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Insulin resistance is a defining feature of type 2 diabetes and the metabolic syndrome. While the molecular
mechanisms of insulin resistance are multiple, recent evidence suggests that attenuation of insulin signaling
by c-Jun N-terminal kinase (JNK) may be a central part of the pathobiology of insulin resistance. Here we
demonstrate that the p85« regulatory subunit of phosphoinositide 3-kinase (PI3K), a key mediator of insulin’s
metabolic actions, is also required for the activation of JNK in states of insulin resistance, including high-fat
diet-induced obesity and JNK1 overexpression. The requirement of the p85« regulatory subunit for JNK occurs
independently of its role as a component of the PI3K heterodimer and occurs only in response to specific
stimuli, namely, insulin and tunicamycin, a chemical that induces endoplasmic reticulum stress. We further
show that insulin and p85 activate JNK by via cdc42 and MKK4. The activation of this cdc42/JNK pathway
requires both an intact N terminus and functional SH2 domains within the C terminus of the p85« regulatory
subunit. Thus, p85« plays a dual role in regulating insulin sensitivity and may mediate cross talk between the

PI3K and stress kinase pathways.

Insulin resistance is an underlying feature of type 2 diabetes
and the metabolic syndrome (41). Physiologic and epidemio-
logic studies have demonstrated a strong link between obesity
and the development of insulin resistance (22, 43). Not sur-
prisingly, the rise of type 2 diabetes in the United States over
the last decade has paralleled the rapid rise in obesity (35).
While there are multiple mechanisms involved in obesity-
linked insulin resistance, one important mediator of this pro-
cess is the stress kinase c-Jun N-terminal kinase (JNK), which
is activated by insulin (32), cytokines (4), and endoplasmic-
reticulum (ER) stress (38). Obesity and other insulin-resistant
states trigger JNK-mediated phosphorylation of IRS-1 on
serine residues, which attenuates insulin signaling through the
phosphoinositide 3-kinase (PI3K) pathway (38, 39). The im-
portance of this stress kinase is further illustrated by that fact
that genetic deletion of JNKI can prevent insulin resistance in
severely obese mice (19).

The molecular machinery that enables JNK activation in
insulin-resistant states is not well understood. One interesting,
and perhaps counterintuitive, molecule involved in the activa-
tion of JNK is the p85a regulatory subunit of PI3K. PI3K is an
obligate heterodimer, with an SH2 domain-containing regula-
tory subunit (p85) and a catalytic subunit (p110). The regula-
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tory subunit mediates the binding, activation, and localization
of the p110 catalytic subunit (2, 13, 55). While the p85 subunit
is central in the metabolic actions of insulin as a component of
the PI3K holoenzyme (46), it also plays a role as an indepen-
dent negative regulator of insulin signaling. Indeed, a reduc-
tion in the level of the p85 subunit can prevent high-fat diet
(HFD)-induced induced insulin resistance (49) and ameliorate
diabetes in mice with heterozygous deletions of the insulin
receptor and IRS-1 (31). Recently, we have also found that a
liver-specific deletion of Pik3rl, the gene that encodes p85a
and the smaller pS5a and p50« subunits, enhances hepatic and
peripheral insulin sensitivity (47).

Several studies have linked p85a circumstantially to the ac-
tivation of JNK. For instance, cells lacking p85a have dimin-
ished JNK activation in response to insulin/IGF-1, and this is
reversed with reexpression of p85a (52). The p85 regulatory
subunit has also been identified as part of a complex that is
involved in JNK activation (57) and has been shown to bind to
activated forms of the small GTPase cdc42 (50, 56), which is an
upstream activator of JNK (33). Moreover, muscle biopsies
from obese diabetic patients found a strong positive correla-
tion of p85 expression and JNK (3). Although these data sug-
gest an intriguing and novel connection between the PI3K and
stress kinase pathways, this cross talk has been difficult to
address in vivo because mice carrying complete germ line de-
letions of the Pik3rl gene that encodes p85a and its shorter
isoforms p55a and p50a die perinatally (14).

To circumvent the problems and to investigate the links
between p85a and JNK activation in vivo, we created mice with
a liver-specific deletion of the Pik3rl gene (L-Pik3r1KO). We
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found that mice lacking p85a in the liver have diminished
hepatic activation of JNK and improved whole-body insulin
sensitivity, even when fed an HFD. We demonstrate that p85a
is required for the full activation of JNK by insulin or by the
ER stress-inducing agent tunicamycin. The p85 regulatory sub-
units enable JNK activation in response to insulin through a
cdc42-MKK4 pathway and require an intact N terminus and
functional SH2 domains in the C terminus of the p85a regu-
latory subunit. Thus, p85a may regulate insulin sensitivity via
cross talk with the stress kinase pathway.

MATERIALS AND METHODS

Animals and HFD. All animals were housed on a 12-h light-dark cycle and fed
standard rodent chow (Purina). High-fat chow (45% of the calories from fat) was
purchased from Research Diets. All protocols for animal use and euthanasia
were approved by the Animal Care and Use Committee of the Joslin Diabetes
Center and Harvard Medical School in accordance with National Institutes of
Health guidelines. All mice in this study were on a 129Sv-C57BL/6-FVB mixed
genetic background, and littermates of the same mixed genetic background were
used as controls.

Antibodies. Rabbit polyclonal anti-IRS-1 antibody (IRS-1), anti-IRS-2 anti-
body (IRS-2), anti-IR antibody (IR), and pan-p85a antibody were generated as
described previously (53). Rabbit polyclonal anti-Akt, anti-phospho-Akt (S473),
anti-phospho-JNK, anti-JNK, anti-phospho-MKK4, and anti-MKK4 antibodies
were purchased from Cell Signaling Technology (Beverly, MA). Anti-phospho-
serine 307 IRS-1 antibody, cdc42 antibody, and phosphotyrosine (pTyr) antibody
4G10 were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). Goat
polyclonal anti-Akt1/2 antibody (Akt) was purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA).

Recombinant adenoviruses. The p50a and p55a adenoviruses were con-
structed as previously described (51). The constitutively active MKK4 adenovirus
was purchased from CellBioLabs (San Diego, CA), and the dominant-negative
(N17) and constitutively active (V12) cdc42 adenoviruses were a generous gift
from James Bamburg (28). Wild-type human p85« and mutant forms lacking the
SH3 domain (ASH3), the bcr homology domain (ABH), the p110 binding domain
(AiSH2), or both the SH3 domain and the p110 binding domain (AAp85) were
made as described in the supplemental material. The R358A/R649A (RARA)
construct of mouse p85a was made as previously described (29). To create the
recombinant adenoviruses, each of the above constructs was ligated into an
empty pShuttle vector with a CAG promoter and bovine growth hormone
poly(A) sequence (CAGpShuttle). A new multiple cloning site was inserted into
the vector containing the following restriction sites in sequence: NotI-Nhel-
Swal-EcoRV-Hind3-SbfI-Sall. The adenoviruses were then produced according
to the standard AdEasy protocol (16).

Cell culture and in vitro adenovirus infection. Immortalized Pik3r1™'* or
Pik3r1~/~fibroblasts were prepared as previously described (52). The fibroblasts
were cultured in Dulbecco modified Eagle medium (DMEM) with 10% (vol/vol)
fetal bovine serum in a humidified 5% CO, environment at 37°C. Following 12
to 16 h of serum starvation, cells were treated with L'Y294002 compound for 30
min, tunicamycin for 4 h, or anisomycin for 4 h prior to a 100 nM insulin
incubation for 15 min. Primary hepatocytes were grown in six-well plates (see
protocol below) and treated with adenovirus at a multiplicity of infection (MOI)
of 100 for 1 h at 37°C. Approximately 36 h after infection, primary hepatocytes
were placed in serum-free DMEM for 12 h and then stimulated with 100 nM
insulin for 15 min.

Primary hepatocyte isolation and culture. Hepatocytes were isolated by col-
lagenase digestion as described previously (7). Briefly, the mice were anesthe-
tized with a 1.2% solution of 2,2,2-tribromoethanol, the portal vein was cannu-
lated with a 25-gauge catheter, and the liver was perfused for 15 min at a rate of
7 ml/min with calcium-free perfusion buffer. The blanched liver was perfused
with collagenase solution (200 U/ml) for 10 min at 7 ml/min to release hepato-
cytes from the extracellular matrix. The digested liver was excised and placed in
preservation buffer, where the digested cells were gently scraped from the liver
sac, washed, and purified with Percoll to remove dead cells and enrich the
hepatocyte fraction. Typical viabilities were 85 to 90%, with cell yields of 1.0 X
10° to 1.5 X 10° cells/g of mouse. The isolated hepatocytes are then grown on
six-well collagen-coated plates at a density of 0.5 X 10° to 1.0 X 10° cells/well in
Advanced DMEM (Gibco) supplemented with glutamine, antibiotic cocktail,
and 10% fetal bovine serum.
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Metabolic studies. For glucose tolerance testing (GTT), blood samples were
obtained at 0, 15, 30, 60, and 120 min after intraperitoneal injection of 2 g/kg
dextrose. Insulin tolerance tests were performed by injecting 1 U/kg insulin
(Novolin; Novo Nordisk, Bagsveerd, Denmark) intraperitoneally, followed by
blood collection at 0, 15, 30, and 60 min after injection. Blood glucose values
were determined with a One Touch II glucose monitor (Lifescan Inc., Milpitas,
CA). Plasma insulin levels were measured by enzyme-linked immunosorbent
assay with mouse insulin as the standard (Crystal Chem Inc., Chicago, IL).

In vivo adenovirus-mediated gene transfer and insulin stimulation. Prior to
tail vein injection, adenoviruses were purified on sequential cesium chloride
gradients and dialyzed into phosphate-buffered saline containing 10% glycerol.
For primary hepatocytes, insulin stimulation experiments were performed 48 h
after infection with adenovirus at an MOI of 100. For animal studies, we injected
10- to 12-week-old male mice with an adenovirus dose of 5 X 10® PFU/g of body
weight via the tail vein as described previously (48). Insulin stimulation of mice
was performed on day 5 after injection, following an overnight fast. Briefly, the
mice were anesthetized with Avertin (1.2% 2,2,2-tribromoethanol in phosphate-
buffered saline) and injected with 5 U of regular human insulin (Novolin; Novo
Nordisk, Bagsvaerd, Denmark) via the inferior vena cava. Five minutes after
administration of the insulin bolus, tissues were removed and frozen in liquid
nitrogen. Immunoprecipitation and immunoblot analysis of insulin signaling
molecules were performed with tissue homogenates prepared in a tissue homog-
enization buffer that contained 25 mM Tris-HCl (pH 7.4), 10 mM Na;VO,, 100
mM NaF, 50 mM Na,P,0,, 10 mM EGTA, 10 mM EDTA, 2 mM phenylmethyl-
sulfonyl fluoride, 1% Nonidet P-40 supplemented with the Complete Protease
Inhibitor Cocktail (Roche). All protein expression data were quantified by den-
sitometry with NIH Image software.

In vivo and in vitro cdc42 activation assay. Mice were anesthetized and
injected with 5 U of insulin via the portal vein. Three minutes after administra-
tion of the injection, the right lobe of the liver was quickly dissected and snap-
frozen directly in liquid nitrogen. Approximately 200 to 300 mg of the liver
sample was used to measure cdc42 activity in the livers with a p21-associated
kinase 1 (PAK1) pull-down assay kit (Upstate). The kit was used essentially as
directed but with the addition of 10 mM orthovanadate to the reaction buffer.
Measurement of cdc42 activity from primary hepatocytes was also performed as
described in the instructions supplied with the kit (Upstate).

Statistics. Data are presented as the mean * the standard error of the mean
(SEM). Student’s  test was used for statistical analysis between two groups, while
statistical significance of differences among multiple treatment groups was de-
termined by analysis of variance and Tukey’s ¢ test.

RESULTS

Blunted JNK activation in L-Pik3r1KO mice ameliorates
obesity-induced diabetes. In previous studies, we had shown
that cells lacking p85a exhibited a marked reduction in insulin-
stimulated JNK activity (52). To better characterize this cross
talk between p85a and JNK in vivo, we generated mice with a
liver-specific deletion of Pik3rl via the Cre-loxP system (L-
Pik3r1KO) as described previously (40). Mice carrying a floxed
exon 7, which encodes the N-terminal SH2 domain common to
p85a and its alternatively spliced short forms pS5a and p50a
(30), were crossed with mice carrying the Cre transgene driven
by the albumin promoter. Western blot assays of liver extracts
of L-Pik3r1KO mice revealed an 80 to 90% decrease in p85a
and a complete loss of p50a, the only one of the splice forms
normally present in the liver, consistent with complete ablation
of Pik3rl in hepatocytes (Fig. 1A).

In vivo obesity is a powerful physiologic activator of JNK,
particularly in the liver (19). To investigate if p85«a plays a role
in JNK activation, we placed 6-week-old L-Pik3r1KO mice on
an HFD (45% of the calories from fat) for a total of 8 weeks.
At the end of the treatment, both lox/lox and L-Pik3r1KO mice
were equally obese (Fig. 1B) and consumed the same amount
of calories (see Fig. S1A in the supplemental material). In the
lean lox/lox animals, insulin increased JNK activity by three-
fold. By contrast, L-Pik3r1KO animals showed a 60% reduc-
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FIG. 1. Loss of hepatic p85a protects mice from obesity-induced diabetes. (A) Western blot assays for expression of p85a and p50a with a
pan-p85 antibody in the indicated animals and treatments. IB, immunoblot. (B) Six-week-old L-Pik3r1KO mice and lox/lox controls were fed
normal chow (NC) or an HFD for a total of 8 weeks. The graph indicates body weight for each week on either diet. Symbols: open squares, lox/lox,
NC; open circles, L-Pik3r1KO, NC; closed squares, lox/lox, HFD; closed circles, L-Pik3r1KO, HFD. (C) Western blot assays were performed
against liver lysates of mice with the indicated genotypes and diets with the phosphoserine 473 Akt (pAkt) antibody, phospho-JNK (pJNK)
antibody, and phosphoserine 307 (ps307) IRS-1 antibody. The phosphospecific antibody blots were stripped and reprobed with the appropriate
antibodies to determine the total levels of the corresponding proteins. (D) GTTs of lox/lox or L-Pik3r1KO mice on NC or an HFD. *, P < 0.05
compared with lox/lox on NC. The error bars represent the SEM (n = 4 to 6).

tion in insulin-simulated JNK activation (Fig. 1C). After high-
fat feeding, basal and insulin-stimulated JNK activation
increased by twofold in both lox/lox and L-Pik3r1KO animals
but JNK activation in obese knockout (KO) animals reached
only 50% the level observed in obese control animals (Fig.
1C). The attenuated JNK activity in both lean and obese
L-Pik3r1KO mice directly correlated with decreased levels of
serine phosphorylation of IRS-1 on residue 307, a site of INK
phosphorylation, and increased Akt activity compared to con-
trols (Fig. 1C).

These reductions in stress kinase activation translated to
marked improvements in glucose homeostasis. L-Pik3r1KO
mice maintained lower fasting blood glucose and fasting serum
insulin levels when fed either an HFD or normal chow (see Fig.
S1B and C in the supplemental material). In addition, while
obese lox/lox mice were severely glucose intolerant, obese
L-Pik3r1KO mice exhibited normal-to-improved glucose toler-
ance even compared to control mice on normal chow (Fig.
1D). Thus, loss of p85a expression in the liver protected
against obesity-induced insulin resistance and diabetes.

L-Pik3r1KO hepatocytes are resistant to JNK-induced in-
sulin resistance. To determine whether JNK resistance in
Pik3r1KO hepatocytes was a cell autonomous effect or due to
a change in the hormonal milieu of the HFD-fed animals,
primary hepatocytes were isolated from lox/lox or L-Pik3r1KO
mice and JNK1 was overexpressed by adenovirus-mediated

gene transfer. The JNKI isoform was used because it is the
only one of the three JNK isoforms that has been shown to
have a significant role in mediating obesity-related insulin re-
sistance in the liver (19). Following adenoviral infection, JNK1
was overexpressed by sixfold in both p85a KO and control
primary hepatocytes (Fig. 2). This forced overexpression of
JNKI1 led to fivefold increases in JNK phosphorylation and
serine phosphorylation of IRS-1 in lox/lox hepatocytes. By
contrast, an equal level of JNKI expression resulted in only a
twofold increase in JNK activation in hepatocytes derived from
L-Pik3r1KO mice (Fig. 2, P < 0.05 KO versus control cells).
Likewise, overexpression of JNK1 reduced insulin-stimulated
Akt phosphorylation in lox/lox hepatocytes by 85%, while the
same level of overexpression in L-Pik3r1KO hepatocytes did
not significantly reduce insulin-stimulated Akt signaling com-
pared to that in LacZ-treated controls.

Pik3r1~/~ cells exhibit impaired JNK activation during ER
stress. Insulin resistance in the liver is known to occur both
through negative feedback from insulin itself (18) and by cross
talk with other stimuli, such as cytokines and increased cellular
stress (20). Obesity is known to induce JNK activity and insulin
resistance through increased ER stress (38). To determine
whether a reduced cellular response to ER stress could partially
account for the decreased JNK activation and metabolic protec-
tion from HFD-induced glucose intolerance in L-Pik3r1KO mice,
we treated WT and Pik3r1 /" cells with tunicamycin, a cytotoxin
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FIG. 2. L-Pik3r1KO hepatocytes are JNK resistant. Primary hepa-
tocytes were isolated from lox/lox mice or L-Pik3r1KO mice, infected
with a JNK1-expressing adenovirus or a control LacZ adenovirus at an
MOI of 100, and then treated with saline or 100 nM insulin after 12 h
of serum starvation. Western blot assays were then performed against
lysates from the treated hepatocytes with the indicated antibodies. The
phosphospecific antibody blots were stripped and reprobed with the
appropriate antibodies to determine the total levels of the correspond-
ing proteins.

that induces ER stress (44), in the presence of insulin or saline
controls (Fig. 3A). While Pik3r1 /" fibroblasts showed no dif-
ferences in JNK activation in response to insulin, there was a
marked difference in JNK activation in response to tunicamy-
cin. Both WT and KO cells that were not treated with tunica-
mycin exhibited a modest twofold increase in JNK activation in
response to insulin over their saline-treated counterparts. Akt
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was activated normally by insulin in both WT and KO cells not
treated with tunicamycin.

Following induction of ER stress by tunicamycin in the
hepatocytes, there was a marked difference in JNK activation.
Thus, while WT cells displayed a 20-fold increase in JNK
activation compared to untreated saline controls, KO cells only
exhibited a fourfold enhancement of JNK activation, indicating
that Pik3rl '~ cells are significantly protected from the ER
stress response. Insulin had no appreciable incremental effect
on JNK activation in tunicamycin-treated cells, presumably
because insulin is a much weaker activator of JNK than tuni-
camycin. The activation of Akt was decreased in proportion to
the increased JNK activation. For instance, while WT cells
exhibited a 90% decrease in Akt activation compared to con-
trols, Pik3r1~'~ cells exhibited only a 50% decrease in Akt
activation. Thus, the lack of p85 expression confers a degree of
resistance to ER stress, and this may play a role in the im-
proved metabolic homeostasis of HFD-fed L-Pik3r1KO mice.

JNK can be activated by many specific and nonspecific stim-
uli. To determine if the lack of p85 caused a systemic defect in
JNK activation, we treated WT and KO cells with another
potent JNK agonist, anisomycin, which induces JNK activity
through a ribotoxic stress response (25). In contrast to the
effect of tunicamycin, anisomycin strongly and equally induced
JNK in both WT and KO cells (Fig. 3B). Interestingly, Akt was
also activated by anisomycin, even in the absence of insulin,
which is known to occur in response to some forms of more
global cellular stress (42). Thus, p85 does not enable JNK
activation in response to all capable stimuli but rather only to
a subset of signals, which specifically includes the response to
insulin and ER stress.

The p85« regulatory subunit enables insulin-mediated JNK
activation via a cdc42/MKK4 pathway. The defects in JNK
activation by insulin in L-Pik3r1KO hepatocytes indicated that
one of the products of the Pik3r] gene might be regulating an
upstream activator of JNK. One candidate effector is the small
GTPase cdc42, which is known to activate both SEK1/MKK4
and JNK in response to insulin and other growth factors (15),
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FIG. 3. Cells lacking p85 are resistant to ER stress. (A) WT or Pik3r] '~ immortalized fibroblasts were serum starved overnight before a 4-h
incubation with tunicamycin as indicated. The cells were then treated with insulin for 15 min as indicated. Lysates from the treated cells were then
analyzed by Western blot assay with phospho-JNK and phospho-Akt antibodies. (B) Cells were treated as in panel A, except with a 4-h incubation

with anisomycin, as indicated.
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FIG. 4. Pik3rl is required for insulin activation of the cdc42/MKK4/INK pathway. (A) cdc42 activity as determined by PAK1 pull-down assay
from liver lysates 3 min after administration of a 5-U portal bolus of insulin (see Materials and Methods). (B) Phosphospecific-antibody blots
against phospho-MKK4 and phospho-JNK. The phosphospecific antibody blots were stripped and reprobed with the appropriate antibodies to
determine the total levels of the corresponding proteins. (C) Primary hepatocytes isolated from lox/lox or L-Pik3r1KO mice were infected with
either LacZ or constitutively active forms of MKK4 and cdc42 (myc tagged), serum starved overnight, and then stimulated with 100 nM insulin.
Western blot assays were then performed with the indicated antibodies. (D) Primary hepatocytes of the indicated genotype were infected with
either LacZ or a myc-tagged dominant negative cdc42 adenovirus, serum starved overnight, and then stimulated with 100 nM insulin.

and has been shown to interact with p85a (56), although it is
unknown whether this physical interaction has any functional
consequences in vivo. To assess activation of cdc42, we used
the ability of this protein in its activated form to bind to PAK1
as assessed in a pull-down assay (54). This revealed that the
level of activated cdc42 was reduced by ~65% in KO animals
(Fig. 4A). This decreased cdc42 activation correlated with a
75% decrease in MKK4 phosphorylation/activation (Fig. 4B).
Since MKK4 is the direct upstream kinase of JNK, this de-
crease in MKK4 activation could account for the observed
decrease in JNK activation.

To confirm that this cdc42/MKK4/INK signaling pathway is
intact in liver tissue, we performed a gain-of-function study in
which we infected primary hepatocytes from L-Pik3r1KO and
lox/lox control livers with adenoviruses expressing LacZ or
constitutively active forms of MKK4 (CA-MKK4) and cdc42
(CA-cdc42). The hepatocytes were then stimulated with either
insulin or a saline control (Fig. 4C). LacZ-treated L-Pik3r1KO
hepatocytes showed a modest 20% decrease in JNK activation
but maintained a 1.5-fold increase in Akt activation. The expres-
sion of activated forms of MKK4 or cdc42, however, enhanced
JNK phosphorylation by 2- and 1.4-fold over L-Pik3r1KO cells
treated with control LacZ adenovirus. This activation by cdc42 or
MKK4 occurred in both saline- and insulin-treated cells, indicat-
ing that the unregulated signals from these mutant molecules
were a stronger stimulus to JNK activation than insulin. As ex-
pected, uncontrolled activation of JNK by the constitutively acti-

vated cdc42/MKK4 pathway also led to significant reductions in
Akt phosphorylation by insulin.

To further demonstrate the role of cdc42 in the activation of
JNK, we performed a loss-of-function experiment where pri-
mary hepatocytes were infected with a dominant negative
cdc42 adenovirus (DN-cdce42, Fig. 4D). Lox/lox hepatocytes
treated with DN-cdc42 adenovirus caused a 30% decrease in
JNK activation, which resulted in a small but reproducible 20%
increase in Akt activation over control cells. On the other
hand, when L-Pik3r1KO hepatocytes were infected with the
DN-cdc42 adenovirus, JNK activity was decreased by 50% in
response to insulin. Surprisingly, this did not result in further
Akt activation over LacZ-treated KO cells.

Insulin-stimulated JNK activation occurs independently of
PI3K activity. The p85« regulatory subunit plays a critical role
in regulating PI3K activity by stabilizing and properly localizing
the p110 catalytic subunit of PI3K. We have previously shown
that L-Pik3r1KO mice have a significant defect in PI3K acti-
vation because of decreased expression of pl10 (47). Since
small GTPases like cdc42 are known to be activated by PI3K-
dependent mechanisms (8), we wanted to determine whether
the decreased cdc42/JNK activation in L-Pik3r1KO livers
merely reflects decreased PI3K activity or is due to some PI3K-
independent aspect of p85a function. To this end, primary
hepatocytes were isolated from lox/lox or L-Pik3r1KO mice
and treated with the small-molecule PI3K inhibitor LY294002
in the presence of insulin or saline. Complete inhibition of
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L-Pik3r1KO mice (see Materials and Methods) and treated with insulin or the PI3K inhibitor LY294002 as indicated. JNK and Akt activities were
then estimated with phosphospecific antibodies. The phosphospecific antibody blots were stripped and reprobed with the appropriate antibodies
to determine the total levels of the corresponding proteins. (B) Purified recombinant adenoviruses (Adeno) were injected via tail vein into 10- to
12-week-old L-Pik3r1KO mice. Mice were injected with adenoviruses encoding control LacZ or WT p85«a, RARA p85a, or AiSH2 p85a.. Western
blot assays were then performed against liver lysates of mice treated with adenovirus, with phospho-JNK, phosphoserine307, and pan-p85
antibodies to verify expression levels. Primary hepatocytes were isolated from lox/lox or L-Pik3r1KO mice and infected with the same adenoviruses,
i.e., LacZ, WT p85a, RARA p85a, or AiSH2 p85«, and then PI3K (C) and cdc42 (D) activities were measured. *, P < 0.05 compared to
insulin-stimulated lox/lox (E) GTT of mice whose livers were reconstituted with one of the indicated adenoviruses. The bars represent the SEM

(n = 6to 8).

PI3K signaling was demonstrated by the ablation of Akt acti-
vation in both lox/lox and KO cells after treatment with
LY294002 (Fig. 5A). The inhibition of PI3K had no detectable
effect on JNK activation, as insulin was able to activate JNK at
levels normally found in WT or L-Pik3r1KO cells, where as
L-Pik3r1KO hepatocytes showed a 75% decrease in insulin-
mediated JNK activation compared to lox/lox controls.

To understand whether this PI3K-independent regulation of
insulin-mediated cdc42/JNK activation could extend to mouse
tissues in vivo, we reconstituted the livers of L-Pik3r1KO an-
imals with either WT p85a or one of two p85a mutants that
are incapable of activating PI3K. One mutant substitutes a
FLAG tag for the p110 binding region of p85, which exists in
the inter-SH2 domain (AiSH2; see Fig. S2 in the supple-
mental material) (11). When overexpressed in cells or in
mouse livers, the AiSH2 construct has a dominant negative
effect (34). The other p85 mutant contains arginine-to-ala-
nine substitutions in critical residues in both SH2 domains
in the C terminus (R358A/R649A, RARA; see Fig. S2 in the
supplemental material); this mutant is able to bind p110 but
cannot bind to phosphorylated IRS proteins, which is re-
quired for the proper activation and localization of the PI3K
holoenzyme (17).

Interestingly, both JNK activity and serine phosphorylation
of IRS-1 were restored by the expression of either WT p85« or

the AiSH2 mutant but not by the RARA mutant (Fig. 5B). This
activation of JNK could not have occurred by a PI3K-depen-
dent mechanism, since the AiSH2 mutant drastically inhibited
total PI3K in these livers, while the reexpression of WT p85a
restored PI3K back to levels of lox/lox animals (Fig. 5B). These
experiments suggest that p85« expression may be specifically
required for JNK activation, at least in the liver. Interestingly,
the RARA mutant, which also cannot activate PI3K, was also
unable to activate JNK, indicating that functional SH2 do-
mains are necessary for p85-JNK cross talk.

To further determine the extent to which PI3K activity is
necessary to activate cdc42, the same p85« mutants were ex-
pressed in L-Pik3r1KO primary hepatocytes and insulin-stim-
ulated cdc42 activity was measured (Fig. 5C). As with the INK
activity in whole livers, both the WT and AiSH2 versions of
p85a fully restored the cdc42 response, despite their dichoto-
mous effects on PI3K activity. On the other hand, the RARA
mutant had neutral effects on both PI3K and cdc42 activities.
These data are in agreement with the in vivo JNK data (Fig.
5B) that indicate that full-length p85a with functional SH2
domains is necessary for the insulin-dependent activation of
cdc42/JNK while PI3K activity is not.

These molecular changes in cdc42/JNK corresponded to
physiologic changes, where increased JNK activity led to de-
creased insulin sensitivity. For instance, the expression of ei-



2836 TANIGUCHI ET AL.

MoL. CELL. BIOL.

Genotype: lox/lox L-Pik3r1 KO
A I 11 1
Adeno: LacZ p850 p550c  p50a
Insulin: P Pt P !
IR T T N
pan p85 - e — - - - L75kD
' ' - - - 50kD

pTyr-associated
PI3K activity
(fold change)

1a

5

4

2 *

1

o - T
KO

FLOX

KO+pas

KO+p50

KO+ps5

pAkt

.-.l

pJNK

"

pS307 IRS1

O

=120

g/d

£100

(

® 50 +p55a+p500;
O g0 * .

0Si

glu

- 40

S20

+LacZ

+p85a.
2 +p550 +p50a
800 *

Serum Insulin (pg/mL)

FLOX

L-Pik3riKO

w
S
e

Blood Glucose (mg/dL)
o S
. s

0 30 60 90
Time (minutes)
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(B) PI3K activity from mice injected with the indicated adenoviruses. (C) Western blot assays were then performed against liver lysates of mice
treated with adenovirus, with phospho-JNK and phosphoserine 307 antibodies. The phosphospecific-antibody blots were stripped and reprobed
with the appropriate antibodies to determine the total levels of the corresponding proteins (data not shown). Fasting blood glucose (D) and fasting
serum insulin (E) levels of mice treated with the indicated adenoviruses are shown. (F) GTT of mice whose livers were reconstituted with one of

the Pik3rl gene products. The bars represent the SEM (n = 6 to 8).

ther WT p85a and AiSH2, which increased cdc42 and JNK
activation, led to worsened glucose tolerance compared to that
of L-Pik3r1KO mice treated with control LacZ adenovirus
(Fig. SE), which normally possess heightened insulin sensitivity
(46). The AiSH2 mutant caused significant glucose intolerance

consistent with diabetes, probably because of the inhibition
of the positive effects of PI3K in addition to the negative
effects of JNK activation. Consistent with the cdc42/JNK
data, the RARA p85a mutant had negligible effects on in-
sulin sensitivity.
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The negative effects on insulin signaling are specific to
p85a. Since Pik3rl encodes three different regulatory subunit
isoforms, the possibility emerged that the negative regulation
of insulin signaling could be isoform specific. To address this
possibility, we used adenovirus-mediated gene transfer to re-
constitute the livers of L-Pik3r1KO mice with each of the three
Pik3rl gene products, p85a, p55a, or pSOa. Consistent with our
observations of other cell types (51), the hepatic reconstitution
of L-Pik3r1KO mice with each of the three Pik3rl isoforms
restored pTyr-associated PI3K activity to a similar extent
(Fig. 6B).

Despite the fact the PI3K activity enabled by each of these
isoforms was nearly the same, Akt activation was differentially
affected by the expression of p85a. Thus, while the expression
of control LacZ, pS5a, or pSOa maintained the elevated Akt
activation observed in L-Pik3r1KO mice, the expression of
p85a caused a relative decrease in Akt phosphorylation to a
level similar to that of lox/lox controls. In addition, reexpres-
sion of p85a specifically restored several mechanisms of neg-
ative regulation to L-Pik3r1KO animals as p85a restored
insulin-stimulated JNK activation and IRS-1 serine phosphor-
ylation to levels comparable to those of lox/lox controls
(Fig. 6C).

These changes at the molecular level correlated with changes at
the physiologic level. The reconstitution of L-Pik3r1KO mice
with p85a, but not its short isoforms, reversed the improve-
ments in fasting blood glucose and fasting serum insulin levels
and restored them to the levels of lox/lox controls (Fig. 6D).
Moreover, reexpression of p85a produced a relative glucose
intolerance in L-Pik3r1KO mice compared to LacZ-treated
KO mice (Fig. 6E), such that the glucose excursion curves of
p8Sa-expressing mice were indistinguishable from those of lox/
lox controls.

An intact N terminus of p85 is required for the activation of
cdc42. The fact that only the full-length forms of p85a« are able
to activate JNK and suppress insulin action suggested that
unique structural features of p85a may account for the func-
tional differences. All regulatory subunits of class I, PI3K have
the same C terminus but diverge greatly in the length and
composition of their N termini (10). While the N termini of
short isoforms p55« and pS0a are only 34 and 6 amino acids
long, respectively (1, 24), the N terminus of p85a is 339 amino
acids long and contains an SH3 domain, two proline-rich re-
gions, and a domain homologous to a portion of the breakpoint
cluster region (bcr) gene product (BH domain).

To investigate whether the negative effects of p85a are spe-
cific to one of the domains in the N terminus, we created an
adenoviral p85 construct which substitutes a FLAG tag for
either the ~80-amino-acid SH3 domain (ASH3) or the ~170-
amino-acid BH domain (ABH), which effectively deleted the
domain while providing an epitope tag for easy detection by
Western blotting. We also created one construct with a com-
bined deletion of both the SH3 domain and the inter-SH2
domain (AAp8S5) to serve as a control for PI3K activity (Fig.
7A). Primary hepatocytes from L-Pik3r1KO mice were in-
fected with ASH3, ABH, and AAp85 adenoviruses, and total
insulin-stimulated (pTyr-associated) PI3K and cdc42 activities
were measured. The loss of either the SH3 or the BH domain
from the N terminus of p85a did not affect the ability of p85 to
rescue PI3K activity in L-Pik3r1KO hepatocytes (Fig. 7B). On
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FIG. 7. The N terminus of p85a is required for cdc42 activation.
Primary hepatocytes were isolated from lox/lox or L-Pik3r1KO mice
and then infected with control LacZ, WT p85«, ASH3, ABH, or
AAp85a adenovirus (Adeno). (A) Western blot assay with the pan-p85
antibody confirming expression levels of the construct. PI3K activity
(B) and cdc42 activity (C) were measured in insulin-stimulated lysates
of the infected primary hepatocytes. The bars represent the SEM (n =
3to 4).
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the other hand, the control AAp85 adenovirus, which lacks the
p110 binding region in the C terminus fully inhibited PI3K
activation (Fig. 8B). However, despite normal PI3K activity in
the cells infected with ASH3 and ABH, cdc42 activity was
significantly ablated (Fig. 7C). This abrogation of cdc42 activity
also occurred in the AAp85 adenovirus cells, which indicates
that a fully intact N terminus of p85 is also necessary for the
activation of cdc42. These data support the notion that the
expression or function of some part of the N terminus of p85,
and not PI3K activity, is required for the insulin-stimulated
activation of cdc42/JNK.

DISCUSSION

The stress kinase JNK is a critical component of the patho-
biology of insulin resistance and obesity through its negative
regulation of insulin signaling. Here we show that an integral
component of the insulin signaling cascade, the p85 regulatory
subunit of PI3K, is a novel positive regulator of JNK activity
independently of its role as a component of the PI3K het-
erodimer. Furthermore, the p85 regulatory subunit is required
for the activation of JNK by both insulin and stimuli that
induce ER stress (obesity and chemical agents). Thus, in ad-
dition to its traditional positive functions in the PI3K pathway,
p85 acts as a negative regulator of insulin signaling as PI3K
activity via a JNK-mediated negative feedback loop (Fig. 8A).

Obesity is a pathophysiologic state where there is enhanced
cytokine production and increased ER stress, both conditions
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FIG. 8. Molecular mechanisms of JNK activation by p85. (A) Sche-
matic depiction of the role that p85 plays in activating JNK. The
full-length p85 regulatory subunit potentiates the activation of JNK
through the insulin/cdc42/MKK4 pathway and also facilitates the ac-
tivation of JNK via the ER stress pathway. Activation of JNK through
either pathway results in negative feedback on the insulin signaling
pathway. Thus, the loss of p85 improves insulin sensitivity, in part by
diminishing this JNK-mediated negative regulation. (B) Schematic of
the structural features of the p85 regulatory subunit of PI3K showing
how they may impact insulin action. The N terminus contains an SH3
domain, which may mediate intermolecular interactions with possible
cdc42 guanine nucleotide exchange factors, while the BH domain
binds activated cdc42. The SH2 domains in the C terminus are critical
for proper function and localization of PI3K and may also mediate the
recruitment of p85a to various cellular complexes. The proline-rich
domains (P) are diagrammed, but we have not investigated the roles of
these domains in p85a function.

which strongly activate JNK in the liver and other tissues (37).
When mice lacking p85 in the liver (L-Pik3r1KO) were chal-
lenged with an HFD, they became obese but remained insulin
sensitive. L-Pik3r1KO mice exhibited diminished hepatic JNK
activation and enhanced Akt activation even in the face of
massive obesity. The mechanism of this effect was further char-
acterized in Pik3r1 '~ fibroblasts, where it was shown that p85
is required for full JNK activation in response to ER stress.
This regulation of the ER stress response by p85 may be a
dominant mechanism by which p85 attenuates the insulin sig-
nal in states of obesity-related insulin resistance, as suggested
by the finding that insulin is a 10- to 20-fold weaker JNK
agonist than stronger inducers of ER stress such as tunicamy-
cin. Thus, p85 may regulate insulin sensitivity in vivo through
multilayered positive regulation of JNK.

The p85 regulatory subunit also regulates the activation of
JNK by insulin in nonpathophysiologic situations. Insulin has
been known to activate JNK in cell lines (32, 52), and in this
study we found that JNK is also activated by insulin in mouse
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tissues in vivo. Furthermore, p85« is an important positive
regulator of this process, since L-Pik3r1KO mice exhibit a 75%
decrease in JNK activation. The mechanism of this regulation
occurs through the positive action of p85 on the small GTPase
cdc42, which activates MKK4, a kinase that lies directly up-
stream of JNK. Indeed, L-Pik3r1KO mice also had a threefold
decrease in insulin-stimulated cdc42 activity and MKK4 phos-
phorylation. In addition, the expression of constitutively active
forms of cdc42 or MKK4 increased JNK activity twofold, while
dominant negative cdc42 decreased JNK activation by 50%.
We cannot exclude the possibility that MKK?7, which is similar
in structure to MKK4 and also activates JNK (15), may also
contribute to the effects of p85, since no good antibodies to
activated forms of MKK?7 exist.

While the exact mechanism by which p85a activates cdc42
and JNK needs further study, the present work has revealed
several interesting aspects of this regulation. First, the activa-
tion of cdc42 and JNK by insulin occurs independently of PI3K
activity, since the PI3K inhibitor LY294002 does not alter the
magnitude of insulin-mediated JNK activation. Consistent with
our findings, two other studies with different cell lines have
found that p85 can potentiate small GTPases like cdc42 even in
the presence of wortmannin (26, 56). The strongest evidence in
support of a p85-dependent but PI3K-independent mechanism
for the activation of cdc42/JNK by insulin comes from the
experiments with the AiSH2 mutant of p85, which is a domi-
nant negative mutant that cannot bind the catalytic subunit but
can activate cdc42/JNK (Fig. 5B and 7B and C). A recent study
by Garcia et al. also found that dominant negative forms of p85
that cannot activate PI3K are able to fully activate cdc42 in
certain cell lines (15a).

Several lines of evidence indicate that the unique N terminus
of p85a is required for activation of the cdc42/JNK pathway by
insulin. For instance, the reconstitution of L-Pik3r1KO livers
with p85a (which has a full-length and complex N terminus)
restores the ability of insulin to activate JNK, while reexpres-
sion of the shorter p5S5a and p50a isoforms (which have N
termini of only 34 and 6 amino acids, respectively) does not.
We also found that deletion of either the SH3 or the BH
domain ablated the ability of p85 to activate cdc42 but did not
alter its ability to activate PI3K (Fig. 7B and C and reference
5), which suggests that the decreased cdc42 activation is not
due to the a general malfunction of p85 but is rather the
disruption of specific functions mediated by both the SH3 and
BH domains.

The mechanism by which the N terminus of p85 activates
cdc42, while still unknown, likely involves specific roles for
each of the N-terminal domains (Fig. 8B) (35). The BH do-
main is similar in structure to the Rho GTPase-activating pro-
tein domain of the breakpoint cluster region (bcr) protein (35)
and can bind activated cdc42 but has no intrinsic GTPase-
activating protein activity because it lacks certain conserved
residues in the switch domains (12). Thus, to promote cdc42
activation, the N-terminal domains of p85 might facilitate the
formation of a complex with a cdc42 guanine nucleotide
exchange factor, thereby providing a positive feedback loop
for further activation of cdc42 protein and, ultimately, JNK
(5). Interestingly, Hill et al. (17) reported that while wild-
type p85 can activate JNK, deletions in either the N termi-
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nus or SH2 domain rendered p85 ineffective in activating
JNK.

Lastly, while our data strongly implicate the cdc42/JNK
pathway as the major arbiter of p85’s negative effects, we
cannot rule out the contribution of other negative effectors.
For instance, we have recently demonstrated that p85 posi-
tively regulates PTEN activity, such that mice with a liver-
specific KO of Pik3r] exhibit enhanced PI3K signaling due to
decreased turnover of the lipid second messenger phosphati-
dylinositol-3,4,5-triphosphate (47). It is unknown whether the
regulation of PTEN by p85 occurs through the cdc42/JNK
pathway or through some other unidentified pathway.

Taken together, our data demonstrate a unique role for the
p85a regulatory subunit in insulin signaling and the physiologic
regulation of glucose homeostasis. Although p85 is an essential
part of the PI3K heterodimer, it also plays a novel role in
regulating a cdc42/MKK4/INK pathway that suppresses insulin
action in both lean and obese mice. These mechanisms not
only provide a level of internal negative feedback on this crit-
ical node (45) in insulin and growth factor signaling but also
allow cross talk between the PI3K signaling pathway and the
stress or inflammatory response, thus creating an important
connection that could have a broad impact on the basic un-
derstanding of cell growth and metabolism. This powerful link
between p85a and JNK activation might also represent an
exciting new opportunity for therapeutic intervention against
type 2 diabetes.
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