 kDa in gel filtration frac-
tions (35), although it is unknown whether cell activation induces
formation of PI3K and PTEN complexes or whether PTEN activ-
ity is altered in the 	660-kDa fraction.

We tested whether cell activation triggered the PTEN associa-
tion with p110� and p110�. Incubation of NIH 3T3 cells with
serum induced PTEN binding to p110� and p110� (Fig. 6A).
Although the mobility of the PTEN band was similar to that of
IgG, the PTEN signal appeared specific, as it was reduced by PTEN
knockdown (Fig. 6A). We also transfected 293T cells with a pre-
viously described PTEN-GFP construct (36) with lower mobility
(	80 kDa) than PTEN. PTEN-GFP is functionally active, as it
reduces PI(3,4,5)P3 and pAkt levels in cells (36). 293T cells ex-
pressing PTEN-GFP were serum stimulated; we used WB to test
for PTEN in p110� or p110� immunoprecipitates. Cell activation
induced p110� or p110� association with PTEN-GFP (Fig. 6B).
PTEN siRNA partially reduced PTEN-GFP levels in whole-cell
extracts and decreased PTEN-GFP signal in complex with p110�
or p110� (Fig. 6B). To study the influence of PTEN expression on
p110�/p110� association, we used gel filtration and resolved ex-
tracts of 293T cells and of PTEN-deficient PC3 cells. As controls
for the gel filtration experiment, we confirmed that the p400
ATPase eluted in the 	660-kDa fraction and that the Sin1 protein
eluted as a monomer and in high-mass fractions (see Fig. S3 in the
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supplemental material), as reported elsewhere (37, 38). p110� and
p110� appeared in the 	660-kDa fractions in 293T cells but not in
PC3 cells, although p110� immunoprecipitation and WB analysis
of p110� showed that both cell types had p110�/p110� complexes
in the 	440-kDa fraction (see Fig. S3).

To confirm that PTEN is not needed for p110�/p110� associ-
ation in an alternative approach, we reduced PTEN with siRNA
and tested for p110�/p110� complex formation by immunopre-
cipitation and WB. PTEN silencing was efficient and induced pro-
longed Akt activation but did not reduce p110�/p110� associa-
tion (Fig. 6C). The data suggest that cell activation induces PTEN
incorporation into the p110�/p110� complex, but PTEN is not
needed for p110�/p110� complex formation.

p110�/p110� regulates PTEN activity. We evaluated whether
PTEN incorporation into p110�/p110� complexes alters PTEN
activity. To determine PTEN activation kinetics, we compared the
activity of immunoprecipitated PTEN (from quiescent or serum-
stimulated NIH 3T3 cells) in a PTEN phosphatase assay using

PI(3,4,5)P3 as the substrate. The PTEN activity assay consistently
showed a marked increase in PTEN activity at 90 min post-serum
activation, which coincided with a pAkt decrease (Fig. 6D).

To compare the activity of monomeric PTEN with that of
PTEN in the 	660-kDa fraction, we used gel filtration to resolve
90-min serum-stimulated NIH 3T3 cell extracts and compared
the immunopurified PTEN activities in low- and high-mass frac-
tions. In the 	660-kDa fraction, PTEN phosphatase activity was
significantly greater than that in fractions of monomeric PTEN
(	50 to 60 kDa) (Fig. 6E), suggesting greater PTEN activity in the
high-mass fraction containing p110�/p110� complexes. We
checked that PTEN activity in the 	660-kDa fraction was sensi-
tive to PTEN inhibitors (Fig. 6E).

To test whether the p110�/p110� complex affects PTEN activ-
ity, we depleted cells of p110� or p110� and determined the ac-
tivity of immunopurified PTEN. In serum-stimulated cells (90
min), p110� or p110� silencing led to decreased PTEN activity
(Fig. 7A). Moreover, although p110� and p110� silencing re-
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duced early Akt activation, pAkt levels were prolonged at late
times after serum addition and more markedly in the case of
p110� knockdown (Fig. 7A; see also Fig. S4A in the supplemental
material); results were similar after cell activation with PDGF (see

Fig. S1E in the supplemental material). p110� or p110� inhibition
using PIK75 and TGX221 at selective doses (8, 9) reduced the pAkt
peak at 30 min and also PTEN activity at 90 min post-serum stim-
ulation (see Fig. S4B in the supplemental material). PIK75 and
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TGX221 treatments also reduced PTEN activity in primary MEF
(see Fig. S4C). Serum induced at late times points higher pAkt
levels in p110��/� and p110��/� MEF than in controls (see Fig.
S4D). Thus, p110� and p110� regulate PTEN activity in normal
cells.

We also analyzed the effect of p110� or p110� silencing on
PTEN activity in low- and high-mass fractions from human cells.
p110� knockdown, more markedly than that of p110�, reduced
PTEN incorporation and activity in the 	660-kDa fraction (Fig.
7B). Thus, p110� and p110� modulate PTEN incorporation into
the 	660-kDa oligomer and regulate its activity.

Depletion of p85� or p85�, which reduces p110�/p110� com-
plex formation (Fig. 3), also decreased PTEN phosphatase activity
(Fig. S4E in the supplemental material). Since p85� is proposed to
activate PTEN by direct interaction (39), the reduction in PTEN
activity could be due to defective p110�/p110� complex forma-
tion or to less monomeric p85-PTEN binding. To dissect these
two possibilities and test whether the p110�/p110� oligomer in-
fluences PTEN activity, we analyzed the effect of expressing p85
forms that interfere with p110�/p110� complex formation but do
not bind directly to PTEN. As PTEN interacts with p85 via its BcR
domain (39), we expressed p50� or an SH3 fragment of p85. We
used the natural p85� truncation mutant (E160-p85�), found in
endometrial cancer, which encompasses the p85 SH3 domain,
does not bind PTEN, and impairs p85 dimerization (24). E160-
p85� expression at levels similar to that of endogenous p85 re-
duced PTEN activity and enhanced pAkt levels in 90 min serum-
stimulated cells (Fig. 7C).

Expression of p50�, which does not bind directly to PTEN but
impairs the p110�/p110� association (Fig. 5), also inhibited
PTEN activity and blocked Akt downregulation at late times (90
min) (Fig. 7D). To further evaluate the effect of expressing p50�
on PTEN activity, we analyzed pAkt levels and PI(3,4,5)P3 local-
ization at the plasma membrane at several times post-serum stim-
ulation. We transfected NIH 3T3 cells with the GFP-Btk-PH do-
main (PH domain of Btk), which specifically binds PI(3,4,5)P3

(40). The membrane signal of GFP-Btk-PH was low in quiescence,
increased after serum addition (at 30 min), and decreased by 90
min, coinciding with a pAkt decrease. The reduction in membrane
PI(3,4,5)P3 at 90 min post-serum stimulation was sensitive to
PTEN inhibitors but not to a PP2A inhibitor (100 nM okadaic
acid) (Fig. 7E; see also Fig. S4F in the supplemental material).
Whereas p50� expression did not affect plasma membrane
PI(3,4,5)P3 levels at 30 min poststimulation, it blocked the reduc-
tion in membrane PI(3,4,5)P3 levels at 90 min (Fig. 7E). Accord-
ingly, p50� expression did not reduce, but slightly enhanced, early
Akt activation and blocked pAkt level reductions at late times after
serum stimulation (90 min) (Fig. 7E), consistent with a PTEN
activation defect. These results suggest that serum stimulation in-
duces formation a p110�/p110� complex that incorporates
PTEN; interference with this complex reduces PTEN activation.

DISCUSSION

The observation that p110� activation precedes that of p110� at
several points in cell cycle progression prompted us to study the
potential contribution of p110� in p110� activation. Serum acti-
vation of cells promoted formation of a complex between p110�
and p110�, as demonstrated by immunoprecipitation, gel filtra-
tion, and native gel electrophoresis. Interference with endogenous
p110� expression or activity impaired optimal p110� activation

in serum-treated cells, suggesting a link between p110� and p110�
activation. Disruption of the p110�/p110� complex reduced
p110� activity, which confirmed that optimal p110� activation
requires p110� association. Cell activation also induced PTEN
binding to p110� and p110�. Incorporation into this complex
enhanced PTEN phosphatase activity, since interference with
complex formation reduced PTEN activity and led to prolonged
Akt activation and PI(3,4,5)P3 persistence at the membrane at late
times poststimulation. These findings indicated that PI3K oli-
gomerization modulates p110�, p110�, and PTEN activation.

Dimerization of receptors or of signaling molecules is a pow-
erful cell strategy to modulate receptor activation, signal ampli-
tude, enzyme activation, and substrate specificity (41–43). Here,
we report in vivo dimerization of p110� and p110�. Only fractions
of cellular p110� and p110� form part of this complex. Based on
coimmunoprecipitation from human cell extracts, we estimated
that 	40% of cellular p110� is in complex with p110�. The anti-
p110� Ab precipitated the complex less efficiently; this antibody is
less effective in immunoprecipitation and might recognize a re-
gion involved in p110�/p110� association. Analysis of this com-
plex by using native gel electrophoresis showed higher percentages
of oligomeric p110� and p110� (	50%), suggesting that immu-
noprecipitation underestimates the amount of complex. We de-
tected the complex in human and murine cell lines and in primary
MEF. Specificity of the antibodies used to detect complexes was
confirmed by using purified transcribed/translated p110� and
p110� forms as well as by p110� and p110� depletion (in cell
lines) or deletion (in MEF). In many cases, only a fraction of a
signaling molecule is activated after cell stimulation, for example,
Ras and Cdc42 (22, 44). Moreover, immunofluorescence and
fractionation studies show that only a fraction of PI3K translo-
cates to the cell membrane and responds to GF receptor activation
(9, 45–47).

We found that p110� associates with and regulates p110� ac-
tivity after cell stimulation, suggesting that the p110�/p110�
complex is not constitutive but is linked to the cell activation
process. PI3K heterocomplexes have been reported in vitro (30)
and, in the case of p85, by using recombinant bacterial proteins
and in insect cells (32). Nonetheless, p110 intermolecular associ-
ations were not previously studied in cells. The existence of these
complexes is supported by the NSH2-iSH2-p85�/p110� crystal
structure, which shows a region of p110 intermolecular contacts
(48, 49). We found that interference with p110� expression or
activity reduced serum activation of p110�. p110� activity was
less dependent on p110� in cells activated via GPCR with S1P, a
less potent stimulus than serum, which alone does not trigger cell
cycle entry (34); this suggests that p110� can also be activated (at
least by GPCR) independently of p110�. The need for p110�/
p110� association for optimal p110� activation explains the late
p110� activation kinetics compared to p110� in the G1 and S
phases and in mitosis (8, 9, 13, 14).

One mechanism by which p110� binding to p110� could reg-
ulate p110� activity is direct p110� phosphorylation of p110�,
since class IA enzymes have protein kinase activity (50). Our in
vitro kinase assays using wild-type p110� kinase and an inactive
p110� form (as the substrate) excluded this possibility (data not
shown). Large conformational changes during p110 activation
might also explain p110� activation when in complex with p110�.
Conformational changes in p110 were first postulated to explain
that p85/p110 binding to activated receptors enhances p110 acti-
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vation (51). Binding of an SH2 domain to the PDGF receptor
alters SH2 conformation (52). Moreover, comparison of the
p110� crystal structure alone, bound to an inhibitor, or with an
active form (His1047-p110�), showed the pronounced confor-
mational difference between active and inactive p110� molecules
(48, 53–55). Given these differences and the evolutionary conser-
vation of class IA p110 subunits, p110� association with serum-
activated p110� might trigger an activating conformational
change in p110�; this hypothesis requires structural confirmation.

We showed that p85 subunits facilitate p110�/p110� complex
formation. Since SH3-BcR domains associate among themselves
(32), it is tempting to speculate that p85 dimerization drives PI3K
oligomerization. PI3K complex formation might be triggered by
molecule proximity on the membrane; nonetheless, at early time
points, insulin receptor stimulation triggers greater activation of
p50�/p110 than of p85�/p110 complexes (56), suggesting that
p50�/p110 translocates correctly to the membrane. Nonetheless,
p50� expression impaired p110�/p110� complex formation,
which rules out the possibility that simple membrane proximity
triggers p110 dimerization. SH2-SH2 domains bind more effi-
ciently to Tyr-phosphorylated peptides than full-length p85 (23);
p50� might thus mediate greater p110 activation, as it lacks the
N-terminal p85 domains that mask SH2-SH2 interaction with
Tyr-phosphorylated residues. This suggests a mechanism by
which p85 can induce p110�/p110� complex formation after cell
activation. p85 binding to receptors could involve a conforma-
tional change (as for isolated SH2 domains [52]) that alters p85
and unmasks the SH2-SH2 region (for phosphoresidue binding)
as well as the SH3-BcR region (for p85-p85 intermolecular asso-
ciations). As most cellular p85 is in complex with p110, SH3-BcR
region-mediated p85 dimerization would bring p110� and p110�
into this complex (28). p110� association with p110� could in-
volve additional intermolecular interactions since complexes
formed more efficiently in cells than in vitro. Nevertheless, for the
in vitro assay we used translated p85, p110�, and p110� in the
presence of pp-PDGFR peptide; these conditions do not represent
the full cascade of cellular events triggered by serum stimulation in
vivo.

Cell activation also induced PTEN association with p110� and
p110�. Analysis of gel filtration data suggests that p110�/p110�/
PTEN complexes elute in the 	660-kDa fraction, as the 	660-
kDa p110� and p110� signals were lost in PTEN-deficient cells
and that of PTEN (at 	660 kDa) was reduced by p110� or p110�
silencing. Three approaches indicated that PTEN is activated in
this complex. First, the PTEN fraction in the oligomer at 	660
kDa had markedly higher activity than monomeric PTEN. Deter-
mination of PTEN activity in the 	660-kDa complex presented
some limitations, as it required extract fractionation and was car-
ried out using a fraction with relatively low PTEN levels (Fig. 6D).
Nevertheless, in support of our data, nonphosphorylated PTEN is
detected in the 	660-kDa gel filtration fraction (35) and dephos-
phorylation is a PTEN activation mechanism (16). Second, deple-
tion of any PI3K component of the complex (p85�, p85�, p110�,
or p110�) reduced PTEN activity. Compared to controls, PI3K-
depleted cells (p110� or p110�) showed lower PTEN activity and
higher pAkt levels at late times (90 min post-PDGF or serum ac-
tivation), suggesting that p110� and, more markedly, p110� con-
trol PTEN activation after cell stimulation.

The third approach that showed regulation of PTEN activation
by p110�/p110� complex was interference with complex forma-

tion by expression of p50� or of an SH3 truncation mutant (E160-
p85�) that reduced PTEN activity and prolonged Akt activation.
The p85 BcR region mediates its binding to PTEN (39). p50� and
the SH3 truncation mutant thus cannot affect PTEN by direct
binding. In contrast, since p50� reduces complex formation (Fig.
5) and E160-p85� impairs p85 dimerization (24), p50� and the
SH3 truncation mutant might act by reducing PI3K/PTEN
oligomer formation. In the case of p50�, we showed that PTEN
inhibition coincides with a defect in downregulation of mem-
brane PI(3,4,5)P3 levels at late time points after serum stimula-
tion, as determined using the Btk-PH domain. Reduction in
membrane PI(3,4,5)P3 at 90 min is probably due to PTEN activa-
tion, as this is the time of maximal PTEN activity, although we
cannot rule out the possibility that an increase in phospholipase C
activity at 90 min (which would enhance IP4 levels) could also
induce Btk-PH detachment from the membrane (57). The obser-
vation that p50� expression inactivated PTEN would help to ex-
plain the functional advantage of tumors with increased levels of
p55�, whose domains are similar to those of p50� (58).

The proposal that the p110�/p110� complex regulates PTEN
activity contrasts with a previously suggested role for monomeric
p85� in PTEN binding and activation (39). The monomeric
p85�/PTEN model does not explain our finding that expression of
p50� or the E160-p85� mutant impaired PTEN activity without
binding directly to PTEN. Direct PTEN regulation by p85 is sup-
ported by data showing that liver-specific p85�-deficient mice
generate an aggressive hepatocellular carcinoma, and their hepa-
tocytes show reduced PTEN activity and prolonged Akt activation
(59, 60). Nonetheless, these findings also support the role pro-
posed for p85 in mediating PI3K/PTEN oligomerization. The
mixture of purified PTEN with purified p85 enhances PTEN ac-
tivity (39); it is nonetheless difficult to envision the cellular sce-
nario represented in this assay, as p85 is not found as a monomer
in cells (28). The in vitro activation of PTEN by p85 (39) might
mimic the action of endogenous p85 in the oligomeric PTEN at
	660 kDa. Indeed, those authors showed that only the BcR do-
main binds to PTEN in pulldown assays, whereas in cells only the

SH3-BcR deletion but not the BcR deletion impaired PTEN ac-
tivation (39), suggesting that the 
SH3-BcR deletion (similar to
p50�) might reduce PTEN activation due to its ability to interfere
with PI3K oligomerization.

We propose that, rather than PTEN regulation by monomeric
p85�, a PI3K p85/p110�/p110� oligomer binds to and regulates
PTEN activity. This model is supported by the finding that the
E160-p85 and p50� forms do not bind PTEN but impair p85
dimerization and reduce PTEN activity. PTEN regulation by the
p110�/p110� complex is also consistent with the finding that
GST-PTEN pulls down p85 as well as p110 from cell extracts (24,
32, 39).

During the course of our study, PTEN was reported to form
dimers. In these dimers, an inactive PTEN form can inhibit an
associated WT PTEN molecule, which explains the increased tu-
mor formation by inactive PTEN compared to heterozygous loss
of PTEN (61). These findings do not contradict our results; those
authors isolated dimers of 	100 kDa but also detected PTEN in
the 	660-kDa fraction. Compared with cells that express a single
WT PTEN allele, cells with one WT and one inactive PTEN allele
showed a marked increase in pAKT levels. The difference in activ-
ity of PTEN isolated from 	50- and 	100-kDa fractions was
nonetheless minor (they did not test the 	660-kDa fraction) (61).

PI3K�/PI3K� Dimerization In Vivo
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In light of our results, we consider that PTEN might be incorpo-
rated as a dimer in the 	660-kDa oligomer, where it is fully acti-
vated.

Our results show that serum stimulation triggers p110�/p110�
complex formation. Only fractions of cellular p110� and p110�
are found in this complex, suggesting that only part of the p110�
and p110� molecules modulate receptor-induced regulation of
PI(3,4,5)P3 levels at the cell membrane; this is the case for other
signaling molecules that only mobilize a small proportion of the
protein to the plasma membrane during activation. The p110�
and p110� association appears to be functionally relevant, as the
complex modulates p110� activity and its disruption markedly
affects PTEN, as indicated by extended Akt activation, PI(3,4,5)P3

persistence at the cell membrane, and reduced phosphatase activ-
ity. Sequential activation of PI(3,4,5)P3-modifying enzymes in
this complex coincides with the physiological order of p110�,
p110�, and PTEN triggering after cell activation, suggesting that
the function of this oligomer is the temporal control of cell
PI(3,4,5)P3 levels.
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