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Recent genetic knock-in and pharmacological approaches have
suggested that, of class IA PI3Ks (phosphatidylinositol 3-
kinases), it is the p110« isoform (PIK3CA) that plays the predo-
minant role in insulin signalling. We have used isoform-selective
inhibitors of class IA PI3K to dissect further the roles of indivi-
dual pl110 isoforms in insulin signalling. These include a
p110«-specific inhibitor (PIK-75), a p110«-selective inhibitor
(PI-103), a p110B-specific inhibitor (TGX-221) and a p1105-
specific inhibitor (IC87114). Although we find that p110« is
necessary for insulin-stimulated phosphorylation of PKB (protein
kinase B) in several cell lines, we find that this is not the case in
HepG2 hepatoma cells. Inhibition of p1108 or p110§ alone was
also not sufficient to block insulin signalling to PKB in these cells,

but, when added in combination with p110« inhibitors, they are
able to significantly attenuate insulin signalling. Surprisingly, in
J774.2 macrophage cells, insulin signalling to PKB was inhibited
to a similar extent by inhibitors of p110«, p1108 or p11045. These
results provide evidence that p110g and p1105 can play a role
in insulin signalling and also provide the first evidence that there
can be functional redundancy between p110 isoforms. Further,
our results indicate that the degree of functional redundancy is
linked to the relative levels of expression of each isoform in the
target cells.
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3-kinase (PI3K), PIK3CA, PIK3CB, protein kinase B/Akt.

INTRODUCTION

PI3Ks (phosphatidylinositol 3-kinases) catalyse the phosphoryl-
ation of the D-3 position of the inositol headgroup of PI (phospha-
tidylinositol) leading to the synthesis of second messengers
PtdIns3P, PtdIns(3,4)P,, PtdIns(3,5)P, and PtdIns(3,4,5)P; [1,2].
A large part of our understanding of how PI3K participates in
cell signalling is based on the use of two structurally distinct cell-
permeable inhibitors of PI3K, LY294002 [3] and wortmannin
[4]. In the case of insulin signalling, use of these inhibitors has
provided strong evidence that PI3K activity is necessary for a
wide range of insulin’s effects on cells [1,5]. However, the PI3K
lipid kinase family comprises eight enzymes, divided into three
classes (I, IT and III) based on sequence homology comparisons.
These isoforms of PI3K have distinct substrate specificities,
expression profiles and modes of regulation [6,7]. Class I PI3K is
subdivided into two subclasses, class IA and class IB. There
is only one class IB PI3K (p110y) and this operates downstream
of heterotrimeric GPCRs (G-protein-coupled receptors). Class IA
PI3Ks are heterodimers consisting of a catalytic subunit (p110)
and a regulatory subunit. The regulatory subunit has no catalytic
activity, but has two SH2 (Src homology 2) domains which
facilitate interactions with tyrosine phosphorylation and allows
for activation by receptor tyrosine kinases. It is because of
this that class IA PI3K has been thought of as the main form
stimulated by insulin. In mammals, there are three different genes
producing catalytic subunits of class IA PI3K: p110«, p1108
and p1106 [6,7]. The p110« and p1108 isoforms are ubiquitously

expressed, whereas the p110§ isoform is predominantly expressed
in leucocytes [8]. As pl10« and pl10B are the main forms
expressed in insulin target tissues, they have long been thought
of as the two forms of PI3K most likely to be involved in insulin
signalling.

The recent observations that amplifications or activating muta-
tions in p110c¢ are found in many tumour types [9-15], that p1108
is involved in thrombosis [16] and that p110§ and p110y are
involved in inflammatory processes [17,18] has fuelled interest
in the development of strategies to target specific classes of
PI3K. However, such strategies could have harmful side effects
on normal cellular function. This has focused renewed effort in
defining the roles of different isoforms of PI3K in cell signalling
pathways. As both LY294002 and wortmannin are broad-spec-
trum inhibitors of PI3K, they have not been particularly useful
in determining which isoforms are involved in insulin signalling.
Gene targeting studies in mice were initially of little value in
addressing these issues as both the p110«- and p1108-knockouts
are lethal [19-21]. However, heterozygous mice are viable, and
glucose metabolism and insulin action have been studied in these
animals [22]. Neither p110a™/~ nor p1108*/~ mice are insulin-
resistant, but combined heterozygous deletion of both of these
isoforms results in mice that are slightly glucose-intolerant [22].
It could be argued that this shows functional redundancy between
these two isoforms in insulin signalling in vivo. However, it is
difficult to interpret these findings as levels of the p85 adapter
subunit change dramatically in these animals and this could also
be influencing the insulin signalling phenotype [23,24]. More
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recently, a transgenic gene knock-in approach has been used to
generate mice in which the p//0a gene is mutated at a single
residue to produce an allele that results in a catalytically inactive
p110«. Mice homozygous for this defect are embryonic lethal, but
heterozygous mice have reduced p110c« activity, and experiments
in these mice suggest that p110« is the most important form
present in insulin signalling complexes and is required for signall-
ing to downstream events [21]. However, countering this there are
several studies indicating that p110p plays the most important role
in insulin signalling [25-27]. The situation is confused further
by the finding that shRNA (short hairpin RNA) knockdown of
either p110« or p1108 in CHO-IR cells (Chinese-hamster ovary
cells expressing human insulin receptor) had no effect on insulin-
induced activation of PKB (protein kinase B, also known as Akt)
[28]. One interpretation of these results might be that each of the
isoforms might be able to substitute for the other. Nonetheless,
the general conclusion of all these studies has been that each
combination of p85«/p110 is engaged differently by growth factor
signalling pathways to achieve distinct signalling outcomes.

The methods described above all have various limitations, and
it is clear that the use of appropriate pharmacological approaches
could provide important new insights. Recently, a number of
compounds have been reported that have the ability to selectively
inhibit different PI3K isoforms. These include inhibitors of p1 10«
[29,30], p1108 [16,30], p110& [31] and pl110y [32]. Use of
these inhibitors has provided evidence that p110« is necessary
for insulin signalling pathways [21,30]. However, these studies
have only focused on a limited range of cell types to date, and it
remains to be seen whether this is a universal requirement.

We have used a range of isoform-selective PI3K inhibitors to
investigate further the role of individual isoforms of PI3K in insu-
lin signalling. Our results indicate that p110« is necessary for
insulin stimulation of PKB in CHO-IR cells and 3T3-L1 cells.
However, we find that, in HepG2 cells and J774.2 macrophages,
other isoform-specific class IA PI3K inhibitors have attenuating
effects on insulin signalling. This provides strong evidence that
these isoforms can participate in insulin signalling and that, in
some cases, there can be functional redundancy between class IA
PI3K isoforms in insulin signalling. Further, our data indicate that
the ability of an isoform to participate in signalling and the degree
of redundancy is linked to the relative level of expression of the
different class A catalytic subunits.

MATERIALS AND METHODS
Materials

Unless stated otherwise, reagents were purchased from Sigma
Chemicals. The antibodies directed to phospho-Ser*’”> PKB and
phospho-Thr’® PKB were from Cell Signaling Technologies.
Polyclonal antibodies to p110«, p1108 and p110§ were kindly
provided by Dr Bart Vanhaesebroeck, Ludwig Institute for Cancer
Research, London, U.K. Polyclonal antibodies to p85« were
as described previously [33]. Recombinant p85c/p110§ was
purchased from Upstate Biotechnologies.

Production of recombinant PI3K

To produce other class IA PI3Ks, Sf21 insect cells were co-infec-
ted with baculovirus expressing N-terminal His-tagged human
p85« and either wild-type murine pll0oe or wild-type
human pl1108. To produce class IB PI3K, Sf21 insect cells
were infected with baculovirus expressing N-terminal His-tagged
bovine p110y. The PI3Ks were purified using an Ni-NTA (Ni**-
nitrilotriacetate) superflow (Qiagen) affinity column. The purity
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Table 1

All ICs values (in nM) were determined using the PI3K lipid kinase assays on multiple
preparations of recombinant protein as described in the Materials and methods section. ICsg
values for AS252424 have been reported previously [32]. Results are means +S.D. n > 3 for
all determinations.

IG5, values for selected PI3K inhibitors against lipid kinase activity

Inhibitor p110c p1108 p1108
PIK-75 78+17 343+23 907 +32
PI-103 37+05 182+1.8 >500
SN 30693 231+22 667 + 32 401+ 21
TGX-221 >1000 85409 211+18
IC87114 > 1000 > 1000 60.2+5.6
AS252424 935 > 5000 > 5000
Wortmannin 0.57 2.33 0.40
1Y294002 500 973 570

of the PI3K preparations was verified by Coomassie Blue stain-
ing of SDS/PAGE gels and the titres of baculovirus were adjusted
such that the p85/p110 ratio was approx. 1:1 for the class IA
PI3Ks. The functional authenticity of multiple preparations of
the recombinant PI3Ks was verified by Western blotting and
also by sensitivity to previously described isoform-selective PI3K
inhibitors (Table 1).

Synthesis and hiochemical characterization of PI3K inhibitors

PI3K inhibitors were synthesized following general procedures
described as follows: PI-103 [34], PIK-75 [35], IC87114 [36],
SN 30693 [37] and AS252424 [32]. TGX-221 was prepared as
described in [38], with the single modification being the use of
bis-2.,4,6-trichlorophenyl malonate, instead of malonyl dichloride,
in the first step. The bis-2,4,6-trichlorophenyl malonate was
prepared and used according to the procedure published in [16].
1Cy, values were measured using a standard lipid kinase activity
with PI as a substrate, basically as described previously [39]. The
differences were (i) that 100 uM cold ATP was used instead of
10 uM, (ii) the DMSO concentration was 1 % rather than 2 %,
and (iii) [y-*P]ATP (GE Healthcare) was used instead of [y-
32P]ATP. The TLC plates were quantified using a phosphorimager
screen (StormImager, Amersham). The reported ICs, values were
determined by non-linear regression analysis (GraphPad Prism
software) on the basis of at least three independent experiments
repeated across multiple preparations of recombinant protein.

Cell culture

HepG2 cells were grown in DMEM (Dulbecco’s modified
Eagle’s medium) (Invitrogen) supplemented with 10 % (v/v) NCS
(newborn calf serum), 100 units/ml penicillin and 100 g/ml
streptomycin (Invitrogen). CHO-IR cells were grown in Ham’s
F12 (Invitrogen) supplemented with 10 % (v/v) NCS, 100 units/
ml penicillin and 100 pg/ml streptomycin. 3T3-L1 fibroblasts
were grown in DMEM supplemented with 10 % (v/v) FBS (fetal
bovine serum) (Invitrogen), 100 units/ml penicillin and 100 pg/
ml streptomycin. J774.2 cells were grown in RPMI 1640 medium
(Invitrogen) supplemented with 10 % (v/v) NCS, 100 units/ml
penicillin and 100 pg/ml streptomycin.

Differentiation of 3T3-L1 cells

3T3-L1 fibroblasts were obtained from the American Type Culture
Collection (A.T.C.C., Manassas, VA, U.S.A.). Cells were allowed
to reach confluence and were induced to differentiate as described
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Figure 1  Structures of the selected PI3K inhibitors

previously [40]. Briefly, at 2 days post-confluence (day 0), dif-
ferentiation was initiated by the addition of 100 nM insulin, 1 uM
dexamethasone and 0.25 mM IBMX (isobutylmethylxanthine)
in DMEM with 10 % (v/v) FBS. After 3 days (day 3), the induc-
tion medium was replaced by DMEM supplemented with 10 %
(v/v) FBS and 100 nM insulin only, and was replaced every 2 days
by DMEM with 10 % (v/v) FBS. Cells were seeded in six-well
plates for Western blotting and glucose-uptake experiments and
were starved in serum-free medium with 0.2 % (w/v) BSA (ICP
Bio), 100 units/ml penicillin and 100 png/ml streptomycin, 16 h
before stimulation.

Protein isolation, immunoprecipitation and immunoblotting

Cells were washed twice with ice-cold PBS (140 mM NaCl, 3 mM
KCl, 6 mM Na,HPO,, 1 mM KH,PO,, pH 7.4) and were solubil-
ized with lysis buffer {20 mM Tris/HCI, 138 mM NaCl, 2.7 mM
KCl, 1 mM MgCl,, 1 mM CaCl,, 5% (v/v) glycerol, 1% (v/v)
Nonidet P40, 5 mM EDTA, 20 uM leupeptin, 18 uM pepstatin,
1 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride], 4 ng/
ml aprotinin, 2 mM Na; VO,, 20 mM NaF and 1 mM DTT (dithio-
threitol), pH7.4}. Lysates were kept on ice for 20 min, and
insoluble material was removed by centrifugation at 14000 g for
10 min. Protein concentration was determined by colorimetric
assay [BCA (bicinchoninic acid); Pierce].

Proteins were separated by SDS/PAGE and transferred on
to PVDF membranes (Pall Corporation). The membranes were
incubated for 1 h in blocking buffer [20 mM Tris/HCI, pH 7.4,
137 mM NacCl and 0.5 % (v/v) Tween 20] containing 3 % (w/v)
BSA or non-fat dried milk powder and were then incubated over-
night in blocking buffer containing antibodies. Immunoreactive
proteins were detected using horseradish-peroxidase-linked
secondary antibodies (Dako) and ECL® (enhanced chemilumine-
scence) according to the manufacturer’s instructions (GE
Healthcare). Signals were analysed and quantified using a Fuji
FLA-3000 phosphorimager and Fuji Image Gauge software.

For immunoprecipitation, lysates were submitted to pre-clear-
ing by incubation at 4 °C for 30 min with Protein A—Sepharose.
Polyclonal antibodies to the N-SH2 domain of p85« were pre-
incubated with Protein A—Sepharose before the addition of cleared
lysates and incubation overnight at 4 °C. Immune complexes were

washed twice with lysis buffer and then solubilized in 1 x Laemmli
sample buffer.

Statistical analysis

Results are presented as means + S.E.M. with the number of
experiments indicated in the legend. Statistical significance was
assessed using one-way ANOVA and Dunnett’s multiple compar-
ison test.

RESULTS
Characterization of isoform-specific PI3K inhibitors

Class IA isoform-specific inhibitors (Figure 1) were synthesized
as described in the Materials and methods section, and their
activity against the different isoforms was measured in an in vitro
PI3K assay using multiple preparations of recombinant p85/p110
(Table 1). This is the first report of the selectivity of the PIramed
compound SN 30693 and we found that it is a broad-spectrum
PI3K inhibitor, but it has some selectivity for p1 10«. Our results
are broadly in agreement with previous studies that found that
PIK-75 and PI-103 are selective inhibitors of pl110a [30],
that TGX-221 is selective for p1108 [16] and that IC87114 is
selective for p110§ [30,31]. However, it is worth noting that our
results diverge slightly from those of Knight et al. [30] in terms
of absolute ICs, values for PI-103 and PIK-75, particularly in the
relative sensitivities of p1 108 and p1104. The reason for this is not
clear, but could relate to slight differences in assay methodologies
or in the source of enzyme. For example, we used 100 uM ATP,
whereas the study of Knight et al. [30] used 10 uM ATP.

p110« is the major PI3K isoform responsible for insulin signalling
in CHO-IR and 3T3-L1 cells

CHO-IR cells have been shown to possess 10° insulin receptors
percell [41,42] and are consequently extremely sensitive to insulin
stimulation. In our hands, 1 nM insulin induces 50 % of the
maximal PKB phosphorylation on both sites (results not shown).
Using this limiting dose of insulin (1 nM), we found that the
p110«-specific inhibitor PIK-75 blocked the phosphorylation of
PKB induced by insulin on both Ser? and Thr*® in CHO-IR
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Figure 2 Effect of isoform-specific inhibitors on insulin-induced phosphorylation of PKB in CHO-IR cells

Overnight-starved CHO-IR cells were incubated for 5 min with the indicated PI3K inhibitors or DMSO and stimulated or not with insulin (1 nM, 10 min). Whole-cell lysates were then analysed by
Western blotting using specific antibodies. (A) Effect of p110a-specific inhibitor (PIK-75, 100 nM) and p1108-specific inhibitor (TGX-221, 100 nM) on the insulin-induced stimulation of PKB
phosphorylation on Ser*”® (left) and Thr®® (right). A representative Western blot is shown in each of the upper panels and quantification is presented below. The relative stimulation of insulin
over the basal level was taken as 100 % and all values are calculated as a percentage of this. The results are means + S.E.M. for three independent experiments each performed in triplicate. (B)
Dose-response effect of p110a-specific inhibitor (PIK-75) and p1108-specific inhibitor (TGX-221) on the insulin-induced stimulation of PKB (1 nM, 10 min). (G) Sigmoidal concentration-response
curve of PKB phosphorylation obtained in the presence of increasing concentrations of PIK-75. (D) Dose—response effect of another structurally unrelated p110«-selective inhibitor (PI-103) on the
insulin-induced stimulation of PKB phosphorylation (100 nM insulin, 10 min). (E) Effect of wortmannin (Wrt; 100 nM) and LY294002 (LY; 5 .«M) on the insulin-stimulated phosphorylation of PKB

(100 nM insulin, 10 min). These broadly active PI3K inhibitors were used as a control.

cells (Figure 2A) in a dose-dependent manner (Figure 2B), with
an ICsy of 78 nM (Figure 2C). The phosphorylation of PKB
Ser*”? was also blocked using a second, structurally unrelated,
inhibitor selective for p110« (PI-103) (Figure 2D). As a control,
wortmannin (100 nM) and LY294002 (5 uM) were also shown to
block insulin-induced phosphorylation of PKB Ser*”? in CHO-IR
cells (Figure 2E). In contrast, the inhibitor of p1108 (TGX-221)
was not able to inhibit PKB phosphorylation, even when used at
high concentrations (Figures 2A and 2B). Similar results were
obtained using 0.1, 10 or 100 nM insulin (results not shown).
Knight et al. [30] have shown previously that p110« is required
for insulin signalling to PKB in 3T3-L1 adipocytes, a cell
model that possesses a number of insulin receptors intermediate
between CHO and CHO-IR [43]. We sought to extend these find-
ings and to determine whether this function is acquired during
the differentiation process. We found that, in 3T3-L1 pre-adipo-
cytes, inhibition of pl110«a by PIK-75 decreases the insulin-
induced phosphorylation of PKB on both sites (Ser*’”* and Thr*®)
(Figure 3A). PI-103 had a very similar effect (Figure 3B). On
the other hand, the pl1108 inhibitor TGX-221 had no effect
on PKB phosphorylation status (Figure 3A), while wortmannin
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and LY294002 completely inhibited the phosphorylation of PKB
(Figure 3C). In fully differentiated 3T3-L1 adipocytes, a similar
pattern was observed with inhibitors of p110«, but not of p1108,
decreasing the insulin-induced phosphorylation of PKB on both
Ser*”? and Thr*® (Figure 4).

In HepG2 cells, p110« is required but is not sufficient to mediate
insulin signalling

In contrast with what was seen in 3T3-L1 and CHO-IR cells, in
the human hepatoma HepG2 cell line, none of the pl110«
selective inhibitors was able to diminish the insulin-induced
phosphorylation of PKB (Figures 5A and 5B). The same was true
even when the exposure time to inhibitors before insulin stimul-
ation was increased to 30 min (results not shown). As a control,
100 nM wortmannin and 5 uM LY294002 completely inhibited
the phosphorylation of PKB (Figure 5C), demonstrating that
simultaneous inhibition of all PI3K isoforms does block insulin
signalling in these cells. Therefore we investigated the effect
of inhibitors specific for p1108, p110é and p110y on insulin-
induced phosphorylation of PKB. However, these inhibitors alone



PI3K isoforms in insulin signalling 453

Insulin

>

DMSO PIK-75 TGX-221

T ———— — - |

-
c

29

$E 100 -

n =

8

72 so =
:ﬁ

-

w O

S o

®E o

pSer473 PKB

Insulin
I 1
DMSO PIK-75 TGX-221

- —‘_-—---d

100
50 I I
0

pThr308 PKB

B PI-103 (nM)
Insulin
) 1
0 1 10 102
Blot :
pSer473 PKB — e
C Insulin
Blot : DMSO writ LY
pSerd73 PKB a4

Figure 3 Effect of isoform-specific inhibitors on insulin signalling in 3T3-L1 fibroblasts

Overnight-starved 3T3-L1 fibroblasts were incubated for 5 min with the indicated PI3K inhibitors or DMSO and stimulated or not with insulin (100 nM, 10 min). Whole-cell lysates were then analysed
by Western blotting using specific antibodies. (A) Effect of p110«-specific inhibitor (PIK-75, 100 nM) and p1108-specific inhibitor (TGX-221, 100 nM) on the insulin-induced stimulation of PKB
phosphorylation. A representative Western blot is shown in each of the upper panels and quantification is presented below. The relative stimulation of insulin over the basal level was taken as 100 %
and all values are calculated as a percentage of this. The results are means + S.E.M. for three independent experiments each performed in triplicate. (B) Dose—response effect of another structurally
unrelated p110a-selective inhibitor (PI-103) on the insulin-induced stimulation of PKB. (C) Effect of wortmannin (Wrt; 100 nM) and LY294002 (LY; 5 1«M) on the phosphorylation of PKB. These

broadly active PI3K inhibitors were used as a control.

were also not able to diminish the effects of insulin-induced phos-
phorylation on PKB (Figures 5A and 5C).

Given the effect of wortmannin and LY 294002, we next investi-
gated whether there might be some degree of redundancy in the
participation of PI3K isoforms in insulin signalling to PKB in
these cells. To perform these experiments, we used combinations
of inhibitors at concentrations at which they were specifically
inhibiting their target isoform (Figure 5D). Inhibition of either
pl10a/p1108 or p110a/p1105 reduced the phosphorylation of
PKB to near basal, whereas inhibition of p1108/p110§ did not
(Figure 5D).

In J774.2 cells, all class IA PI3K isoforms can mediate insulin
signalling

In J774.2 macrophage cells, insulin strongly increases the
phosphorylation of PKB and this is completely abolished by
100 nM wortmannin, indicating that PI3K is required for this
effect (Figure 6). In these cells, PIK-75, TGX-221 and IC87114
all partially attenuate insulin-induced phosphorylation of Ser*’?
of PKB, indicating that p110«, p1108 and p110§ all contribute
to insulin signalling in these cells and all three are required for
insulin to be fully effective.

Isoform-dependence is related to the relative level of expression
and activity of each isoform

The variability in dependence on different class IA isoforms could
be due to differences in levels of expression within different cell
types. We used two methods to investigate this. The first was
Western blotting which allows a comparison of the relative ex-
pression levels of a given isoform between different cell types
(Figure 7A). This revealed some interesting findings. The first
was that J774.2 cells express high levels of p1108 and p1106.
HepG2 cells also express readily detectable levels of p1104. This
probably explains why p110§ inhibitors only attenuate insulin
signalling in HepG2 and J774.2 cells. Another observation from
these studies was that the cell types in which p110a-selective
inhibitors completely blocked insulin signalling were the cell
types which expressed relatively high levels of pl10c and
relatively lower levels of pl108 and pl110§ (Figure 7A,
lanes 2—4).

The different antibody reactivities mean that Western blotting
does not allow a direct comparison of the relative levels of each
isoform within a given cell type. Therefore we used a second
method in which we immunoprecipitated all class IA PI3K activ-
ity using a p85« antibody. We then used isoform-selective PI3K
inhibitors to assess the relative amount of the total activity that
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Figure 4 Effect of isoform-specific inhibitors on insulin signalling in 3T3-L1 adipocytes

Overnight-starved 3T3-L1 adipocytes were incubated for 5 min with the indicated PI3K inhibitors or DMSO and stimulated or not with insulin (100 nM, 10 min). Whole-cell lysates were then analysed
by Western blotting using specific antibodies. (A) Effect of p110«-specific inhibitor (PIK-75, 100 nM) and p1108-specific inhibitor (TGX-221, 100 nM) on the insulin-induced stimulation of PKB
phosphorylation. A representative Western blot is shown in each of the upper panels and quantification is presented below. The relative stimulation of insulin over the basal level was taken as 100 %
and all values are calculated as a percentage of this. The results are means + S.E.M. for three independent experiments each performed in triplicate. (B) Dose—response effect of two other structurally
unrelated p110a-selective inhibitors (P1-103 and SN 30693) on the insulin-induced stimulation of PKB phosphorylation.

was attributable to any particular isoform (Figures 7B—7E). The
other p110«-selective inhibitor, PI-103, gave very similar results
to those obtained using PIK-75 (results not shown). One finding
from these studies was that there was no significant p110g activ-
ity detectable in 3T3-L1 fibroblasts (Figure 7B), but pl1108
became a small component of overall class IA PI3K activity after
differentiation into adipocytes (Figure 7C). This provides func-
tional evidence to support the previous Western blotting studies
of Asano et al. [27], who demonstrated an increase in p1108
expression during differentiation. However, the overall amount of
p110p activity remains much less than that of p110«. Following
from this, p110« activity accounted for a majority of class IA
activity in all the cell types where pl10«-selective inhibitors
preferentially block insulin signalling (Figures 7C—7E). Similarly,
the cell types in which p1108 and p110§ inhibitors are effective
possess the largest amount of activity of these isoforms. Together
with the Western blotting data, these findings suggest that the total
amount of a given isoform present in a cell type is an important
determinant of whether that isoform plays a role in insulin
signalling.

DISCUSSION

Previous studies using the broad-specificity PI3K inhibitors
wortmannin and LY294002 provided strong evidence that PI3K
activity is essential for almost all of the effects of insulin [1,5].
However, the role of the different isoforms of PI3K has not been
investigated extensively, and the results have been somewhat
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conflicting. Initial studies in 3T3-L1 adipocytes suggested that
pl108 was more important than pl10« in insulin signalling
[27]. These conclusions were based on three major lines of
evidence: (i) p1108 levels greatly increased during differentiation
of 3T3-L1 cells into insulin-sensitive adipocytes, whereas p110«
activity levels remained unchanged; (ii) p1108 was increased
by insulin stimulation, whereas p110« activity was not; and
(iii) microinjection of neutralizing antibodies targeting p1108
blocked insulin-stimulated GLUT4 translocation, whereas p110c«
antibodies did not. The latter finding was taken as direct evidence
that p1108 played a major role in insulin signalling. However,
these findings have been challenged by two different studies which
indicate that p110« is necessary for insulin signalling, whereas
p1108 is not. One of these studies used knock-in mice, which
were heterozygous for a kinase-dead form of p110« [21]. These
mice had defects in glucose metabolism and insulin signalling,
implying an important role for pl110« in insulin action. The
second study utilized isoform-selective inhibitors of PI3K [30]. In
that study, isoform-selective pharmacological inhibitors of p110«
blocked a range of insulin’s actions in vitro and in vivo, whereas
p1108 inhibitors were without effect.

The present study uses a range of structurally distinct isoform-
specific inhibitors of class IA PI3Ks to extend the investigations
of the role of different PI3K isoforms in insulin signalling in a
range of cell types. Our studies using PI-103 and PIK-75 extend
the range of cell types in which the role of p110« in insulin
signalling is studied. These have both previously been shown to
be highly potent pl10«-selective inhibitors and their potential
off-target activities have also been investigated extensively [30].
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Figure 5 Effect of isoform-specific inhibitors on insulin signalling in HepG2 cells

Overnight-starved human heptoma cells (HepG2) were incubated for 5 min with the indicated PI3K inhibitors or DMSQ and stimulated or not with insulin (100 nM, 10 min). Whole-cell lysates
were then analysed by Western blotting using specific antibodies. (A) Dose-response effect of p110e-specific inhibitor (PIK-75) and p1108-specific inhibitor (TGX-221) on the insulin-induced
stimulation of PKB phosphorylation. (B) Dose—response effect of two other structurally unrelated p110c-selective inhibitors (PI-103 and PI-SN 30693) on the insulin-induced stimulation of PKB
phosphorylation. (G) Dose-response effect of p1108-specific inhibitor (IC87114) and p110y -specific inhibitor (AS 252424) on the insulin-induced stimulation of PKB phosphorylation. Wortmannin
(Wrt) and LY294002 (Ly) are shown as controls. (D) Effect of inhibitors in combination on the insulin-induced stimulation of PKB phosphorylation. A representative Western blot is shown in the
upper panel and quantification is presented below. The relative stimulation of insulin over the basal level was taken as 100 % and all values are calculated as a percentage of this. The results are
means + S.E.M. for three independent experiments each performed in triplicate. ***P < 0.001; n.s, not significant.
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Figure 6 Effect of isoform-specific inhibitors on insulin signalling in J774.2
cells

Overnight-starved J774.2 cells were incubated for 5 min with wortmannin (wrt; 100 nM), PIK-75
(50 nM), TGX-221 (50 nM), 1C87114 (100 nM) or DMSO and stimulated or not with insulin
(100 nM, 10 min). Whole-cell lysates were then analysed by Western blotting using antibodies
recognizing phospho-Ser*” (pS473) of PKB. A representative Western blot is shown in the
upper panel and quantification is presented below. The relative stimulation of insulin over the
basal level was taken as 100 % and all values are calculated as a percentage of this. Results are
means + S.E.M. for three independent experiments each performed in duplicate. ***P < 0.001.

These studies show that they have very different patterns of
off-target activity. This means that using these in combination
gives a high degree of confidence that the effects being seen are
due to p110«x. Also, our studies extend the previous work [30]
by adding biological data on a novel PI3K inhibitor, SN 30693,
which we show has some selectivity for p110c.

Further, the studies of Knight et al. [30] used two compounds
that they described as p1108/p110§ inhibitors (TGX-115 and
TGX-286), but that had some selectivity for p1108. They found
that these compounds did not have a significant effect on insulin
action in the cell types they tested and concluded that p1108
was not important for insulin signalling. To test more extensively
the involvement of p110p in insulin signalling, we have used an
alternative compound, TGX-221 [16], as this is a more selective
and potent inhibitor of p1108. Using this compound, we have
provided further lines of evidence that p1108 activity is not in
fact necessary for insulin signalling in CHO-IR and 3T3-L1 cells.

The major finding of our studies is that p110« is not necessary
for insulin signalling in all cell types and that p1108 and p1106 can
participate in some cell types. Importantly, we have demonstrated
that none of the p110« inhibitors blocks insulin signalling to
PKB in HepG2 hepatoma cells. To our knowledge, this is the first
example of pl10« inhibitors having no effect on growth factor
signalling. The findings in the hepatoma cells may have functional
correlates in hepatocytes as there is some evidence that insulin
does not rely on pl10« activity as much in liver as in other
tissues. This comes from heterozygous pl110«a knock-in mice,
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Figure 7 Comparison of the relative levels of expression and activity of different class IA PI3K isoforms

(A) Western blotting using isoform-specific antibodies was used to compare the levels of expression of class IA p110 isoforms in different cell types: lane 1, J774.2; lane 2, 3T3-L1 fibroblasts; lane
3, 3T3-L1 adipocytes; lane 4, CHO-IR; lane 5, HepG2. For p110a detection, total class IA activity was immunoprecipitated from 200 g of lysate using an antibody recognizing the p85« adapter
subunit, and recombinant protein was loaded as a control (0.2 1., lane marked +). For p1108 and p1108 detection, 20 x.g of total cell lysate was loaded in each case. (B—E) Total class IA activity
was immunoprecipitated from 20 g of lysate from the indicated cell type using an antibody recognizing the p85cr adapter subunit. PI3K activity was then assayed in the presence of 100 nM of the
indicated inhibitor. Cell types were J774.2 (B), 3T3-L1 fibroblasts (C), 3T3-L1 adipocytes (D), CHO-IR (E) and HepG2 (F). Results are expressed relative to the activity in the presence of DMSO and

are means + S.E.M. for three independent determinations. WORT, wortmannin.

where insulin signalling to PKB is relatively normal in liver but
is severely impaired in muscle and fat [21].

Our initial hypothesis was that one of the other class IA isoforms
would take the place of pl10«, but this was not the case in
HepG?2 cells, as inhibitors of p1108 and p110§ also had no effect
on insulin’s stimulation of PKB. However, p110« inhibitors in
combination with either p1108 or p110§ inhibitors were able to
block this signalling to PKB, which provides evidence that func-
tional redundancy between p110 isoforms exists in these cells and
that when one isoform is suppressed another can at least in part
compensate. However, the results imply that p110« is a necessary
component in this mixture, as a combination of p1108 and p1105
inhibitors had no effect. J774.2 cells are another cell type where
pl10a is not the only class IA isoform involved in insulin
signalling, but in these cells, all three isoforms can play a role.

How do these different patterns of dependence on particular
PI3K isoforms arise? One explanation could lie in the fact that
the isoform-dependence correlates with the levels of expression
and activity of p110«, p1108 and p110§ in particular cells. For
example, cells where p110« inhibitors largely attenuate insulin
signalling (i.e. CHO-IR, 3T3-L1 fibroblasts and adipocytes) all
have a very high relative level of p110« compared with other
isoforms. This contrasts with HepG2 cells and J774.2 cells, which
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express significant levels of p1108 and p1103. Therefore the most
likely explanation for our results is that the ability to participate
in insulin signalling is linked to the level of activity of a given
isoform in the cell.

In support of this, it was observed that, in tissues of knock-in
mice where pl10a was found to be the predominant isoform
in insulin signalling, the activity attributed to p110« was very
high and that attributed to the other isoforms was very low [21].
This concept is also supported by previous studies which show
that overexpression of either p1108 or p1105 can change the
response of cells to serum, indicating that the level of the enzyme
present in the cell is a critical factor in the ability to participate in
growth factor signalling pathways [44]. It is, however, important
to note that the degree of expression of a given isoform will
be tempered by the kinetic properties of that isoform [39]. For
example, the specific activity of p110« towards its physiological
substrate PtdIns(4,5)P, is more than five times higher than those
of p1108 or p110§ [45]. Therefore it is likely that p1108 levels
would need to increase significantly more than p110« to achieve
the same effect. This may explain why the small observed increase
in p1108 levels as 3T3-L1 cells differentiate into adipocytes does
not result in p110p playing an important functional role in insulin
signalling in these cells.
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This then raises the question of why cells might need to express
different levels of the different class IA PI3K isoforms. We
speculate that the purpose of this is not so much to alter the direct
growth-factor-mediated engagement and activation of PI3K, as to
allow different linkages to occur with other signalling pathways,
most likely via differences in the p110 isoforms themselves. For
example, there is strong evidence that p1108 (but not p110« or
p1106) can also be activated by GPCRs [28,46]. Thus the presence
of significant levels of p1108 in a cell may allow synergies
between growth factor and GPCR signalling. It has also been
observed that p1 108 has different requirements for Ras activation
than either p110a or p110§ [44], indicating that the presence of
p1108 might allow different connections between growth factor
and Ras signalling pathways. Further, it has been proposed that
differences in catalytic properties between the isoforms could
result in activation of different effector pathways [39].

In summary, our results demonstrate that all three class IA
PI3K isoforms can participate in insulin-induced activation of
PKB and suggest that the levels of expression and activity are
key factors in determining the extent of a particular isoform’s
involvement. These findings suggest that specificity in class 1A
PI3K signalling does not arise from differences in the ability of
different p85/p110 combinations to couple to upstream tyrosine
phosphorylated proteins. We suggest that specificity instead could
arise as a result of the ability of different p110 subunits to interact
with different signalling pathways.
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