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Abstract: More than fifteen years after the first identification of a class Il isoform of phosphoinositide 3-kinase (PI3K)
in Drosophila melanogaster this subfamily remains the most enigmatic among all PI3Ks. What are the functions of
these enzymes? What are their mechanisms of activation? Which downstream effectors are specifically regulated by
these isoforms? Are class | and class Il PI3Ks redundant or do they control different intracellular processes? And,
more important, do class Il PI3Ks have a role in human diseases? The recent increased interest on class Il PI3Ks has
started providing some answers to these questions but still a lot needs to be done to completely uncover the contri-
bution of these enzymes to physiological processes and possibly to pathological conditions. Here we will summarise
the recent findings on the alpha isoform of mammalian class Il PI3Ks (PI3K-C2a) and we will discuss the potential
involvement of this enzyme in human diseases.
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Introduction

Phosphoinositide 3-kinases (PI3Ks) catalyse the
phosphorylation of the 3-position of the inositol
ring of phosphoinositides. The resulting 3-
phosphorylated phosphoinositides can activate
several proteins by modulating their intracellu-
lar localisation or by inducing conformational
changes. Once activated, these proteins can in
turn regulate a plethora of intracellular func-
tions, such as cell proliferation, survival, migra-
tion, glucose homeostasis and membrane traf-
ficking [1-3]. It is well established that deregula-
tion of PI3Ks-dependent cellular pathways is
associated with several diseases, including can-
cer and diabetes [1,2,4-6].

Three classes of PI3Ks exist, based on their
substrate specificity and structure [2,7]. Class |
PI3Ks are dimers comprising one catalytic and
one regulatory subunit. The catalytic subunits
define two subgroups within the class |, with the
p110q, B and & grouped into the class IA sub-
group and pl10y classified as IB. It was origi-
nally thought that class IA PI3Ks were specifi-

cally activated by tyrosine kinase receptors
(RTKs) and class IB by G-protein coupled recep-
tors (GPCR). However recent evidence indicates
that such a net distinction may not be com-
pletely correct: for instance data have clearly
shown that p110p can be activated by GPCR as
well as RTKs [8]. The catalytic subunits of class
IA possess a binding domain for the regulatory
subunits, a Ras-binding domain and the “PI3K
core”, consisting of C2, helical and catalytic do-
mains. The main in vivo lipid product of class |
PI3Ks is phosphatidylinositol 3,4,5-trisphos-
phate [PtdIns(3,4,5)P3], a well established sec-
ond messenger, extensively studied for its role
in activation of protein kinase B/Akt, a master
regulator of cell survival, migration, proliferation
as well as glucose transport and many more
cellular functions. Class Ill PI3K, hVps34, is a
monomer possessing the same PI3K core as
class | PI3Ks but lacking the Ras binding and
the regulatory subunit-binding domains [2,9].
hVps34 is only able to catalyse the synthesis of
the monophosphate phosphatidylinositol 3-
phosphate (Ptdins3P), probably because its
substrate recognition loop can only allocate the
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Figure 1. PI3BK-C2a structure. Schematic representation of the protein domains present on PI3K-C2a and descriptive

comparison with the other PI3K isoforms.

uncharged PtdIns [9]. hVps34 is closely associ-
ated with the protein kinase hVps15 which has
been described as a hVps34 regulatory protein
although its precise role in hVps34 regulation is
still not completely defined [9].

The first isoform of class Il PI3Ks was identified
in Drosophila melanogaster [10]. Class Il PI3Ks
are monomers of high molecular weight. Mam-
mals possess three class Il isoforms: PI3K-C2q,
PIBK-C2B3 and PI3K-C2g which mostly differ
from the class | PI3Ks because of extensions at
the N-terminus and C-terminus [7], as described
in more details below. Data suggest that these
isoforms can be activated downstream of RTKs
[11-14] and GPCR [15] as well as through dis-
tinct mechanisms compared to class | PI3Ks
(discussed below). Class Il PI3Ks preferentially
phosphorylate Ptdlns in vitro, with some activity
towards PtdIns4P also reported. On the contrary
the in vitro activity towards phosphatidylinositol
4 5-bisphosphate [PtdIns(4,5)P2] was reported
to be only 1% of the total [16] and it was de-
tected only in the presence of phosphatidylser-
ine for PIBK-C2a [171].

Among all PI3Ks, class Il isoforms are still the
least investigated and characterised although
accumulating data are now revealing the role of
these enzymes in several cellular functions.
Here we will discuss the recent advances in our
understanding of the physiological roles of the
mammalian class Il isoform PI3K-C2a, with
some thoughts on the difficulties and chal-
lenges encountered in studying the signalling
pathways activated by this specific enzyme. Fi-
nally, we will discuss evidence of its role in
pathological conditions.

PI3K-C2a. Human PI3K-C2a was cloned from
the cell line U937 and it was shown to be ubig-
uitously expressed, with the highest levels in
heart, placenta and ovary [7,17]. Similar to
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class | PI3Ks, PI3K-C2a possesses a Ras-
binding domain and the PI3K core but it lacks
the regulatory subunit-binding domain. As the
other class Il isoforms, PI3K-C2a possesses
extensions at the N-terminus and C-terminus
regions compared to class | PI3Ks. The C-
terminus extensions are conserved between
class Il isoforms and consist of a phox homology
(PX) domain and a second C2 domain. The N-
terminus extensions are distinct between the
class Il isoforms: for instance PI3K-C2a specifi-
cally possesses a clathrin-binding region but it
lacks the proline rich sequences detected in the
corresponding region of PI3K-C2B. Figure 1
shows a schematic representation of the struc-
ture of PI3K-C2q, focussing on the similarities
and differences of this enzyme compared to
other isoforms.

One of the most peculiar characteristics of PI3K
-C2a is its low sensitivity to the classical PI3K
inhibitors wortmannin and LY294002 [7,17].
Indeed, in the absence of a selective PI3K-C2a
inhibitor, resistance to high concentrations of
these inhibitors has often been used as indica-
tor of the involvement of this specific PI3K iso-
form.

PI3K-C2a: just another PI3K? Why should the
cell need three additional PI3Ks when it has got
already one class lll and four class | PI3K iso-
forms? Are class | and class Il PI3Ks redundant
or do they control different intracellular proc-
esses or different steps within the same proc-
ess? To answer these questions it is necessary
to determine whether these enzymes activate
the same downstream effectors or they rather
activate distinct proteins. The PI3Ks-dependent
activation of target proteins requires the inter-
action of the PI3K lipid product(s) with specific
protein domains within the downstream effec-
tor. Distinct domains can bind different phos-
phoinositides. Therefore the first question that
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needs to be answered is whether class | and
class Il PI3Ks can generate the same lipid prod-
uct(s) in vivo.

In vivo lipid product of PI3K-C2a. The issue of
the lipid product of PI3K-C2a (and possibly of
class Il PI3Ks in general), is often matter of
some debate. Original studies showed an activ-
ity of class Il PI3Ks against both PtdIns and
PtdIns4P in vitro, although it must be stressed
that Ptdlns was the preferential substrate
[10,16,18,19]. Even upon addition of clathrin,
which is able to increase the in vitro activity of
PI3K-C2a in particular towards Ptdins4P and
Ptdins(4,5)P2, PtdIns3P remains the main prod-
uct in vitro [20]. The first suggestion that
Ptdins3P could indeed be the in vivo product of
PI3K-C2a upon cellular stimulation came from
our study that identified an insulin-dependent
pool of PtdIns3P, specifically generated at the
plasma membrane of muscle cells and adipo-
cytes [21,22]. The observation that the insulin-
mediated synthesis of PtdIns3P was resistant to
treatment with high concentrations of wortman-
nin and LY294002 [21] first suggested that the
highly resistant PI3K-C2a could have a role in
catalysing the synthesis of the insulin-
dependent pool of PtdIns3P in vivo. The conclu-
sive demonstration that this was indeed the
case came from a detailed HPLC analysis of
phosphoinositides extracted from unstimulated
and insulin-stimulated L6 cells upon labelling
with [3H]-myo-inositol. Comparison of the phos-
phoinositides profile of stable cell lines express-
ing a scrambled control shRNA or two distinct
shRNAs specifically targeting PISK-C2a showed
that the insulin-induced synthesis of Ptdins3P
was completely blunted in cells lacking PI3K-
C2a [14]. Consistent with these data, the insu-
lin-induced translocation of the Ptdins3P-
binding probe GFP-2XFYVEHs to the plasma
membrane was inhibited upon PI3K-C2a down-
regulation. Importantly, parallel HPLC analysis
of the levels of PtdIns(3,4)P> and PtdIns(3,4,5)
Ps showed that downregulation of PI3K-C2« did
not affect the synthesis of these phosphoinositi-
des upon insulin stimulation. This was the first,
clear demonstration that PtdIns3P is the sole in
vivo product of PI3K-C2a [14].

Consistent with this, it was also reported that
overexpression of a catalitically inactive PI3K-
C2a in PC12 cells reduced the steady state lev-
els of PtdIns3P [23]. Although a reduction in the
steady state levels of PtdIns(3,4,5)Pz was also
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initially reported, subsequent studies from
these authors demonstrated that PI3K-C2a
regulates the synthesis of a pool of PtdIns3P in
large dense core vesicles (LCDVs) of PC12 upon
stimulation of exocytosis [24] and that this spe-
cific phosphoinositide is critical for PI3K-C2a-
dependent functions [24,25].

Recently, an HPLC analysis performed in insulin-
stimulated pancreatic B cells MIN6 upon tran-
sient downregulation of PI3K-C2a reported a
specific inhibition on the insulin-induced levels
of phosphatidylinositol 3,4-bisphosphate [PtdIns
(3,4)P2] but not of Ptdins3P or PtdIns(3,4,5)Ps
[26]. It must be specified that these experi-
ments were performed in media supplemented
with 10% serum in the absence or presence of
insulin whereas the HPLC analysis of phospho-
inositides extracted from L6 cells was per-
formed in cells labelled for 24h in serum free
medium and then stimulated with insulin [14].
Total internal reflection fluorescence micros-
copy analysis showed a co-distribution of a GFP-
tagged PH domain from Akt [which bind Ptdins
(3,4)P2 and PtdIns(3,4,5)P3] but not of GFP-
2XFYVEHs with the B isoform of the insulin re-
ceptor (IR-B) [26]. The lipid generated by PI3K-
C2a activation upon stimulation of insulin secre-
tion by glucose or by membrane depolarisation
still needs to be identified.

Further analysis of the in vivo product of PI3K-
C2a« in different cellular systems and upon dis-
tinct stimulation would shed more light into this
debated issue.

Downstream effectors of PI3K-C2a: the “usual”
Akt? The best characterised downstream effec-
tor of class | PI3Ks is Akt, a master regulator of
a plethora of intracellular functions and one of
the key players in tumourigenesis. It is therefore
not surprising that one of the most asked ques-
tions is whether PI3K-C2a is able to activate
Akt. Contrasting evidence is present in the lit-
erature on this issue. We reported that phos-
phorylation of Akt (Ser473) and of its down-
stream target glycogen synthase kinase (GSK)
3B upon short stimulation with insulin or plate-
let derived growth factor was not affected by
downregulation of PI3K-C2« in L6 cells, consis-
tent with the fact that the insulin-induced syn-
thesis of PtdIns(3,4)P2 and PtdIns(3,4,5)Ps was
not inhibited [14]. Consistent with these data, it
has been recently reported that extracellular
signal-regulated kinase but not Akt Ser473
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phosphorylation was inhibited in CHO-IR and
HepG2 expressing antisense sequences target-
ing PI3BK-C2a and stimulated with insulin for 10
min [27]. Furthermore downregulation of PISK-
C2a did not affect Akt (Ser473) and GSK3[3
phosphorylation in HelLa cells in serum [28]. On
the other hand, an increase in Aktl activity was
detected in MING cells overexpressing wild type
but not catalytically inactive PI3K-C2a and inhi-
bition of the insulin-induced Akt1 activation was
reported in these cells upon downregulation of
PI3K-C2a [26]. Clearly more work is necessary
to understand if there is a link between PI3K-
C2a and Akt and the precise mechanisms of
this regulation.

The main downstream effectors of PI3K-C2q,
namely the proteins activated by the PI3K-C2a-
dependent pool of PtdIns3P, are still unknown.
Proteins possessing PtdIins3P-binding domains
such as PX, FYVE and PH domains, are the most
likely candidates but they are still undefined. As
a result of this, not only it is still unclear how
PI3K-C2a can regulate some of the intracellular
functions described below, but also detecting
the activation of this enzyme is still technically
challenging and very time consuming. Currently,
the direct activation of PISK-C2a can only be
monitored by performing in vitro kinase assays
on the immunoprecipitated enzyme or by ana-
lysing its lipid product by HPLC or using fluores-
cent probes. The latter strategy requires confir-
mation that the analysed phosphoinositide is
indeed dependent on PI3K-C2a activation and
this can be done by investigating whether the
levels of the specific lipid are reduced by PI3K-
C2a inhibition. This is complicated by the fact
that there is no specific PI3K-C2a inhibitor and
therefore it can only be achieved by downregu-
lating the protein levels using specific siRNA/
shRNA or by using a catalytically inactive mu-
tant. In comparison, for instance activation of a
class | PI3K can easily be detected by Western
blotting analysis of Akt phosphorylation, in par-
ticular at its residue Thr308, an event depend-
ent on class | PI3K activation. Of course the
identification of the specific class | isoform in-
volved would require in vitro kinase assay and
siRNA/shRNA experiments as well but at least
the involvement of this class of enzymes can be
easily and rapidly tracked down. It is safe to say
that the lack of a quick readout for PI3K-C2a
activation and of a specific inhibitor for this iso-
form has limited our understanding of the in-
volvement of this enzyme in physiological and
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pathological conditions.

Mechanisms of activation of PI3K-C2a. The
mechanisms of activation of PISK-C2« are still
not completely defined but evidence accumu-
lated so far strongly suggests that they differ
from the mechanisms regulating class | activa-
tion. As described above, PI3K-C2a is @ mono-
mer and does not possess a regulatory subunit
that can modulate its activation. On the other
hand, the enzyme specifically possesses several
protein domains and it is tempting to speculate
that interaction of these domains to regulatory/
adaptor proteins or to membrane lipids is in-
volved in its activation. For instance, it was re-
ported that addition of clathrin in an in vitro
kinase assay or removal of an N-terminal region
of the enzyme which includes the clathrin-
binding sites increases PI3K-C2a activity [20]. It
has been reported that the full-length PI3K-C2a
and the isolated PX domain have the same af-
finity for Ptdins(4,5)P>-containing membranes
and the same monolayer penetration [29].
Whether this interaction is important for PI3K-
C2a activation needs to be investigated in-
depth. Interestingly, a co-operative role of C2
domain in binding to Ptdins(4,5)P2>-containing
membranes was also suggested [29].

We have demonstrated that PI3K-C2a translo-
cates to the plasma membrane upon insulin
stimulation of L6 cells [14], which is consistent
with the insulin-dependent, PI3K-C2a-mediated
synthesis of PtdIns3P at this cellular compart-
ment. Interestingly, activation of PI3K-C2a in
this context appears to be mediated by the insu-
lin-induced activation of the small GTP-binding
protein TC10 [14]. Whether other GTPase can
have a role in PI3BK-C2a activation remains to
be determined. It should be noted that in the
original paper reporting the insulin-induced acti-
vation of PI3K-C2a, association of the enzyme
with a 160 kDa protein was detected upon insu-
lin stimulation [11]. The identity of this protein
is still unknown and the possibility that this as-
sociation is involved in the insulin-induced regu-
lation of PISK-C2a has not been further investi-
gated yet. Similarly, it was suggested that PI3K-
C2a may undergo phosphorylation upon insulin
stimulation [11] but this hypothesis still needs
to be confirmed.

Association of PI3K-C2a to IR-B has also been

reported in pancreatic B cells MING, as as-
sessed by fluorescence resonance energy trans-
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fer (FRET) analysis and co-immunoprecipitation
studies of overexpressed constructs [26]. Effi-
ciency of FRET increases in conditions that
stimulate insulin secretion. Specifically, the
NPEY motif in the juxta-membrane region of IR-
B appears to be involved in this association. On
the other hand, no phosphorylated insulin re-
ceptor was recovered in PI3K-C2a immunopre-
cipitates from insulin-stimulated CHO-IR cells
[11] and from neurotrophin-3-stimulated 3T3-L1
adipocytes [30]. Nevertheless a very important
distinction between class | and class Il PI3K
activation emerges from this study [26], with
class | PI3K being specifically activated down-
stream of the A isoform of IR and PI3K-C2a spe-
cifically activated by IR-B.

Taken together these data suggest that, even
when stimulated by the same growth factor,
class | PI3Ks and PI3K-C2a are activated in dis-
tinct manner and result in distinct, complemen-
tary effects, as described in more details later.

Several lines of evidence indicate that calcium
can activate PI3K-C2a in many cellular systems.
Stimulation of de-endotheliased rabbit aortic
vascular smooth muscle (VSM) with KClI,
noradrenaline or ionomycin is able to increase
PIBK-C2a activity assessed by in vitro kinase
assay on the immunoprecipitated endogenous
protein [31]. Incubation of VSM in Ca2*free
EGTA-containing media completely prevents the
noradrenaline-induced activation of PI3K-C2«
demonstrating the critical role of calcium in this
process. Similarly, it has also been reported that
increasing calcium concentration in the lipid
kinase assay in vitro performed using immuno-
precipitated recombinant PI3K-C2a enhances
the activity of the enzyme in a dose-dependent
manner [24]. Consistent with this, a calcium-
dependent recruitment of the GFP-2XFYVE do-
main to the LDVCs was detected in PC12 cells
using digitonin permeabilisation in the presence
of calcium-containing buffers and it was re-
ported that increasing calcium concentration
enhanced the synthesis of PtdIns3P in vitro us-
ing purified chromaffin cells [24]. Taken to-
gether these data indicate that the activity of
PI3K-C2a can be enhanced by increasing con-
centrations of calcium and that stimulus able to
trigger intracellular calcium increase can modu-
late the PI3K-C2a-dependent synthesis of
PtdIns3P in vitro and in vivo. We have recently
reported that PI3K-C2a regulates insulin gran-
ule exocytosis induced by membrane depolari-
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sation [32], a process dependent on increase of
intracellular calcium and similar to what ob-
served in VSM contraction (discussed below).
This strongly suggests that the enzyme may be
activated by calcium in different cellular con-
texts.

How calcium activates PI3K-C2a is still not de-
fined but it is noteworthy that PI3K-C2a but not
pl110a, has been shown to be able to utilise
calcium as cofactor for phosphate transfer in in
vitro kinase assays [12]. Interestingly, in these
conditions, the enzyme appears to lose even its
low activity towards Ptdins4P being able to
solely phosphorylate Ptdins to generate
PtdIns3P in vitro [12]. The main candidates for
mediating the calcium-dependent activation of
PIBK-C2a are the two C2 domains within the
enzyme although this needs to be better investi-
gated. Activation of PI3K-C2a by calcium may
represent a uniqgue mechanism and a specific
and selective way to active this PI3K isoform.

Functions of PIBK-C2a. In the last few years,
studies investigating the involvement of PI3K-
C2a in cellular functions have exponentially
grown. Although the processes in which the en-
zyme has been involved are different and appar-
ently distinct, many similarities exist which pos-
sibly suggest some common mechanisms of
action and activation of PI3K-C2a in different
cellular contexts.

PI3K-C2a and exocytosis. PI3K-C2a is emerging
as a key regulator of exocytosis in distinct cellu-
lar contexts, suggesting a very critical require-
ment for this enzyme in this process.

PIBK-C2a in insulin secretion. The first sugges-
tion that PI3BK-C2a could have a role in insulin
secretion came from a study reporting that the
insulin-induced transcription of the gene encod-
ing B-cell glucokinase (BGK) was not inhibited by
high concentrations of PI3K inhibitors or by
dominant negative mutant of p85 [33]. More
recently, the direct involvement of PI3K-C2a in
this process has been demonstrated by down-
regulation of PI3K-C2a and overexpression of
wild type and catalytically inactive PI3K-C2a in
MING [26]. More important, this study showed
that downregulation of PI3K-C2a reduces the
glucose-induced stimulation of insulin secretion
in these cells [26]. In this model, PI3K-C2a is
proposed to be part of an insulin-dependent
feedback loop involving activation of Akt1 which
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in turn controls the glucose-stimulated insulin
secretion, partially through upregulation of B-GK
[26]. This may not be the only mechanism by
which PI3K-C2a can control insulin secretion:
indeed for instance overexpression of PISK-C2a
does not affect insulin secretion, although it is
able to increase the basal B-GK promoter
activity.

More recently, we have demonstrated that PI3K
-C2ax has an additional role in insulin secretion,
being also involved in the final steps of insulin
granules exocytosis [32]. We showed that down-
regulation of PI3K-C2a in rat insulinoma cells
INS1 strongly inhibited secretion of insulin in-
duced by membrane depolarisation, therefore in
the absence of the metabolic contribution de-
rived from the glucose consumption. Downregu-
lation of the enzyme did not affect the total in-
sulin content or the increase in intracellular cal-
cium upon KCI stimulation, indicating a defect
in the exocytosis of the insulin granules. No ef-
fect on the number of insulin granules proximal
to the plasma membrane in resting cells, or on
the expression levels of proteins important for
exocytosis was detected in cells lacking PI3K-
C2a. Data suggested a specific role for the en-
zyme at the level of the fusion of the insulin
granules to the plasma membrane.

PI3K-C2a in neurosecretory granules release.
PI3K-C2a has also a role in neurosecretory
granules exocytosis [23]. Specifically, it was
reported that an anti-PI3K-C2a was able to in-
hibit the carbachol-induced catecholamine re-
lease in adrenal chromaffin cells. Data sug-
gested a specific role for PI3K-C2« in the ATP-
dependent priming of neurosecretory granules.
Similarly, release of human growth hormone
(hGH) by PC12 upon treatment with high K+
was enhanced by overexpression of wild type
PI3K-C2a and inhibited by overexpression of a
kinase dead PI3K-C2a mutant. The observation
that overexpression of the binding probe GFP-
2XFYVE (but not the mutant GFP-2XFYVEC215S,
which is unable to bind PtdIns3P) was also able
to inhibit the release of hGH in PC12 and of
catecholamine in chromaffin cells supported
the hypothesis of a specific role for PtdIns3P in
this process, which was confirmed by subse-
quent studies [24,25].

Data obtained in neurosecretion and insulin

secretion suggest the interesting hypothesis
that PI3K-C2a may be involved in control of exo-
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cytosis in different cellular contexts, possibly
regulating final steps, common to the process
and irrespective of the cellular systems investi-
gated. In this respect, although it is not a classi-
cal exocytotic process, it is noteworthy that PI3K
-C2a is also involved in translocation of the glu-
cose transporter protein (GLUT)4 to the plasma
membrane upon insulin stimulation [14], as
discussed below.

PIBK-C2a and glucose transport. We have dem-
onstrated that downregulation of PISK-C2« in
muscle cells reduces glucose transport by par-
tially inhibiting GLUT4 translocation to the
plasma membrane [14]. This is consistent with
the role of PtdIns3P in regulation of GLUT4
translocation [21,22,34-38]. Initially, our obser-
vation that exogenous PtdIns3P was able to
induce translocation of the GLUT4 to the
plasma membrane but it was not sufficient to
induce glucose uptake [21] led us to hypothe-
sise that the enzyme might be involved in move-
ment of the GLUT4-containing vesicles to the
plasma membrane [14]. The demonstration that
PI3K-C2a has a role in insulin secretion and
neurosecretion as well as GLUT4 translocation
calls for some thinking about other potential
additional mechanisms of PI3K-C2a action.

In a very simplistic and schematic representa-
tion, neurosecretion and insulin secretion can
be represented as processes requiring the re-
cruitment of the granules to the plasma mem-
brane, their docking, priming (when the gran-
ules become competent for fusion) and finally
fusion (Figure 2A). An important role in these
processes is played by the soluble N-
ethylmaleimide sensitive factor attachment pro-
tein receptor (SNARE) complex. Although GLUT4
translocation is not a classical exocytotic proc-
ess and it is regulated by completely different
mechanisms, it also relies on SNAREs assembly
and on a final fusion event (Figure 2B).

It is therefore tempting to speculate that PI3K-
C2a may control some steps which are common
between all these processes. For instance, PISK
-C2a may control exocytosis by facilitating the
interaction between granules/vesicles and
plasma membrane. In this respect an interest-
ing observation came from a recent proteomics
analysis showing that the protein VAMP8 associ-
ated with the insulin secretory granules in INS-
1E cells [39]. Interestingly, VAMP8 has been
shown to bind PtdIns3P [40]. Whether a poten-
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Figure 2. Schematic representation of exocytosis and GLUT4 translocation. (A) In a very simplistic model, exocytosis
involves the initial recruitment of the granules to the plasma membrane, followed by their docking, priming and finally
fusion. Different syntaxins and SNAPs can be involved in this process, according to the specific cellular system. (B)
GLUT4 translocation also involves recruitment of GLUT4-containing vesicles to the plasma membrane, docking and

fusion.

tial PIBK-C2a-dependent pool of PtdIns3P at the
plasma membrane can bind VAMPS in order to
facilitate recruitment of the insulin granules is a
fascinating hypothesis that needs to be tested.
This would first require to determine where PI3K
-C2a is activated during the process of insulin
secretion, if at the plasma membrane (as for
GLUT4 translocation, Figure 3A, C) or on the
granules (as for neurosecretory granules, Figure
3B, D). As discussed above, association of PI3K-
C2a to the IR-B has been reported [26], sug-
gesting a potential role for the enzyme at the
plasma membrane.

Another fascinating hypothesis is that PtdIins3P
itself may be directly involved in the fusion
event during the exocytosis process. Recent
studies using reconstituted proteoliposomes
have shown that PtdIns3P can directly support

174

fusion in particular experimental conditions
[41], and that this phosphoinositide is part of a
minimal set of lipids required for fusion [42].
Based on these data it is tempting to speculate
that PIBK-C2a may regulate insulin granule fu-
sion directly by maintaining a pool of Ptdins3P
necessary for this event.

We have also suggested the possibility of a role
for PI3K-C2«x in regulation of calpain 10, a pro-
tease which has been involved both in GLUT4
translocation [43-45] and in insulin secretion
[46], processes also requiring activation of PI3K
-C2a [14,32].

A final thought about the similarities between
these processes concerns the involvement of
different PI3K isoforms. It is well established
that class | PI3K activation is critical for GLUT4
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Figure 3. Involvement of PI3BK-C2a in exocytosis and GLUT4 translocation. (A) Upon insulin stimulation, PI3K-C2a is
recruited to the plasma membrane where it generates a pool of Ptdins3P which, in a mechanism still not defined,
participates to GLUT4 translocation. (B) During neurosecretion, PI3K-C2a (which is associated to the granules) gener-
ates PtdIns3P on the granules. (C,D) PI3K-C2a is also required for insulin granules exocytosis. Whether the enzyme
translocates from the cytoplasm to the plasma membrane upon cellular stimulation (C) or it is associated to the gran-
ules (D) remains to be defined.

translocation. Our data suggest that a co- forms is necessary to fully activate this process
operative action of PI3K-C2a and class | iso- and glucose transport [14], as schematically
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Figure 4. Co-operative roles of class | PI3Ks and PI3K-C2a. (A) Class | PI3Ks and PI3K-C2a are both required for full
GLUT4 translocation and glucose transport in muscle cells. (B) Members of the class | subfamily and PI3K-C2a have
been demonstrated to be involved in the process of insulin secretion. (C) Activation of class | PI3K downstream of the
A isoform of the insulin receptor (IR-A) is required for transcription of the insulin gene whereas activation of PI3K-C2«
downstream of IR-B controls transcription of B-GK [26,33].

represented in Figure 4A. Similarly, together that knockout mice for the class | p110y lack
with data discussed above on the role of PI3K- the first phase of insulin secretion [47] and that
C2a in insulin secretion, it has been reported specific blockade of p110y impairs insulin se-
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cretion [48]. More recently, the involvement of
class IA isoforms has also been suggested by
data obtained using a mouse model lacking
PIK3R1 specifically in the B cells and PIK3R2
systemically (these are two of the three genes
encoding for the class IA regulatory subunits).
These mice show reduced glucose tolerance
and insulin secretion in response to glucose
because of defects in the exocytosis machinery
[49].

Taken together these data suggest that, as for
the GLUT4 translocation, insulin secretion re-
quires a co-operative action of class | PI3Ks and
PI3K-C2a (Figure 4B). In this respect, it is note-
worthy that activation of class | PI3K down-
stream of IR-A has been shown to be important
for the insulin-induced transcription of the insu-
lin gene whereas PI3K-C2a regulates the IR-B-
mediated transcription of B-GK [26,33], again
indicative of a co-operative activity of the two
classes (Figure 4C).

PI3K-C2a and endocytosis. Early studies
showed that PI3K-C2a can associate with
clathrin and regulate clathrin-dependent endo-
cytosis [20]. Specifically, it was reported that
clathrin-coated vesicles accumulated in the cy-
tosol in cells overexpressing PI3K-C2a whereas
they were mostly localised at the cell periphery
in untransfected cells. Inhibition of endocytosis
of transferrin, displacement of mannose 6-
phosphate receptors from trans-Golgi network
and a reduced localisation of Lampl and
Lamp?2 in lysosomes was detected in cells over-
expressing PI3K-C2q, indicative of a defect in
clathrin-mediated transport [20]. More recently,
a specific role for PI3K-C2a in dynamin-
independent endocytosis has also been demon-
strated by data showing a reduced internalisa-
tion of diphtheria toxin in HelLa cells upon down-
regulation of PI3K-C2a [50]. In the same experi-
ments, internalisation of transferrin receptor did
not appear to be affected, indicating a specific
role for the enzyme in dynamin-independent
endocytosis. Data also indicated that PI3K-C2a
can regulate the dynamin-independent internali-
sation of endogenous proteins, such as CD59,
and fluid-phase uptake. Interestingly, the proc-
ess does not seem to require other PI3Ks, in-
cluding the class Il PIBK-C2B. In this context
relocation of PI3K-C2a seems to be crucial for
the enzyme to exert its intracellular functions.
Indeed translocation of PI3K-C2a to the plasma
membrane and to vesicular compartments at
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the periphery of the cells occurs upon internali-
sation and, during internalisation, PI3K-C2a co-
localises with the internalised proteins. Consis-
tent with the fact that the enzyme is not in-
volved in this process, transferrin internalisation
does not induce any intracellular relocation of
PI3BK-C2a.

PI3K-C2a and vascular smooth muscle contrac-
tion. PI3K-C2a is expressed in aorta and in vas-
cular smooth muscle cells (VSCMs) and it is
activated upon treatment of VSM with KClI,
noradrenaline or ionomycin [31]. Downregula-
tion of PIBK-C2a reduced the noradrenaline-
induced contraction of VSCMs. Specifically, data
obtained upon downregulation of PI3K-C2a and
using high concentrations of PI3K inhibitors
suggested that PI3K-C2a regulates key events
crucial for muscle contraction, including Rho
GTP-loading, and phosphorylation of 20 kDa
myosin light chain (MLC). Importantly, down-
regulation of p110a had no effect on contrac-
tion [31]. Downregulation of PI3K-C2a also af-
fected the ionomycin-induced contraction of
VSMs (without inhibiting the increase in the in-
tracellular calcium), the ionomycin-induced
mono and di-phosphorylation of MLC, the phos-
phorylation/inactivation of the phosphatase
MYPT1 and the noradrenaline-induced di-
phosphorylation of MLC [51]. Similarly, it was
reported that cyclic adenosine 5'-
monophosphate inhibited the calcium-induced
activation of PI3K-C2a and related signalling
pathway [52]. More recently, it was shown that
PI3K-C2a is activated in aorta and mesenteric
arteries stimulated with KCl, with parallel activa-
tion of Rho and phosphorylation of MYPT1 [53].
More important, hyperactivation of PISK-C2«
but not p110a was detected in spontaneously
hypertensive rats (SHR) compared to normoten-
sive rats with concomitant increase of Rho activ-
ity and MYPT1 phosphorylation. Calcium chan-
nel blocker nicardipine as well as infusion of
high concentrations of wortmannin inhibited all
these effects to the values of normotensive
rats, ultimately reducing systolic blood pressure.

Taken together these data not only demon-
strated a specific role for PI3K-C2« in VSM con-
traction but they also suggested that this en-
zyme has a role in pathological conditions.

It is also worth mentioning that our demonstra-

tion that PI3K-C2a has a role in insulin secre-
tion induced by depolarisation of pancreatic
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cell plasma membrane without affecting the
increase in intracellular calcium [32] suggests
that there must be a common mechanism of
activation of this enzyme, in distinct cellular
systems, possibly to regulate similar processes.

PI3K-C2a and cell survival. Another interesting,
but still not completely clear aspect of PISK-C2«
signalling is its potential role in promoting cell
survival. Downregulation of PI3K-C2« in Hela
cells has been shown to increase apoptosis in a
mechanism involving the intrinsic pathway [28].
Indeed downregulation of the enzyme increased
the levels of activated caspase 9 and Poly-(ADP-
ribose) polymerase (PARP) and downregulation
of Bax/Bak was able to rescue the inhibitory
effect of PI3K-C2a knock down on cell viability.
On the contrary, no effect on Akt phosphoryla-
tion at its residue Ser473 and on GSK3[ phos-
phorylation was detected in these cells. When
tested in a panel of 23 carcinoma cell lines,
PI3K-C2a downregulation reduced viability by
more than 50% compared to the corresponding
control cell lines in more than half of them [28].
Similarly, reduced cell proliferation and anchor-
age-independent growth together with in-
creased apoptosis was reported in Mahlavu
cells, a hepatoma cell line, upon PI3K-C2x
downregulation [54] and increased apoptosis
was reported in CHO-IR expressing antisense
sequences targeting PI3K-C2a [55]. Consistent
with these data, it has been recently reported
that overexpression of PISK-C2a in mesenchy-
mal stem cells (MSCs) is able to increase the
survival rate of these cells in hypoxic conditions
[56]. Specifically, a decrease in PARP levels and
increase in the ratio Bcl2/Bax together with a
reduced cell death was detected in MSCs over-
expressing PI3K-C2a. In contrast to these data,
we did not detect any effect on cell proliferation
and growth in L6 muscle cells upon stable
downregulation of PI3K-C2a [14], consistent
with the lack of effect detected in human blad-
der smooth muscle cells BASMC and human
lung epithelial fibroblast cells WI-38 [28]. Simi-
larly, no effect on proliferation was detected in
rat insulinoma cells INS1, at least when ana-
lysed in normal growing conditions [32].

Taken together these data suggest that PI3K-
C2a may have a role in regulation of cell prolif-
eration and/or survival, possibly specifically in
cancer cells but the precise role of the enzyme
in this process and the signalling pathways
regulated by PI3BK-C2« in this context remain to
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be defined. How does PI3K-C2a regulate cell
survival? The only data available so far suggest
that this occur mostly through regulation of the
intrinsic apoptotic pathway rather than through
Akt activation [54]. Future results will undoubt-
edly shed new light into the potential contribu-
tion of PIBK-C2a to the activation of pro-survival
signalling in cancer cells.

First report of a PI3K-C2a knock out mouse
model. A knock out model for PI3K-C2a has
been recently described [57]. It must be men-
tioned that a truncated form of PI3K-C2a was
still detected in brain and liver of the knock out
mice, corresponding to an enzyme lacking the C
-terminal PX and C2 domains. Although the PI3K
activity in brain and liver was almost blunted in
PI3K-C2a7- mice, the fact that these mice seem
to still express a truncated form of PI3K-C2q,
albeit with a lower expression compared to the
full length protein in wild type mice, must be
taken into account. The survival curve of mice
indicated that PI3K-C2a was essential for nor-
mal postnatal development and at 4 to 6 weeks
of age, PI3K-C2a7/- mice presented reduced
body fat and lean body mass resulting in re-
duced body weight compared to wild type mice.
Approximately 30% of PISK-C2a7/- mice died by
6 months of age, compared to only 5% of wild
type mice. Specifically, PIBK-C2a/- mice pre-
sented all features of chronic renal failure and
histological analysis revealed a severe glomeru-
lonephropathy. More detailed investigation
demonstrated that the defects occurred specifi-
cally at level of podocyte morphology and func-
tion and they are not a consequence of altera-
tion in the immune response.

Whether other phenotypes will be revealed by
generation of distinct knock-out and/or knock-in
mouse models remain to be defined. Further-
more, it would be particularly interesting to de-
termine the effect of high-fat diet on these mod-
els.

PIBK-C2a and human diseases. While it is well
established that deregulation of class | PI3K-
dependent pathways is associated with several
diseases, including diabetes and cancer, there
is currently no clear demonstration of a role for
PI3K-C2a in these diseases, although data ac-
cumulated so far strongly suggest that this may
be the case.

Diabetes. The fact that PI3K-C2a contributes to
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both glucose disposal into muscle cells [14] and
insulin secretion [26,32] suggests that deregu-
lation of signalling pathways controlled by this
enzyme may ultimately have a role in Type 2
diabetes. Based on the data accumulated so
far, it is tempting to speculate that deregulation
of PI3K-C2a-dependent signalling may result in
inhibition of glucose disposal, a hallmark of in-
sulin resistance, and in reduced insulin secre-
tion, indicative of pancreatic B cell dysfunction.
Although at the moment this is only a fascinat-
ing hypothesis, it must be noted that we have
recently reported a specific downregulation of
PI3K-C2a mRNA in islets from Type 2 diabetic
compared to non diabetic individuals [32].
Whether this is an early event in the disease
progression or it is a secondary effect and
whether this contributes to pancreatic B cell
loss of function remains to be determined.

Cancer. In vitro data, in particular on the poten-
tial role of PISBK-C2« in regulation of survival,
suggest that PIBK-C2a may have a role in can-
cer. However no study so far has properly inves-
tigated a direct involvement of PI3K-C2a in can-
cer development and progression. Very few
studies have investigated the potential associa-
tion of PI3K-C2a expression level and cancer.
For instance a slight decrease in the DNA copy
number but a slight increase in mMRNA levels
was reported in 19 hepatitis B-positive hepato-
cellular carcinoma compared to matched non-
tumour counterparts [54]. We have recently
analysed the expression and localisation of all
PI3K isoforms in pancreatic ductal adenocarci-
noma specimens compared to normal tissues
by immunohistochemistry [58]. PI3K-C2a was
expressed in a subset of the samples and it was
found localised in acini and ducts both in can-
cer and normal tissue. A higher expression was
detected in acini with high cellular atypia and in
dysplastic ducts. On the contrary, PI3K-C23 was
only visibly stained in few samples. An interest-
ing observation was made in a study which
characterised the side-population of the breast
cancer cell line MCF7, a rare cell population
enriched in cancer stem-like cells with in-
creased tumourigenicity in vivo [59]. The au-
thors showed that PI3KC2A, the gene encoding
for PI3K-C2a, was one of the genes expressed
at higher levels in the side population compared
to the normal population [59].

There is no doubt that more studies will improve

our understanding of the potential role of PI3K-
C2a in cancer in the near future.
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Cardiovascular diseases. As discussed above,
PI3K-C2a activity increases in aortae from
SHRs, which is paralleled by increased Rho ac-
tivity, MYPT1 phosphorylation and systolic blood
pressure [53]. It is noteworthy that not only
treatment with the calcium blocker nicardipine
but also infusion with high concentrations of
wortmannin (which inhibited PI3K-C2a activity)
also strongly reduced systolic blood pressure in
aortas and mesenteric arteries of SHRs. These
data have suggested a novel role for PI3K-C2a
in hypertension.

It is also worth mentioning that transplantation
of MSCs overexpressing PI3K-C2« in rats after
myocardial infarction resulted in reduced infarct
size and area of fibrosis, with improved heart
function [56].

Conclusions

In the last years we have learned that an in-
creasing number of intracellular functions are
regulated by PI3K-C2a. Although the processes
regulated by this enzyme are different, some
similarities have emerged, suggesting some
common mechanisms of activation and action
of PI3K-C2a«x in different cellular systems. More
important, data so far strongly indicate that this
enzyme complements the function of class |
PI3K isoforms in many processes rather than
just having a redundant role. Now evidence sug-
gests that PISK-C2a may also play a role in
pathological conditions, which, together with the
fact that this enzyme acts differently from class
| enzymes, for sure will fuel a huge interest in
precisely defining the contribution of this en-
zyme to pathological conditions in the near fu-
ture. Our understanding of PI3K-C2a« is still lim-
ited by the lack of selective inhibitors and of
quick and easy readout of its activation status.
The development of specific PI3K-C2a inhibitors
and identification of specific downstream effec-
tors would greatly improve our knowledge of the
physiological functions of this enzyme and its
contribution to pathological conditions.
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