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lass I phosphoinositide 3-kinase

(PI3K) is a lipid kinase playing key
roles in many signaling pathways regu-
lating cell survival and growth. Besides
its important role in signal transduction,
PI3K is also involved in actin and mem-
brane reorganization such as protrusion,
adhesion, phagocytosis and macropino-
cytosis. Receptor-mediated endocytosis
is initiated by plasma membrane reorga-
nization creating buds that then mature
to small vesicles. Whereas most of endo-
cytic mechanisms involve actin polymer-
ization, PI3K requirement has not been
clearly investigated. Our study identifies
class I PI3K as a key player in clathrin-
independent endocytosis of the interleu-
kin 2 receptor (IL-2R) in contrast to the
clathrin-dependent entry of transferrin
(Tf). IL-2R is a cytokine receptor, induc-
ing several signaling cascades such as
PI3K, that are essential for the immune
response. We have shown previously that
IL-2R can be internalized with or with-
out IL-2 and this process requires dyna-
min, actin and their regulators cortactin,
N-WASP, Racl and the kinases Pak. Our
recent work reveals that PI3K regulates
Racl during IL-2R uptake in two ways:
via its catalytic activity (p110) and via its
regulatory factor (p85). Indeed, the cata-
lytic activity of PI3K is required for both
constitutive and IL-2 induced uptake of
cytokine receptors, in lymphocytes as
well as in epithelial cells. Interestingly,
Vav2, a Racl GTPase exchange factor
(GEF) induced upon PI3K activation, is
specifically involved and recruited during
IL-2R uptake. The second action of PI3K
is via its regulatory subunit, p85, which
binds activated Racl and IL-2R; this
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interaction being enhanced upon IL-2
treatment. Thus, PI3K regulates both
the activation of Racl and its recruit-
ment during IL-2R endocytosis. Finally,
our results identify a link between cyto-
kine receptors signaling and clathrin-
independent endocytosis.

There are three classes of PI3K, class I
encompasses a catalytic subunit (p110)
and a regulatory one p85, p50 or p55.!
Activation of class I PI3K can occur via
many receptors tyrosine kinase (EGFR,
PDGFR) or by receptor having no kinase
activity but transmitting signal such as
cytokine receptors (IL-2R), antigen recep-
tors or adhesion molecules.? The receptor-
mediated activation of PI3K produces
PI(3,4,5)P, at the plasma membrane that
act as a secondary signal, which bind to
and regulate downstream protein effec-
tors. For instance, PI(3,4,5)P, leads to the
activation of AKT, a kinase inducing cell
growth and survival® and to the recruit-
ment of several regulators of Rho GTPase
leading to actin reorganization.’ Thus,
class T PI3K activity regulates the plasma
membrane linked actin network and sig-
naling. Moreover, the regulatory subunit
p85 interacts with many proteins.* In
particular, p85 BH domain (also called
RhoGAP-homology region) was shown
to bind Rab5 and consequently regulate
the vesicle fusion to early endosomes.>
Therefore, p85 is also involved in intracel-
lular trafficking. In consequence, PI3K is
a multifunctional factor implicated in cell
signaling, intracellular trafficking and
actin-membrane reorganization.

Several mechanisms of endocytosis exist
in mammals, they allow cells to internalize
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Figure 1. Multiple roles for PI3K in IL-2R endocytosis. First IL-2RB in association with p85 would
activate the recruitment of PI3K, leading to the production of PI(3,4,5)P3. This would induce Vav2
that then activates Rac1. Activated Rac1 would be then recruited through the BH domain of p85.
This in turn would lead to a local actin polymerization to the newborn vesicle via the activation of
the Rac-Pak-N-WASP cascade. Figures extracted from reference 19.

Table 1. Factors involved in IL-2R endocytosis and/or in macropinocytosis

Factors involved

Macropinocytosis

IL-2R endocytosis

GTPase
Rac1 Yes* Yes'®
Dynamin2 No* Yes'1>
Kinase
PI3K Yes?® Yes'
Pak1 Yes” Yes'®
Actin
N-WASP/WASP Yes'®
Actin Yes®® Yes®™
Others
Cholesterol Yes?® Yes™
CtBP1/Bars Yes? No

part of their plasma membrane, enclosing
a wide variety of material and contribute
to many essential functions.” The impor-
tance of actin cytoskeleton in the forma-
tion of small vesicles (100 nm) from the
plasma membrane has been only recently
uncovered.® This might be the reason
why the role of PI3K has not been deeply
studied. In the most well-known mecha-
nism of endocytosis dependent on clath-
rin, many factors involved in the vesicle
formation are linked to actin.” Thus, the
actin cytoskeleton has been implicated in
plasma membrane invagination to clathrin
vesicle scission. Although poorly charac-
terized, at least three clathrin-independent
endocytosis pathways have been uncov-
ered:'"!? the caveolae route used by viruses
and bacterial toxins,”® the mechanism
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internalizing  glycosylphosphatidylinosi-
tol-anchored proteins also called CLIC
and the process used by cytokine receptors
such as IL-2R."" All of these pathways
require the actin cytoskeleton and are
regulated by Rho GTPases such as RhoA,
Racl (IL-2R)"'¢ and Cdc42 (CLIC).”

In the light of the recent implication
of actin in early stages of endocytosis,
we investigated the role of PI3K in the
clathrin-dependent (Tf) and -independent
entry (IL-2R). Our previous work identi-
fied several factors, cortactin, N-WASP,
Arp2/3, F-actin and dynamin, involved in
both pathways and linking the actin net-
work to the pinchase enzyme dynamin.">!¢
Furthermore, we have shown that Racl and
its target the kinases Paks control cortac-
tin-N-WASP association and thus the actin
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polymerization during the IL-2R internal-
ization.'*® By contrast Racl-Pak cascade
is not implicated in clathrin-dependent
entry. Our study reveals that PI3K has a
dual role on IL-2R endocytosis in contrast
to Tf entry.” First, the catalytic activity of
class T PI3K and its target the RaclGEF
Vav2 are required for IL-2R uptake in
contrast to the clathrin-dependent route.
Coherently, at early stages of endocyto-
sis, IL-2R is predominantly associated
with membrane protrusions enriched in
PI(3,4,5)P,."” The second action of PI3K is
via its regulatory subunit, p85, which binds
to and recruits Racl during IL-2R inter-
nalization. Indeed, the BH domain of p85,
which is not necessary for the regulation of
the catalytic activity of PI3K, is involved
in IL-2R entry in contrast to Tf uptake.”
Moreover, we observed an interaction and
colocalization at the plasma membrane
between p85, Racl-GTP and IL-2R.”
Therefore, our data identify a new role for
p85 in recruiting Racl during the forma-
tion of IL-2R-endocytic vesicle. Thus, our
study demonstrates the concerted action of
PI3K subunits in regulating Racl and actin
during IL-2R endocytosis.”” Our model
proposes that IL-2R interacting with p85
would activate PI3K activity leading to the
production of PI(3,4,5)P, and the induc-
tion of Vav2, the GEF inducing Racl (Fig.
1)." Racl-GTP would be then recruited
to sites containing the IL-2R via its direct
binding to p85. Finally, this would acti-
vate the Racl-Pak1-N-WASP cascade and
enhances the rate of actin polymerization
during clathrin-independent endocytosis
of IL-2R (Fig. 1).”

Class I PI3K was already involved in
macropinocytosis a process generating
big vesicles from plasma membrane (> 0.5
pwm) and allowing a massive fluid uptake
into the cell.?® This mechanism involves
actin-mediated membrane ruffling at the
plasma membrane that can be induced by
growth factor stimulation (EGF, PDGF).
This pathway requires several regulators
and some are also involved in IL-2R entry
(Table 1). Indeed, cholesterol PI3K, Racl,
Pak, N-WASP and actin are required for
both endocytosis of IL-2R and macropi-
nocytosis, rendering these two processes
closely related. Thus, to compare these
two routes we observed simultaneously the
uptake of IL-2R and 500 kDa-Dextran
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Figure 2. IL-2R endocytosis and macropinocytosis are two distincts mechanisms. Hep2f cells were transfected with either GFP tagged Dynamin2 WT
(GFP-Dyn2WT) or with a dominant-negative form of dynamin2 (GFP-Dyn2K44A). To follow endocytosis, Hep2@ cells were incubated with 500 kDa-
Dextran (a marker of macropinocytosis) and Alexa-Fluor-conjugated anti-IL2R for 15 min at 37°C and fixed. A medial section is shown. The scale bar
represents 10 wm. Figures extracted from reference 19.

(a marker of macropinocytosis).” First,
both cargos were not colocalized and
they were entering inside different vesicle,
much smaller for IL-2R than for dextran
(Fig. 2)."” Moreover, we confirmed that
macropinocytosis was not dependent
on dynamin in contrast to IL-2R entry
(Table 1, Fig. 2). Taken together clathrin-
independent entry of IL-2R and macropi-
nocytosis share common regulators such
as PI3K but are distinct processes.

Last point we would like to discuss is
the link between endocytosis and signal-
ing. The high affinity IL-2R is composed
of three chains 3 (IL-2R3), shared in IL-2
and IL-15 receptors, yc (IL-2Rvy), shared
in IL-2, -4, -7, -9, -15 and -21 receptors,
and « chain (IL-2Ra).?! The essential role
of cytokine receptors in immune response
is linked to signaling cascades induced by
the cytokine. The main signaling cascade
induced by IL-2 is the pathway involv-
ing Janus kinases and signal transducers
and activators of transcription leading to
the activation of the mitogen activated
protein kinase and PI3K pathways.”' In
parallel, IL-2 induces the oligomeriza-
tion of its receptor (IL-2Rat,3;y) and its
internalization. IL-2RB and IL-2Rvy are
then sorted toward lysosomes where they
are degraded.?” Therefore, endocytosis is
a way to control the signaling cascade.

It should be noticed that IL-2RB and
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IL-2Ry could be internalized constitu-
tively or in the presence of their ligand.
The fact that IL-2-induced endocytosis is
faster than the constitutive one suggested
that a signaling factor might enhance
endocytosis.”® Interestingly, our study
reveals that PI3K is involved in both
constitutive and IL-2-induced endocyto-
sis of the IL-2R."” Moreover our results
show that IL-2 enhances p85a-IL-2R
association in lymphocytes. Since PI3K is
induced by IL-2 and is involved in IL-2R
endocytosis, its enhanced association in
the presence of IL-2 might contribute to
the faster IL-2R internalization observed
when IL-2 is present. Our work indicates
that besides its important role in IL-2 sig-
naling, PI3K allows better control of cell
proliferation by contributing to IL-2R
endocytosis.

In conclusion PI3K has multiple role in
cytokine receptors trafficking and signal-
ing: promoting its endocytosis by regulat-
ing the Racl-mediated actin cytoskeleton
reorganization at the plasma membrane,
transducing the proliferative signal and
controlling the signal by ensuring a
negative feedback loop increasing IL-2R
uptake and its degradation.
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