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On the basis of ex vivo studies using insulin-responsive cells,
activation of a Class IA phosphoinositide 3-kinase (PI3K) seems to
be required for a wide variety of cellular responses downstream of
insulin. The Class IA PI3K enzymes are heterodimers of catalytic and
regulatory subunits. In mammals, insulin-responsive tissues ex-
press both the p85� and p85� isoforms of the regulatory subunit.
Surprisingly, recent studies have revealed that disruption of the
p85� gene in the mouse (p85��/� mice) results in hypoglycemia
with decreased plasma insulin, and the p85��/� mice exhibit
significantly increased insulin sensitivity. These results suggest
either that p85� negatively regulates insulin signaling, or that
p85�, which mediates the major fraction of Class IA PI3K signaling
in the absence of p85�, is more efficient than p85� in mediating
insulin responses. To address this question, we have generated
mice in which the p85� gene is deleted (p85��/� mice). As with the
p85��/� mice, the p85��/� mice showed hypoinsulinemia, hypo-
glycemia, and improved insulin sensitivity. At the molecular level,
PI3K activity associated with phosphotyrosine complexes was
preserved despite a 20–30% reduction in the total protein level of
the regulatory subunits. Moreover, insulin-induced activation of
AKT was significantly up-regulated in muscle from the p85��/�

mice. In addition, insulin-dependent tyrosine phosphorylation of
insulin receptor substrate-2 was enhanced in the p85��/� mice, a
phenotype not observed in the p85��/� mice. These results indi-
cate that in addition to their roles in recruiting the catalytic subunit
of PI3K to the insulin receptor substrate proteins, both p85� and
p85� play negative roles in insulin signaling.

Insulin activates Class IA phosphoinositide 3-kinase (PI3K) to
initiate a cascade of events that control cell growth and

metabolism (1–5). The activation of PI3K by insulin is mediated
by the p85 regulatory subunit binding to tyrosine-phosphory-
lated insulin receptor substrate (IRS) proteins (e.g., IRS-1 and
IRS-2; refs. 6 and 7). The regulatory subunit plays a dual role in
regulation of the p110 catalytic subunit of PI3K. Binding of p85
to p110 prevents denaturation of p110 but also maintains p110
in a low activity state (8). Association of the SH2 domains of p85
with tyrosine-phosphorylated IRS proteins recruits PI3K to the
membrane and turns up the catalytic activity. The lipid products
of PI3K then can activate a variety of intracellular signaling
pathways, including the AKT�PKB protein Ser�Thr kinase,
which negatively regulates glycogen synthase kinase 3 (GSK3)
and thereby controls glycogen synthesis in muscle (9, 10).

Three distinct genes encoding Class IA PI3K regulatory
subunits exist in mammals, Pik3r1 (p85�), Pik3r2 (p85�), and
p55PIK (11–13). The Pik3r1 gene encodes three spliced variants,
p85�, AS53 (also known as p55�; refs. 14 and 15), and p50� (12,
16), whereas the Pik3r2 gene and the p55PIK gene seem to encode
single products, p85� and p55PIK, respectively. All isoforms
share a highly homologous structure in their carboxyl-terminal
regions, composed of two SH2 domains (referred to as nSH2 and
cSH2 domains) flanking an inter SH2 (iSH2) domain containing
the p110 binding region (5, 17). In the amino-terminal regions,
p85� and p85� also share a common structure with an SH3

domain and a rho-GAP homology domain flanked by two
proline-rich domains (11). AS53, p50�, and p55PIK lack this
structure and in its place have unique sequences (34, 6, and 34
amino acids, respectively). These short isoforms are expressed
only in restricted tissues (12, 14–16). On the other hand, p85� is
ubiquitously expressed and is thought to be the major response
pathway for most stimuli, whereas p85� also is widely expressed
but at a lower level than p85� (5, 11).

In addition to a role for the p85� regulatory subunits in
recruiting the p110 catalytic subunit to activated receptors or
adaptors at the cell membrane, there is growing evidence that
p85� can play a negative role in regulation of insulin responses.
Indeed, in cultured cells, overexpression of p85� or its splice
variants inhibits insulin actions by decreasing the p85-p110 dimer
bound to IRS proteins and by directly attenuating the catalytic
activity of the p110 subunit (18, 19). This result can in part be
explained by an increase in monomeric p85� competing with
p85-p110 holoenzyme for binding to IRS proteins. A role for
excess p85� in negative regulation of insulin signaling may be
physiologically relevant because dexamethasone treatment of
cultured muscle cells was shown to cause a 3-fold increase in
p85� and a consequent inhibition of insulin-like growth factor-
1-dependent recruitment of PI3K to IRS-1 (20). Consistent with
the idea that p85� plays a negative role in insulin signaling in
vivo, we found that heterozygous loss of all three splice variants
of p85� in the mouse resulted in improved sensitivity to insulin
(21). In addition, heterozygous loss of p85� provided protection
of mice carrying heterozygous null mutations of insulin receptor
(IR) and IRS-1 (22) from the development of overt diabetes
(21). Moreover, homozygous deletion of p85� also resulted in
hypoglycemia and hypoinsulinemia, although it is difficult to
assess insulin sensitivity in these animals because they die within
a few weeks of birth (23, 24). Improved insulin sensitivity also
was detected in mice lacking full-length p85� but still expressing
the alternative splice forms of this gene, p55� and p50� (25).
These data indicate that although p85� and its splice variants are
critical for PI3K-dependent signaling needed for normal devel-
opment, insulin responses are improved when the levels of these
proteins are reduced.

The improved insulin sensitivity in mice lacking p85� and its
splice variants raises the possibility that p85�, which is up-
regulated in tissues from p85��/� mice (19), may be more
efficient, or even essential, for transmitting insulin signals.
Although p85� has structural homology with p85�, it is unclear
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whether there are functional differences between p85� and p85�
in vivo, or how much each regulatory subunit contributes to Class
IA PI3K-dependent signaling. To assess these issues in this study,
we have generated mice lacking p85� and investigated glucose
metabolism and insulin signaling in vivo. We find that disruption
of the p85� gene results in a modest reduction of the total
regulatory subunits of PI3K in muscle and liver. Interestingly, the
p85��/� mice, like the p85��/� mice, have increased insulin
sensitivity, suggesting that both of these regulatory subunits play
negative roles in insulin signaling.

Materials and Methods
Generation of Mice Lacking the Pik3r2 Gene. We generated mice
lacking p85� (p85��/� mice) with disruption of the first exon of
the Pik3r2 gene by homologous recombination. The p85��/�

mice are viable and indistinguishable from their littermates,
although they tend to be smaller than wild-type mice. The
detailed strategy for the knockout will be described elsewhere.
All animals were housed on a 12-h light�12-h dark cycle and were
fed a standard rodent chow (Purina). All protocols for animal
use and euthanasia were reviewed and approved by the Animal
Care Use Committee of Harvard Medical School and were in
accordance with National Institutes of Health guidelines.

Metabolic Studies. All blood samples were taken from mouse tails;
to measure insulin concentrations, we used heparinized micro-
capillaries to extract the plasma by spinning. For the glucose
tolerance test, blood samples were obtained at 0, 15, 30, 60, and
120 min after i.p. injection of 2 g�kg dextrose. For the insulin
tolerance test, blood samples were obtained at 0, 15, 30 and 60
min after i.p. injection of 0.75 units�kg regular human insulin
(Lilly Research Laboratories, Indianapolis). For the glucose-
stimulated insulin secretion test, blood samples were obtained at
0 and 2 min after i.p. injection of 3 g�kg dextrose. Blood glucose
values were determined from whole venous blood taken by using
an automatic glucose monitor (One Touch II, Lifescan, Moun-
tain View, CA). Insulin levels were measured in plasma by
ELISA by using mouse insulin as a standard (Crystal Chem,
Chicago).

In Vivo Insulin Stimulation and Analysis of Insulin Signaling Proteins.
Two-month old male mice were starved overnight, anesthetized
with pentobarbital, and injected with 5 units of regular human
insulin (Lilly Research Laboratories) into the inferior vena cava.
Liver and muscle were removed at 5 min and instantly frozen in
liquid nitrogen. Immunoprecipitation and immunoblot analysis
of insulin-signaling molecules were performed on tissue homog-
enates extracted with buffer A containing 25 mM Tris�HCl (pH
7.4), 10 mM Na3VO4, 100 mM NaF, 50 mM Na4P2O7, 10 mM
EGTA, 10 mM EDTA, 5 �g�ml leupeptin, 5 �g�ml aprotinin, 2
mM PMSF, and 1% (vol�vol) Nonidet P-40, as described (22).

Antibodies. Rabbit polyclonal anti-p85� antibody (�p85pan) and
mouse monoclonal anti-p85� antibody (�p85�) were purchased
from Upstate Biotechnology, Lake Placid, NY. Rabbit poly-
clonal anti-p85� (�p85�) antibody was generated as described
(23). Rabbit polyclonal anti-p110� antibody (�p110�) and anti-
p110� antibody (�p110�) were purchased from Santa Cruz
Biotechnology. Goat polyclonal anti-AKT antibody (�AKT) and
rabbit polyclonal anti-GSK3� antibody were purchased from
Santa Cruz Biotechnology, and rabbit polyclonal anti-phospho-
AKT antibody (�p-AKT) recognizing phosphorylated Ser-473 of
AKT1 and rabbit anti-phsopho-GSK3 antibody were purchased
from Cell Signaling Technology, Beverly, MA. Rabbit polyclonal
anti-IRS-1 antibody (�IRS-1) and anti-IRS-2 antibody (�IRS-2)
were generated as described (22). Mouse monoclonal anti-
phosphotyrosine antibody (4G10) was purchased from Upstate
Biotechnology.

Affinity Purification of Regulatory Subunits of PI3K by Using a pYMXM
Column. One mg of 16-mer peptide (Lys-Lys-His-Thr-Asp-Asp-
Gly-Tyr-Met-Pro-Met-Ser-Pro-Gly-Val-Ala) surrounding Tyr-
608 of rat IRS-1 protein (Biomol, Plymouth Meeting, PA) was
phosphorylated by the purified cytoplasmic domain of �-subunit
of human IR (Biomol) by using ATP�S, as described (26). The
phosphorylated peptide was immobilized on Affi-Gel 10 beads
(Bio-Rad) and packed in a column. Lysates (10 mg) of each
genotype of tissue lysates were applied to the column and washed
extensively with buffer A with 500 mM NaCl. The proteins
bound to pYMXM peptide were eluted with the elution buffer
composed of 2.5 M glycine (pH 4.5) and 2 M NaCl and dialyzed
with PBS containing 1% (vol�vol) glycerol. The purified proteins
were subjected to SDS�PAGE and visualized by silver staining.

PI3K Assay. The immunoprecipitates with �p85pan, �p85�,
�p85�, 4G10, �IRS-1, or �IRS-2 were washed three times with
buffer A and twice with PI3K reaction buffer (20 mM Tris�HCl,
pH 7.4�100 mM NaCl�0.5 mM EGTA) and suspended in 50 �l
of PI3K reaction buffer containing 0.1 mg�ml of phosphoinosi-
tide (PI; Avanti Polar Lipids). The reactions were performed,
and the phosphorylated lipids were separated by TLC as de-
scribed (19).

In Vitro Kinase Assays. Tissue homogenates were subjected to
immunoprecipitation with �AKT followed by AKT kinase assay
with crosstide or immunoprecipitation with �GSK3� followed
by GSK3 kinase assay, as described (19). Briefly, the immuno-
precipitates were washed and resuspended in 50 mM Tris�HCl,
pH 7.5�10 mM MgCl2�1 mM DTT to which 20 �M ATP, 5 �Ci
[�-32P]ATP (1 Ci � 37 GBq), and 5 �g of crosstide for AKT assay
or 1 �g of phospho-glycogen synthase peptide 2 (Upstate
Biotechnology) for GSK3 assay had been added. After 20 min at
30°C, the reaction was stopped, and the aliquots were spotted on
squares of P-81 paper, washed with 0.5% of phosphoric acid, and
counted for radioactivity.

Results
Effects of Disrupting the Pik3r2 Gene on Insulin Sensitivity in Vivo. To
assess the effects of deletion of p85� regulatory subunit on
insulin signaling in vivo, we performed physiological studies on
glucose metabolism by using 2-month-old wild-type and p85��/�

mice. The p85��/� mice showed significantly lower glucose levels
compared with the wild-type mice in both fasting and fed states
(Fig. 1a). These decreased glucose levels were not associated
with an increase in plasma insulin concentrations. Plasma insulin
levels in the p85��/� mice also were significantly lower in the fed
state and tended to be lower in the fasting state than those in
wild-type (Fig. 1a), suggesting that the p85��/� mice have
improved insulin sensitivity. Indeed, the glucose-lowering effect
after i.p. insulin injection in the p85��/� mice was significantly
greater than that in the wild-type mice (Fig. 1b). On the other
hand, there was no significant difference in blood glucose
concentrations between the p85��/� and wild-type mice during
glucose tolerance tests (Fig. 1b). We also evaluated pancreatic
�-cell function by measuring acute-phase glucose-stimulated
insulin secretion that seems to be modulated by insulin signaling
in �-cells (27) and found that there was no manifest change in
the pattern of acute-phase insulin secretion by glucose stimula-
tion (data not shown).

Effects of Disrupting the Pik3r2 Gene on Insulin Signaling in Insulin-
Sensitive Tissues. To assess the mechanism by which deletion of
p85� increased insulin sensitivity in vivo, we investigated insulin-
dependent signaling events involved in glucose metabolism in
two major insulin-sensitive tissues, liver and skeletal muscle, of
these mice. Total p85 proteins in liver and muscle of the p85��/�

mouse seemed to be only slightly decreased, as estimated by
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anti-p85pan antibody (Fig. 2a), which recognizes equally all
isoforms of the regulatory subunit derived from the Pik3r1 gene
and, to a lesser extent, also p85� and p55PIK. p85� protein in the
immunoprecipitates using p85�-specific antibody was abolished
in the tissues of the knockout mouse (Fig. 2a), whereas there
were no changes in the levels of p85� or shorter isoforms of this
regulatory subunit (p50� in liver and AS53 in muscle; Fig. 2a).

To evaluate more precisely the reduction of the p85 proteins
by deletion of p85�, we purified the SH2 domain-containing
proteins that can bind to the consensus-binding motif for PI3K
(28) in liver and muscle of the wild-type and p85��/� mouse
using an affinity column coupled with a phospho-YMPM pep-
tide corresponding to a region around Tyr-608 of IRS-1 (29). As
shown in Fig. 2b, the total p85 proteins bound to pYMPM motif
in the p85��/� mouse were decreased by �20% in liver and
�30% in muscle, respectively, indicating that these are the
contribution of p85� to the total regulatory subunit pool.

We have reported previously that under normal conditions,
the regulatory subunits of PI3K are more abundant than p110
catalytic subunits (19), and that more than 30% of p85 protein
exists as a monomer (21, 26). We also demonstrated that a partial
reduction of p85, such as what occurs with heterozygous disrup-
tion of p85�, does not affect the amount of p85-p110 dimer (21,
26). Consistent with these observations, despite the 20–30%
decrease in total p85 protein, there was no significant difference
in the amount of p110 proteins or p85 proteins bound to p110
subunits in liver and muscle between the wild-type and p85��/�

mouse (Fig. 2c). Likewise, PI3K activity associated with total p85
proteins and that associated with p85� were not changed by
deletion of p85�, whereas PI3K activity associated with p85�
was abolished in the p85��/� mouse both in liver and muscle
(Fig. 2d).

Activation of PI3K induced by insulin can be estimated by the
amount of p85-p110 dimer bound to tyrosine-phosphorylated
proteins. The levels of tyrosine phosphorylation of IR and IRS-1

in liver and muscle of the p85��/� mouse were comparable to
those in the wild-type mouse (Fig. 3a). p85 protein interacting
with IRS-1 was not reduced by deletion of p85� compared with
wild-type (Fig. 3b). Thus, PI3K activity associated with IRS-1 in
the p85��/� mouse was preserved both in liver and muscle (Fig.
3 c and d). Somewhat unexpectedly, phosphorylation of IRS-2
was up-regulated in the p85��/� mouse, especially in muscle
where the phosphorylation levels are very low (Fig. 3a). Al-
though no obvious increase in p85 protein interacting with IRS-2
could be identified in the p85��/� mouse (Fig. 3b), PI3K activity
associated with IRS-2 tended to be increased, consistent with the
increase in phosphorylation (Fig. 3 c and d). Finally, p85 proteins
and PI3K activity associated with phosphotyrosine complexes in
liver and muscle of the p85��/� mouse were unchanged (Fig. 3
b–d), despite the 20–30% decrease in the regulatory subunit.

AKT is a key enzyme that lies downstream of PI3K and
modulates multiple biological functions of insulin, including
activation of glycogen synthesis and inhibition of hepatic-glucose

Fig. 1. Increased in vivo insulin sensitivity in the p85��/� mice. (a) Lower
glucose and insulin concentrations in p85��/� mice. Blood-glucose concentra-
tions in fasting and fed state (Left) as well as insulin concentrations (Right)
were determined by tail bleeding in 2-month-old mice. Values of glucose and
insulin represent the mean � SEM of eight mice (*, P � 0.05 wild type vs.
p85��/�). (b) Changes in glucose levels in insulin tolerance test and glucose
tolerance test. Insulin tolerance test was performed by giving 0.75 units�kg of
body weight of insulin to 2-month-old mice (Left). Values are expressed as the
% of the glucose levels at 0 min point and represent the mean � SEM of eight
mice (*, P � 0.05 wild type vs. p85��/�). Glucose tolerance test was performed
by giving 2 g�kg of body weight of dextrose to 2-month-old mice (Right).
Values represent the mean � SEM of eight mice.

Fig. 2. Changes in Class IA PI3K complex by disruption of the Pik3r2 gene. (a)
Expression of each regulatory subunit isoform. After the homogenization of
the tissues, the lysates form liver (Left) or muscle (Right) were subjected to
immunoblotting with anti-p85pan antibody (Top) and to immunoprecipita-
tion with p85� specific antibody (Middle) or p85� specific antibody (Bottom)
followed by immunoblotting with anti-p85pan antibody. (b) Affinity purifi-
cation of the regulatory subunits by using a phospho-peptide column. The
lysates from liver (Left) or muscle (Right) were applied to the column coupled
with the phosphorylated p85-binding domain peptide of IRS-1 as described in
Materials and Methods. The collected proteins were visualized by silver
staining (Upper). In the graphs (Lower), each bar represents the level of eluted
protein, and the solid area represents the theoretical level of p85�. The value
is the mean of two independent experiments and is expressed as a ratio to the
total p85 protein level in wild-type tissues. (c) Estimation of Class IA PI3K
complex. The lysates from liver (Left) or muscle (Right) were subjected to
immunoprecipitation with p110� or p110� specific antibody followed by
immunoblotting with the same antibody (Upper) or anti-p85pan antibody
(Lower). (d) PI3K activity associated with each regulatory subunit. Mice were
starved and injected with insulin intravenously. The livers were removed 5 min
after and muscles were removed 7.5 min after injection. The lysates from liver
(Left) or muscle (Right) were subjected to immunoprecipitation with anti-
p85pan, anti-p85�, or anti-p85� antibody followed by PI3K assay.
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production (9, 10, 30, 31), although its role in glucose transport
is still controversial (32–34). In the p85��/� mice, AKT activity
in muscle was significantly up-regulated, whereas AKT activity
was unchanged in liver (Fig. 4). This finding stands in contrast
to the finding that in the p85��/� mice that also exhibit improved
insulin sensitivity, the increased Akt activity in liver seems to play
an important role (21). In muscle, AKT has been shown to
regulate glycogen synthase (GS) activity through deactivation of
GSK3� and � (9, 10). Protein phosphatase 1 (PP1) controlled by
the regulatory subunits (GM and PTG) also modulates GS
activity, although the regulatory mechanism of PP1 is still
unclear (35). Indeed, in muscle of the p85��/� mice, phosphor-
ylation of GSK3�, an immediately downstream effector of AKT,
was up-regulated and the activity was down-regulated; GS
activity in muscle also tended to be up-regulated (data not
shown).

Discussion
PI3K activity is required for a wide variety of insulin responses,
including stimulation of glucose transport and glycogen synthesis
(3, 4, 36, 37). Upon insulin stimulation, an interaction between

tyrosine-phosphorylated IRS proteins and Class IA PI3K ini-
tiates various biological responses (6, 7, 38). Class IA PI3Ks are
composed of a p110 catalytic subunit and a regulatory subunit
(usually known as p85 subunit), of which p85� and p85� proteins
represent the large majority (5, 17).

We have reported previously that mice lacking p85� and its
splice variants (p85��/� mice) die within a few weeks after birth
with abnormalities in multiple organs (24) and immunodefi-
ciency caused by B cell dysfunction (23), presumably caused by
a marked reduction of PI3K-dependent signaling, indicating the
indispensable role of these gene products. By contrast, a specific
knockout of only the full-length p85� isoform (leaving the p55�
and p50� isoforms) in mice results in viable animals that exhibit
increased insulin sensitivity (25). A similar increase in insulin
sensitivity is noted in the p85��/� mice (21), and even the
p85��/� mice exhibit hypoglycemia with significantly lower
plasma insulin concentrations (24). Although Terauchi et al. (25)
suggested that a molecular switch from p85� to p50� in the
full-length p85� specific knockout resulted in improved insulin
sensitivity, our results with the p85��/� and p85��/� mice
suggested either that a reduction in total regulatory subunit
eliminates an inhibitory effect on insulin signaling or that the
p85� isoform, which mediates the major fraction of Class IA
PI3K signaling in the absence of p85�, is a more efficient or even
essential signal transmitter in insulin signaling than p85�.

The physiological role of p85� in vivo is poorly understood.
Although p85� and p85� isoforms have similar functions in vitro
(5), there are reports of proteins that preferentially bind p85� or
p85� (39), suggesting the existence of isoform specific role. Thus,
to assess two hypotheses raised by the Pik3r1 gene knockout and
clarify the physiological role of p85� in insulin signaling, we have
generated mice lacking p85� and investigated the effect on
glucose metabolism and insulin sensitivity in vivo.

The p85��/� mice exhibit significantly lower blood-glucose
concentrations in both fasting and fed states with lower insulin
concentrations compared with the wild-type mice. They also
exhibit a significantly greater response to insulin during the
insulin tolerance test, indicating that the p85��/� mice have
improved systemic insulin sensitivity, thereby maintaining lower
glucose and insulin levels. These data suggest that a reduction of
p85 by deleting the p85� subunit results in increased insulin
sensitivity, as observed in the p85��/� mice, and support the
hypothesis that a reduction in p85 regulatory subunit (either
p85� or p85�) can enhance insulin signaling. Although the
p85��/� mice do not show the improved glucose tolerance as was
observed in the p85��/� mice that exhibit significantly enhanced
insulin signaling in liver, this result may be because the improve-

Fig. 3. Effects of disruption of the Pik3r2 gene on insulin-induced tyrosine
phosphorylation and PI3K activation. (a) Insulin-induced tyrosine phosphor-
ylation of IR and its substrates. Mice were starved and injected with insulin
intravenously. The livers were removed 5 min after and muscles were removed
7.5 min after injection. The lysates from liver (Left) or muscle (Right) were
subjected to immunoprecipitation with anti-IR (Top), anti-IRS-1 (Middle), or
anti-IRS-2 (Bottom) antibody followed by immunoblotting with 4G10 (PY). (b)
Insulin-induced interaction between tyrosine-phosphorylated proteins and
the regulatory subunits. The lysates from liver (Left) or muscle (Right) were
subjected to immunoprecipitation with 4G10 (Top), anti-IRS-1 (Middle), or
anti-IRS-2 (Bottom) antibody followed by immunoblotting with anti-p85pan
antibody. (c) PI3K activities associated with tyrosine-phosphorylated proteins
in liver. (d) PI3K activities associated with tyrosine-phosphorylated proteins in
muscle. The lysates were subjected to immunoprecipitation with 4G10 (Left),
anti-IRS-1 (Center), or anti-IRS-2 (Right) followed by PI3K assay. Panels (Upper)
show representative results; in graphs (Lower), each bar represents the
mean � SEM of the relative PI3K activity calculated from the results of three
independent experiments.

Fig. 4. Insulin-induced AKT activity is up-regulated in muscle of p85�

knockout mouse. Mice were starved and injected with insulin intravenously.
The livers were removed 5 min after and muscles were removed 7.5 min after
injection. The lysates from liver (Left) or muscle (Right) were subjected to
immunoblotting with anti-phospho-AKT (Ser-473) antibody or immunopre-
cipitation with anti-Akt antibody, followed by immune complex kinase assay.
Panels (Upper) show representative results of immunoblot analysis; in graphs
(Lower), each bar represents the mean � SEM of the in vitro AKT kinase activity
calculated from the results of three independent experiments (*, P � 0.05
wild-type vs. p85��/�).
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ment of insulin sensitivity occurs primarily in muscle (as de-
scribed below) and is associated with lower insulin levels.

At the molecular level, we show that p85� represents 70–80%
of the total regulatory subunit proteins, and p85� seems to
represent most of the rest in insulin-sensitive tissues. Thus,
disruption of the Pik3r2 gene decreases 20–30% of the total
regulatory subunit proteins but does not affect the amount of
p85-p110 dimer. This finding is consistent with the findings in
our previous study that under normal conditions, regulatory
subunits are more abundant than p110 catalytic subunits, and
heterozygous disruption of the Pik3r1 gene with an �40%
reduction in the total regulatory subunits does not manifestly
decrease the p85-p110 dimer (19, 21, 26). Hence, both of these
modest reductions of p85 protein decrease p85 monomer pref-
erentially and result in only a very small decrease in p85-p110
dimer (21, 26). Parallel with the level of the p85-p110 dimer, total
p85 associated-PI3K activity is unchanged in the p85��/� mice.
PI3K signaling activated by insulin reflects the amount of
p85-p110 dimer interacting with tyrosine-phosphorylated IRS
proteins. PI3K activity and p85 protein associated with phos-
photyrosine complex are preserved in the p85��/� mice, sug-
gesting that the 20–30% reduction in p85 protein by disruption
of the Pik3r2 gene mainly decreases p85 monomer and maintains
the amount of IRS�p85�p110 complex. In addition, as we
showed previously, the decrease in p85 proteins can be associ-
ated with a reduction in the degradation of phosphatidylinositol
(3,4,5)-triphosphate PIP3), thereby enhancing PI3K signaling
(26). Indeed, insulin-induced AKT activation is up-regulated in
muscle, whereas the PI3K activity associated with phosphoty-
rosine complex is unchanged. Although it is unclear why AKT
activity is enhanced only in muscle but not in liver, this fact may
be associated with the fact that the ratio of p85� to p85� in
muscle is higher than that in liver.

Fig. 5 illustrates a hypothesis explaining how a modest reduc-
tion in p85 regulatory subunit improves PI3K-dependent signal-
ing. In this model, p85-p110 dimer transmits the signal to
increase PIP3, whereas p85 monomer inhibits PIP3 production by
competing with p85-p110 dimer for binding to IRS proteins. In

addition, p85 protein might stimulate degradation of PIP3 by
lipid phosphatases through an unknown mechanism, indepen-
dent of PI3K activity. A moderate decrease in the amount of p85
protein (either p85� or p85�) may reduce these inhibitory effects
and leaves the amount of p85-p110 dimer bound to tyrosine-
phosphorylated IRS proteins almost unchanged. As a result, a
reduction of p85 may decrease its negative effects and improve
PI3K-dependent signaling. The final effects of the reduction in
p85 would be affected by the balance between p85, p110, and
phosphorylated IRS proteins in each tissue by the distribution of
the deleted isoform and by the intensity of insulin stimulation.

As a downstream effector of PIP3, AKT regulates GS activity
in muscle through the inhibition of GSK3 activity (9, 10). In the
p85��/� mice, GSK3 activity seems to be decreased. Because
decreased GS phosphorylation regulated by GSK3 and protein
phosphatase 1 is associated with increased GS activity (35), the
decrease in activity of GSK3 and�or an increase in activity of PPI
in the p85��/� mice would result in increased GS activity, as
compared with the wild-type mice. As a consequence, GS
activity in muscle of the p85��/� mice tends to be increased by
bolus insulin injection. This activity may contribute to the
increased systemic insulin sensitivity in p85��/� mice. Consistent
with this hypothesis, cultured brown adipocytes derived from the
p85��/� mice show significantly increased insulin-induced GS
activity (K.U. and C.R.K., unpublished data).

The other factor that may affect insulin sensitivity is up-
regulation of tyrosine phosphorylation of IRS-2. This up-
regulation occurs to a different degree in various tissues and is
more distinct in muscle than in liver in the present study, whereas
this result is even more prominent in the cultured brown
adipocytes (K.U. and C.R.K., unpublished data). Although the
mechanism and the physiological relevance of this finding need
further study, this result is an interesting finding that does not
occur with the Pik3r1gene knockout mice (24) or the full-length
p85� knockout mice (25), suggesting that p85� specifically
mediates the signal to activate a tyrosine phosphatase for IRS-2
or a Ser�Thr kinase for IRS-2 that might decrease tyrosine
phosphorylation of IRS-2.

In summary, a reduction of 20–30% in total p85 regulatory
subunits produced by disrupting the Pik3r2 gene improves
systemic insulin sensitivity through enhanced signaling down-
stream of PI3K in muscle. This result is due to the decrease in
p85 monomer, thereby increasing the stoichiometry of p85�
p110�IRS complex, and also is presumably due to amelioration
of the inhibitory effect of the p85 regulatory subunit on resto-
ration of lipid products by PI3K. Furthermore, the absence of
p85� subunit up-regulates tyrosine-phosphorylation of IRS-2,
presumably leading to the enhancement of some part of insulin
signaling. These data suggest a potential therapy for insulin
resistance by a selective reduction of p85� protein expression.
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