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Abstract

Pinocytosis is an important fundamental cellular process that is used by the cell to transport fluid and solutes. Phospho-
inositide 3-kinases (PI3Ks) regulate a diverse array of dynamic membrane events. However, it is not well-understood which
PI3K isoforms are involved in specific mechanisms of pinocytosis. We performed knockdown studies of endogenous PI3K
isoforms and clathrin heavy chain (CHC) mediated by small interfering RNA (siRNA). The results demonstrated that the
class II PI3K PI3K-C2a and PI3K-C2p, but not the class I or IIT PI3K, were required for pinocytosis, based on an evalu-
ation of fluorescein-5-isothiocyanate (FITC)—dextran uptake in endothelial cells. Pinocytosis was partially dependent on
both clathrin and dynamin, and both PI3K-C2a and PI3K-C2f were required for clathrin-mediated—but not clathrin-non-
mediated—FITC-dextran uptake at the step leading up to its delivery to early endosomes. Both PI3K-C2a and PI3K-C2f3
were co-localized with clathrin-coated pits and vesicles. However, PI3K-C2f, but not PI3K-C2a, was highly co-localized with
actin filament-associated clathrin-coated structures and required for actin filament formation at the clathrin-coated structures.
These results indicate that PI3K-C2a and PI3K-C2p play differential, indispensable roles in clathrin-mediated pinocytosis.
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Introduction

Pinocytosis or fluid-phase endocytosis is an endocytic pro-
cess in which extracellular fluid is engulfed into endocytic
vesicles [1]. The known processes for endocytic vesicle
formation are clathrin-dependent, caveolin-dependent and
combined clathrin-/caveolin-independent processes [2, 3],
among which clathrin-dependent endocytosis has been
best characterized to date. Clathrin-dependent endocyto-
sis begins with the formation of invaginations or pits at the
plasma membrane, followed by the formation of endocytic
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vesicles through the pinching-off of the invagination neck by
dynamin. In endocytic processes, a complex protein machin-
ery works along with clathrins. The actin cytoskeletons are
organized at clathrin-coated pits (actin patches) and partici-
pate in the growth of clathrin-coated pits. Pinocytosis takes
place in almost all types of cells, but its role in blood capil-
lary endothelial cells has been recognized as an important
portal of trans-endothelial transport of proteins, lipids and
lipoproteins, drugs and cell-secreted exosomes and micro-
particles [4].

Endocytic processes are regulated by polyphospho-
inositides (PPIs) [5], small G proteins, including Rab [6],
and other proteins [7]. PPIs are produced by phosphorylation
of the inositol ring through the actions of phosphoinositide
kinases. Among these, phosphoinositide 3-kinases (PI3K),
which catalyze the phosphorylation of the D3 position
within the inositol ring, play particularly important roles
in membrane trafficking, including endocytosis. There are
three classes of PI3K. Class I PI3Ks are activated mainly by
receptor tyrosine kinases and G protein-coupled receptors to
exert an effect on cell proliferation, migration and control
of cell metabolism by generating P1(3,4)P, and P1(3,4,5)P;
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[8—10]. Class IIT PI3K, Vps34, stimulates the autophagic
pathway by generating PI(3)P [11, 12]. In contrast to class
I and class III PI3K, the roles of class II PI3K, comprising
PI3K-C2a, -C2f and -C2y, remain poorly understood. How-
ever, recent studies, including those from our research group,
have shown that PI3K-C2« is required for the endocytosis
of certain membrane proteins, such as vascular endothe-
lial growth factor receptor and sphingosine-1-phosphate
receptor, while PI3K-C28 is involved in the regulation of
autophagy [13—17]. The molecular and cellular mechanisms
of pinocytosis, including clathrin dependence or independ-
ence and the requirement of PI3K, are not fully understood.

Of the three members of class II PI3K, PI3K-C2a and
PI3K-C2p, are highly homologous and widely expressed,
whereas PI3K-C2y shows less homology to PI3K-C2a
and PI3K-C2f and restricted expression in certain organs,
including the liver and prostate [18, 19]. Therefore, in the
study reported here we addressed whether and how class II
PI3K-C2a and -C2f are involved in pinocytosis in human
vascular endothelial cells. We found that PI3K-C2a and
-C2p were both required for clathrin-dependent pinocytosis
but not for clathrin-independent pinocytosis. Interestingly,
super-resolution microscopy revealed that both PI3K-C2a
and PI3K-C2p were co-localized to clathrin-coated pits and
vesicles, but that only PI3K-C2p was highly co-localized to
actin filament (F-actin)-associated clathrin-coated pits and
vesicles. These observations suggest that PI3K-C2a and
PI3K-C2p are involved in clathrin-mediated pinocytosis
through different mechanisms.

Materials and methods
Cell culture, reagents and transfection

Human umbilical vein endothelial cells (HUVECS) (cata-
log no. C2517A; Lonza, Basel, Switzerland) were plated on
type-I collagen (Nitta Gelatin, Osaka, Japan)-coated dishes
and cultured in endothelial growth medium (EGM-2) sup-
plemented with 2% fetal bovine serum (FBS) and growth
factor-enriched cocktails (catalog no. CC-3162; Lonza) at
37 °C under 5% CO,. Cells between passage 4—6 were used
for subsequent experiments. Chemical inhibitors used in
this study were Pitstop-2 (catalog no. ab1206871; Abcam,
Cambridge, UK), wortmannin (WMN) (catalog no. 681675;
Calbiochem, Darmstadt, Germany), GDC-0941(Pictilisib)
(catalog no. ab141352; Abcam) and 3-methyladenine
(3-MA) (catalog no. S-2767, Selleck Chemicals, Japan).
Knockdown of endogenous PI3K isoforms and clathrin
heavy chain (CHC) were performed with small interfering
RNA (siRNA) transfection unless otherwise stated.

The siRNAs used in this study were synthesized using
a Silencer siRNA construction kit (catalog no. AM1620;
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Ambion, Austin, TX) according to the manufacturer’s pro-
tocol. The targeted sequences of siRNA were:

5'"AAGGUUGGCACUUACAAGAAU-3' for human
PI3K-C2a (PIK3C2A)
5""AAGCCGGAAGCUUCUGGGUUU-3' for human
PI3K-C2p (PIK3C2B)
5'-AAACUCAACACUGGCUAAUUA-3' for human
Vps34 (PIK3C3)
5'-GGACAACUGUUUCAUAUAG-3' for human PI3K
p1100 (PIK3CA)
5'-AAUCCAAUUCGAAGACCAAUU-3' for human
CHC (CLTC).

Intersectinl (ITSN1) siRNAs was purchased from Inv-
itrogen (catalog no0.10620318; Invitrogen/Thermo Fisher
Scientific, Carlsbad, CA, USA) and the targeted sequence
was 5'-GGAAUCGAAGGCAAGAACUACUAAA-3'. The
scrambled siRNA sequence was 5'-AAUUCUCCGAAC
GUGUCACGU-3'. Cells were transiently transfected with
specific siRNAs and Lipofectamine 2000 (catalog no.11668-
019; Invitrogen/Thermo Fisher Scientific) or Lipofectamine
RNAIMAX (catalog no.13778075; Invitrogen/Thermo
Fisher Scientific) in Opti-MEM (catalog n0.31985070; Inv-
itrogen/Thermo Fisher Scientific) according to the manu-
facturer’s instruction for 48—72 h before the experiments.
The single knockdown was conducted by transfecting cells
with 50 nM of siRNA, whereas the double knockdown was
conducted by transfecting cells with the two specific siRNAs
at 25 nM each. The transfection efficiency of the siRNA,
as evaluated with the fluorescent dye fluorescein amidite-
labeled negative control (siRNA No.l; 5-AGUACUGCU
UACGAUACGGTT-3’) (catalog no. AM4620; Ambion),
was 94% in HUVECs. The efficiency of siRNA-mediated
knockdown was confirmed by Western blotting using spe-
cific antibodies.

The enhanced green fluorescent protein (GFP)-tagged
PI3K-C2a (GFP-C2a) expression vector was as described
previously [13]. PI3K-C2p complimentary DNA (cDNA)
was obtained from K. Kitatani (Setsunan University, Osaka)
[20]. For the expression vector for mCherry-tagged PI3K-
C2a (mCherry-C2a) and GFP- or mCherry-tagged PI3K-
C2p (GFP-C2pB, mCherry-C2f), human PIK3C2A and
PIK3C2B cDNA fragments were amplified by PCR using
PrimeSTAR HS DNA Polymerase (catalog no. RO10A;
Takara-Bio Co., Shiga, Japan) according to the manufac-
turer’s protocol. Sub-cloning of the PCR products into
pmCherry-C1 (catalog no. 632524; Clontech-Takara Bio
Inc., Shiga, Japan) and pAcGFP1-N vectors (catalog no.
632501; Clontech Laboratories, Mountain View, CA,
USA) was performed using the In-Fusion HD Cloning kit
(catalog no. Z9633 N; Clontech Laboratories). The mono-
meric red fluorescent protein (mRFP)-tagged wild-type
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dynamin-2 (WT-dynamin2) and dominant negative K44A
mutant of dynamin-2 (K44A-dynamin2) were kindly pro-
vided by Dr. Pietro De Camilli, Yale University School of
Medicine. The mEmerald-Lifeact-7 plasmid was a gift from
Michael Davidson (Addgene plasmid #54148 and #56249,
respectively). The mRFP—clathrin light chain (CLC) was
a gift from Ari Helenius (Addgene plasmid #14435). The
GFP-intersectinl short-isoform (ITSN1) was a gift from
Peter McPherson (Addgene plasmid #47394). All plasmids
were purified using the Endotoxin-Free Plasmid Maxi Kit
(catalog no. 12362; Qiagen, Hilden, Germany). Cells were
transfected with expression plasmids using the Nucleofactor-
I electroporation device (Program A-034; Lonza) with the
Amaxa Nucleofector kit (catalog no. VPB-1002; Lonza).
For visualization of early endosomes in live cells, cells
were transiently transduced with the RFP—Rab5 expression
vector (CellLight™ Early Endosomes—RFP fusion construct
(catalog no. C10587; Invitrogen/Thermo Fisher Scientific)
according to the manufacturer’s instructions. In brief, cells
were plated at a density of 1x 10* cells in 35-mm glass-
bottomed dishes (catalog no. P 35G-0-14-C; MatTek Co.,
Ashland, MA, USA) 1 day before transduction. The cells
were incubated in EGM-2 medium containing 5 pl of Bac-
Mam reagent at 37 °C under 5% CO, for 1216 h, following
which the medium was replaced with fresh EGM-2. The
experiment was carried out after 4 h of recovery.

Fluorescein isothiocyanate-labeled dextran uptake
assay

Human umbilical vein endothelial cells that had been grown
in EGM-2 overnight after plating were incubated with 0.2 or
0.5 mg/ml fluorescein isothiocyanate (FITC)-dextran (MW
70 kDa; catalog no.# 60842-46-8; Sigma, St. Louis, MO,
USA) or Alexa Fluor 647-dextran (MW 10 kDa; catalog
no. D 22914; Molecular Probes/Thermo Fisher Scientific,
Eugene, OR, USA ) at 37 °C for the specified time period.
After washing with Ca?*- and Mg?*-free Dulbecco’s phos-
phate buffered saline (PBS), the cells were fixed with 4%
paraformaldehyde (PFA; FUJIFILM Wako Pure Chemi-
cal Corp., Tokyo, Japan) and stained with 4',6-diamidino-
2-phenylindole (DAPI) (catalog no. D1306; Molecular
Probes). For the pulse-chase analysis of dextran, cells were
incubated for 1 h with 0.5 mg/ml FITC-dextran at 37 °C in
growth medium, washed twice with fresh growth medium
and placed in a CO, incubator. At the indicated time points,
cells were fixed with 4% PFA for 10 min and stained with
DAPI. Fluorescence images were captured with confocal
microscopy as described in section Confocal microscopy and
super-resolution radial fluctuation—Stream imaging. Image
acquisition and processing were performed with iQ soft-
ware (Andor Technology Ltd., Belfast, Northern Ireland).

FITC-dextran uptake was quantified by using the ‘Analyze
Particles’ feature in Fiji (Image J) software.

Western blotting

Total cell lysates were prepared by scraping PBS-washed
cells in 2x Laemmli sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) sample buffer on ice
48 h after siRNA transfection. The samples were separated
in 8% SDS-PAGE gels, followed by electrotransfer onto
PVDF membranes (catalog no. IPV00010; Immobilon-P,
Millipore-Merck, Nottingham, UK) using the Trans-Blot
Turbo blotting system (Bio-Rad, Hercules, CA, USA). The
membranes were blocked in 5% bovine serum albumin and
0.1% Tween-80 in Tris-buffered saline for 1 h and incubated
with specific antibodies at 4 °C overnight. The antibodies
used were PI3K-C2a (1:1000) (catalog no.12402; Cell Sign-
aling Technology [CST], Danvers, MA, USA.), PI3K-C2p
(1:1000) (catalog no. 611342; BD Transduction Laborato-
ries, BD Biosciences, San Diego, CA USA), p110a (1:1000)
(catalog no. 4249; CST), Vps34 (1:1000) (catalog no. 4263;
CST), clathrin heavy chain (1:1000) (catalog no. ab21679;
Abcam) and glyceraldehyde 3-phosphate dehydrogenase
(1:1000) (catalog no. 016-25523; FUIJIFILM-Wako Pure
Chemical Corp.). The membranes were incubated with alka-
line phosphatase-conjugated secondary antibodies anti-rab-
bit immunoglobulin (Ig) G antibody (1:1000) (catalog no.
7054; CST) and anti-mouse IgG antibody (1:1000) (catalog
no. 7056; CST) for 1 h at room temperature, and the protein
bands were visualized by a color reaction using a nitro-blue
tetrazolium/5-bromo-4-choloro-3'-indolylphosphate p-tolu-
idine (both FUJIFILM Wako Pure Chemical Corp.) system.
Protein band intensities were determined using Image Studio
lite software (LI-COR Biosciences, Lincoln, NB, USA).

Immunostaining

Human umbilical vein endothelial cells were plated onto
type-I collagen-coated glass-bottomed dishes and allowed
to adhere to dishes in EGM-2 overnight. The cells were
then rinsed with PBS once and fixed with 4% PFA in 0.1 M
phosphate buffer (pH 7.4) for 10 min at room temperature,
followed by permeabilization with 0.3% TritonX-100 in
PBS for 15 min or in 90% chilled methanol for 5 min. After
blocking in 5% normal goat serum (FUJIFILM Wako Pure
Chemical Corp.)/0.3% TritonX-100 in PBS, the cells were
incubated with the indicated primary antibodies overnight at
4 °C. The antibodies used were PI3K-C2f (1:500) (catalog
no. 611342; BD Transduction Laboratories), clathrin heavy
chain (1:400) (catalog no. ab21679; Abcam), clathrin heavy
chain (1:400) (catalog no.MA1-065; Thermo Fisher Scien-
tific), EEA1 (1:200) (catalog no. 610456; BD BioSciences),
EEA1 (1:200) (catalog no. PA1-063A; Thermo Fisher
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«Fig. 1 Class II phosphoinositide 3-kinase (PI3K)-C2a and PI3K-C2f
are necessary for fluid-phase pinocytosis in human umbilical vein
endothelial cells (HUVECsS). a, b Time-dependent uptake of fluores-
cein isothiocyanate (FITC)—dextran. Cells were incubated with FITC-
dextran (0.2 mg/ml) in growth medium at 37 °C for the indicated
time periods, followed by fixation with 4% paraformaldehyde. Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale
bar: 20 pm. a Representative images showing internalized FITC-
dextran (green dots) at each time point. b Quantified data (n=50-60
cells were analyzed in each group). The green dots were quantified
as described in the Materials and methods. ¢ Small interfering RNA
(siRNA)-mediated knockdown of PI3K isoforms. Representative
western blots (WB) showing siRNA-mediated knockdown of PI3K
protein expression after 48 h post-transfection (left). Cells were trans-
fected with either PI3K-C2a-, PI3K-C28-, p110 a- or Vps34-specific
siRNA or scrambled siRNA. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as loading control. Quantified data of pro-
tein expression levels (right). d, e Effects of knockdown of different
PI3K isoforms on FITC-dextran uptake. Cells were incubated with
FITC-dextran for 45 min. d representative images, e quantified data.
f Effects of different PI3K inhibitors on FITC-dextran uptake. Cells
were pretreated with the inhibitors GDC-0941 (0.1 pM), 3-methylad-
enine (3-MA; 1 mM) or wortmannin (WMN; 30 nM and 1 pM) for
30 min and then subjected to the FITC-dextran uptake assay. Scale
bar: 20 pm. Data are presented as the mean+ standard error of the
mean (SEM) in ¢ and as the median and interquartile range (IQR) in
b, e and f. Asterisks indicate statistical significance between the indi-
cated groups: *p <0.05, **p <0.01, ***p <0.001

Scientific), Rab7 (1:100) (catalog no. 9367; CST), LAMP1
(1:200) (catalog no. 328601; BioLegend, San Diego, CA,
USA), LC3B (1:400) (catalog no. 3868; CST) and ITSN1
(1:400) (catalog no. ab118262; Abcam). After washing with
0.1%TritonX-100 in PBS, the cells were incubated with
appropriate Alexa Fluor-conjugated secondary antibodies
(Molecular Probes) for 1 h at room temperature. For F-actin
staining, HUVECs were washed twice with prewarmed PBS,
fixed with 4% PFA and permeabilized in 0.2% Triton X-100
for 5 min. The cells were then stained with iFluor 488-conju-
gated phalloidin (catalog no. 0549; Cayman Chemical, Ann
Arbor, MI, USA) or Alexa Fluor 594-conjugated phalloi-
din (catalog no. 12381; Molecular Probes) according to the
manufacturer’s instruction. The cells were counterstained
with DAPI for 30 min.

Confocal microscopy and super-resolution radial
fluctuation-Stream imaging

Results from Figs. 1, 2 and 5 were carried out on a custom
confocal microscope (modified inverted IX70 microscope;
Olympus Corp., Tokyo, Japan) equipped with an UPLSAPO
60X/NA1.35-0il objective, a confocal disk-scanning unit
(CSU10; Yokogawa, Tokyo, Japan) and an EMCCD camera
(iXon DV887; Andor Technology Ltd.) as described previ-
ously [13]. The acquisition and process were controlled by
iQ software (Andor Technology Ltd.). All other observa-
tions and live-cell imaging were carried out on an inverted
Nikon Eclipse Ti2 confocal microscope (Nikon Instruments/

Nikon Corp., Tokyo, Japan) equipped with the Perfect Focus
System, attached to an Andor Dragonfly spinning-disk unit,
Andor EMCCD camera (iXon DU888; Andor Technol-
ogy Ltd.) and a laser unit (Coherent Inc., Santa Clara, CA,
USA). An oil-immersion objective (PlanApo 60X; NA 1.4;
Nikon Corp.) was used for all experiments. Excitation for
BFP/DAPI, GFP/mEmerald/Alexa 488, mRFP/mCherry/
Alexa 568 and Alexa 647 chromophores was provided by
a 405-, 488-, 561- and 637-nm laser, respectively. Super-
resolution imaging of fixed cells was performed using an a
Dragonfly confocal microscope in super-resolution radial
fluctuation (SRRF)-Stream mode (Andor Technology Ltd.).
Live-cell imaging of multicolor-labeled cells plated on col-
lagen—coated glass-bottom dishes was performed in EGM-2
containing 2% FBS at 37 °C with 5% CO, in a humidified
incubator (Tokai-Hit Co. Ltd., Shizuoka, Japan) using the
confocal microscope in SRRF-Stream mode as described
above. Live-cells were maintained in the imaging incubator
for up to 30 min. Time-lapse images were taken at 10-s inter-
vals using Andor Fusion software, and movies were prepared
at a frequency of 20 flames/s using Imaris software (Bit-
plane; Oxford Instruments, Abingdon, UK). To minimize
sample drift in the z-direction over time, we applied a motor-
ized Piezo stage controlled by a near infrared-light adjusted
using the Perfect Focus System (Nikon Corp.). Images were
quantified using Image] software, and the area and shape
characteristics were measured using the Analyze Particles
in Fiji (ImageJ) software.

Statistical analysis

Statistical analysis was performed using Prism 7 software
(GraphPad Software, San Diego, CA, USA). Three or more
sample numbers were acquired for the quantitative western
blot analysis and image analysis. Data were presented as
the mean + standard error of the mean or as the median and
interquartile range with error bars denoting minimal and
maximal values. For comparison between multiple groups,
one- or two-way analysis of variance followed by the Bon-
ferroni post hoc test was used unless stated otherwise. A p
value of < 0.05 was considered to be statistically significant.

Results

Class Il PI3K-C2a and PI3K-C2p are necessary
for pinocytosis

We studied the roles of PI3K-C2a and -C2f in pinocytic
activity at steady-state in HUVECsS, a well-characterized
human primary vascular endothelial cell model. Pinocytic
activity was evaluated by determining the time-dependent
uptake of a fluid-phase marker, FITC-dextran, into cells.
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FITC-dextran uptake was observed to increase in a time-
dependent manner (Fig. 1a, b). To study the roles of PI3K
isoforms in pinocytosis, we investigated the effects of
siRNA-mediated knockdown of individual PI3K isoforms
on FITC-dextran uptake. The siRNAs specific to class II
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PI3K-C2a and -C2p, class I p110a, and class III Vps34
effectively and specifically inhibited the protein expres-
sion of the respective PI3K isoform (Fig. 1c). Knockdown
of PI3K-C2a or PI3K-C28 partially but significantly (53
and 70%, respectively) decreased FITC-dextran uptake,
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«Fig. 2 Pinocytosis is partially dependent on clathrin and dynamin
in HUVECs. a Effects of the clathrin inhibitor Pitstop-2 on FITC-
dextran uptake. Cells were pretreated with either Pitstop-2 (20 pM)
or vehicle for 30 min and then subjected to the FITC-dextran uptake
assay. Upper, Representative images (scale bar: 20 um); lower, quan-
tified data. b Effects of clathrin heavy chain (CHC) knockdown on
FITC-dextran uptake. Cells were transfected with either scrambled or
CHC-siRNA. Left upper, Representative images; left lower, quanti-
fied data of FITC-dextran uptake; right upper, representative blots
of CHC protein; right lower, quantified data of protein expression
levels. ¢ Effects of the expression of monomeric red fluorescent pro-
tein (mRFP)-tagged dominant negative dynamin-2 (K44A) mutant
(dn-Dyn2) on FITC-dextran uptake. Cells were transfected with
either mRFP-tagged wild type dynamin2 (wt-Dyn2) or dn-Dyn2, and
24 h later subjected to FITC-dextran uptake. Upper, Representative
images of cells. Nuclei were stained with DAPI (blue). Lower, Quan-
tified data of FITC-dextran uptake. n=50-60 cells were analyzed in
each group. Data are presented as the median and IQR in a, b, lower
left and ¢, and as the mean+SEM in b, lower right. Asterisks indi-
cate statistical significance between the indicated groups: *p <0.05,
**p <0.01, ¥**¥p <0.001

compared with scrambled siRNA transfection (Fig. 1d, e).
In contrast, knockdown of either p110a or Vps34 did not
inhibit FITC-dextran uptake. We also studied the effects
of pharmacological PI3K inhibitors on pinocytic activity.
The treatment of cells with a higher dose (1 uM) of the pan-
PI3K inhibitor WMN caused a reduction in FITC-dextran
uptake compared with cells treated with vehicle. However,
a lower dose (30 nM) of WMN, the class I PI3K inhibitor
GDC-0941 or the Vps34-specific inhibitor 3-MA failed to
inhibit FITC-dextran uptake (Fig. 1f). These data suggest
that class II PI3K-C2a and PI3K-C28, but not class I p110a
or class Il Vps34, are involved in fluid-phase pinocytosis
in HUVECs.

Pinocytosis in HUVECs is partially dependent
on clathrin and dynamin

We examined whether pinocytosis at steady-state in
HUVEC:S required clathrin and dynamin or not. The clath-
rin inhibitor, Pitstop-2, inhibited FITC-dextran uptake by
approximately 69% (Fig. 2a). Similarly, siRNA-mediated
knockdown of the CHC inhibited FITC-dextran uptake by
approximately 55% (Fig. 2b). Furthermore, the expression
of the dominant negative mutant (K44A) of dynamin-2
(dn-Dyn2) inhibited the FITC-dextran uptake by approxi-
mately 53% (Fig. 2c). These observations indicate that
pinocytosis in HUVECS is at least partially mediated by
clathrin- and dynamin-dependent processes. Interestingly,
the extent of inhibition by the inhibitor, of the knock-
down and of the mutant protein were roughly similar to
those induced by knockdown of PI3K-C2a and PI3K-C2f
(Fig. le).

Partially overlapping subcellular localization
of PI3K-C2a and PI3K-C2f

The subcellular localization of PI3K-C2a and PI3K-C2p
in HUVECs that expressed GFP-C2a and mCherry-C2p
was studied using super-resolution microscopy. GFP-C2a
was distributed as fine puncta widely throughout the cells,
whereas mCherry-C2p was enriched mainly in the peri-
nuclear region as coarse puncta, in the peripheral regions
surrounding podosomes as coarse and fine puncta and in
the plasma membrane (Fig. 3a). A substantial portion of
mCherry-C2p in the cell periphery was closely associ-
ated with F-actin structures (membrane ruffles and small
F-actin assembly [actin patches]) (Fig. 3b, right). In contrast,
GFP-C2a was barely associated with the F-actin structures
(Fig. 3b, left). The punctate fluorescence of GFP-C2a over-
lapped strikingly with clathrin-coated pits and vesicles. A
part of the GFP-C2a fluorescence was co-localized with
EEA1-positive (EEA1") early endosomes (EE), and to much
lesser extents with Rab7* late endosomes (LE), LAMP1*
lysosomes (LY), and LC3B* autophagosomes (AP) (Fig. 3¢).
Our research group and others have previously demonstrated
the co-localization of PI3K-C2a with clathrin-coated struc-
tures and EE, using anti-PI3K-C2a immunostaining [13,
21-23]. In contrast, PI3K-C2p signals were less frequently
co-localized with clathrin-coated pits and vesicles compared
with GFP-C2a and slightly co-localized with EE, LE and
LY. However, perinuclear PI3K-C2f was highly co-localized
with LC3B*-AP (Fig. 3d). Thus, GFP-C2a and mCherry-
C2p showed significantly different subcellular localization,
suggesting that PI3K-C2a and -C23 may differentially con-
trol pinocytic processes. We also determined the subcellular
localization of endogenous PI3K-C2f using anti-PI3K-C2p
immunostaining. Endogenous PI3K-C2f was partially co-
localized with F-actin structures, clathrin-coated structures
and LC3B* AP and less frequently with EEA1" EE (Fig. 4),
which is similar to the results obtained with mCherry-C2f
expression (Fig. 3d).

PI3K-C2a and -C2p are required
for clathrin-mediated pinocytosis

To gain further insight into the regulation of pinocytosis by
PI3K-C2a and PI3K-C2p, we examined the effects of double
knockdown of PI3K-C2a and PI3K-C2 mRNAs on pinocy-
tosis. The double knockdown of PI3K-C2a and -C2p gave
similar extents of suppression of PI3K-C2a and -C2p protein
expression and the FITC-dextran uptake as with the single
knockdown of either PI3K-C2a or PI3K-C2p (Fig. 5a). The
next step was to examine which of clathrin-dependent and
-independent endocytic mechanisms in pinocytosis requires

@ Springer



270 The Journal of Physiological Sciences (2019) 69:263-280

GFP-C2a i nChern GFP-C2a / m(

GFP-C2a/ F

GFP-C2a / EEA1 / f Flview 47 .

GFP-C2a

GFP-C2a/ L

@ Springer



The Journal of Physiological Sciences (2019) 69:263-280

271

«Fig. 3 Partially overlapping subcellular localization of PI3K-C2a and
PI3K-C2pB in HUVECs. a Cells were cotransfected with the expres-
sion vectors of green fluorescent protein (GFP)-C2a and mCherry-
C2p and imaged by confocal microscopy coupled with super-reso-
lution radial fluctuation (SRRF)-Stream mode. Nuclei were stained
with DAPI (blue). Note the cytoplasmic fine puncta of GFP-C2a
(left) and coarse and fine puncta of mCherry-C2f (middle) surround-
ing the podosomes and on the plasma membrane (white arrowheads)
and perinuclear coarse puncta of mCherry-C2f (yellow arrows).
White arrowheads in the SRRF view of the merged image indicate
the co-localization of GFP-C2a and mCherry-C2f. b Representa-
tive confocal microscopic images of GFP-C2a or mCherry-C2f and
F-actin. Cells transfected with the expression vectors of GFP-C2a and
mCherry-C2p were stained with iFluor 488-conjugated phalloidin
(green) or Alexa Fluor 594-conjugated phalloidin (red). Nuclei were
stained with DAPI. White arrowheads indicate the co-localization of
F-actin and GFP-C2a or mCherry-C2f. Blue arrowheads indicate the
co-localization of F-actin and mCherry-C2f in the membrane ruffle.
¢, d Co-localization of GFP-C2a (¢) or mCherry-C2f (d) with orga-
nelle markers. Cells expressing either GFP-C2a or mCherry-C2f
were stained with antibodies against CHC (clathrin-coated structures
[CCS]), EEA1 (early endosomes [EE]), Rab7 (late endosomes [LE]),
LAMPI (lysosomes [LY]) and LC3B (autophagosomes [AP]). Nuclei
were stained with DAPI (blue). White arrowheads in SRRF views
indicate the co-localization of GFP-C2a or mCherry-C2f3 with each
organelle marker

PI3K-C2a and -C2f. Knockdown of CHC inhibited FITC-
dextran uptake. Double knockdown of CHC and either of
PI3K-C2a and PI3K-C2f did not result in further inhibition
of FITC-dextran uptake compared with inhibition by CHC
single knockdown (Fig. 5b). These findings suggest that both
PI3K-C2a and -C2f are required for clathrin-dependent, but
not clathrin-independent, pinocytosis. Since single knock-
down of either PI3K-C2a or -C2p resulted in complete inhi-
bition of the clathrin-mediated pinocytosis, we concluded
that the two isoforms play non-redundant, distinct roles in
clathrin-mediated pinocytosis.

Live cell super-resolution imaging of the cells trans-
fected with either GFP-C2a or GFP-C2f and mRFP-CLC
showed that GFP-C2a formed dynamic puncta that were
mostly co-localized with mRFP-CLC (Fig. 5¢ and Elec-
tronic Supplementary Material [ESM] movie 1 with movie
legends (Supplementary material 1)). GFP-C2p was also co-
localized with mRFP-CLC puncta, but the co-localization
was less abundant than in the case of PI3K-C2a (Fig. 5d
and ESM movie 2 with movie legends). The serial, magni-
fied images showed that PI3K-C2a and -C2f were recruited
to mRFP-CLC puncta and then the clathrin was disassem-
bled, followed by the dissociation of GFP-C2a and GFP-C2f
(Fig. 5c, d, lower panels, and e). The fluid-phase marker
Alexa 647-dextran was found in vesicles that were dou-
ble-positive for mRFP-CLC and either GFP-C2a or -C2f
(Fig. 5f), thereby providing morphological evidence that the
dextran was pinocytosed, at least in part, into PI3K-C2a and
-C2p-associated clathrin-coated vesicles.

Endogenou

Fig.4 Immunofluorescent staining of endogenous PI3K-C2f in
HUVECs. Cells were double-immunostained with anti-PI3K-C2f
(green) and Alexa Flour 594-conjugated phalloidin (red), anti-CHC
(red), anti-EEA1 (red) or anti-LC3B (red), and imaged by confocal
microscopy coupled with SRRF-Stream mode. Nuclei were stained
with DAPI (blue). Scale bar: 20 pm. White arrowheads in SRRF
views indicate the co-localization of endogenous PI3K-C2f with each
organelle marker

Since clathrin-coated pinocytic vesicles are transported
to EE, we examined the effects of knockdown of PI3K-
C2a and -C2f on FITC-dextran accumulation in EE in the
cells expressing the EE marker mRFP-Rab5. Knockdown
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«Fig.5 PI3K-C2a and PI3K-C2f are required for clathrin-mediated
pinocytosis. a Effects of double knockdown of PI3K-C2a and -C2f
on FITC-dextran uptake. Cells were transfected with scrambled,
PI3K-C2a or -C2B siRNAs (50 nM each) or with the combina-
tion of C2a- and C2B-siRNAs (25 nM each). Left, Relative protein
expression levels of PI3K-C2a and -C2f determined by western
blotting. Right, FITC-dextran uptake, b No effect of C2a- and C2f-
knockdown in CHC-depleted HUVECs. The single and double
knockdown was performed as described in the Materials and Meth-
ods. After 48 h, cells were subjected to the FITC-dextran uptake
assay as described in a. ¢, d Super-resolution microscopic images of
cells transfected with the expression vectors of mRFP-clathrin light
chain (mRFP-CLC, red) and either GFP-C2a (green in ¢) or GFP-C2f
(green in d). Nuclei were stained with DAPI (blue). Scale bar: 10 pm.
Lower, Representative serial images showing the dynamics of PI3K-
C2a (¢) and -C2f (d) association with clathrin. Time zero was set as
the peak of clathrin recruitment. See also Electronic Supplementary
Material movies 1 and 2 with movie legends. e Quantified data of the
lower images in ¢ and d. n=3 and 4 events for C2a/clathrin and C2f/
clathrin, respectively. f Co-localization of GFP-C2a (left) or -C2f
(right) in clathrin-coated pinocytic vesicles. Super-resolution micro-
scopic images of cells expressing GFP-C2a (left) or -C2p (right) and
mRFP-CLC that were subjected to Alexa Fluor 647-dextran uptake.
White arrowheads indicate dextran-containing C2a- or C2f-positive
pinosomes. g Effects of either PI3K-C2a or -C2p knockdown on
FITC-dextran accumulation in EE. Cells were transfected with scram-
bled, PI3K-C2a or -C2f siRNAs. 24 h later, the knocked down cells
were infected with RFP-Rab5 baculoviral vector, followed by FITC-
dextran uptake assay. Left, representative images and right, quanti-
fied data of FITC-dextran®, mRFP-Rab5" vesicles and mRFP-Rab5™"
vesicles. h Time-dependent degradation of uptaked FITC-dextran in
PI3K-C2a- and -C2f-depleted cells. Cells that had been transfected
with indicated siRNAs were subjected to FITC-dextran pulse-chase
experiments as described in the Materials and methods. Nuclei were
stained with DAPI (blue). Data are presented as the median and IQR
in a, right, b and g and as the mean+ SEM in a, left, e and h. Aster-
isks indicate statistically significant difference between the indicated
groups: *p <0.05, **p <0.01, ***p <0.001; ns not significant

of either PI3K-C2a or PI3K-C2f reduced the numbers of
FITC-dextran puncta in Rab5™ EE after 60 min of FITC-
dextran uptake without any change in the number of Rab5™*
EE (Fig. 5g). We determined the time course of degrada-
tion of internalized FITC-dextran using pulse-chase exper-
iments. After 60 min of FITC-dextran uptake, the cells
were washed and monitored for up to 8 h for the FITC-
dextran remaining in the cells. The intensity of FITC-dex-
tran within either PI3K-C2a- or PI3K-C2f-depleted cells
gradually decreased with a similar time course, compared
with scrambled siRNA-transfected cells (Fig. Sh), suggest-
ing that degradation of the uptaked FITC-dextran was not
altered by knockdown of PI3K-C2a or -C2. These find-
ings collectively suggest that both PI3K-C2a and PI3K-C2p
are involved in the early step(s) of the clathrin-mediated
pinocytic pathway, namely the process up to FITC-dextran
delivery to the Rab5*-EE.

PI3K-C2B is required for the formation of pinocytic
vesicle-associated actin filaments

Based on our results showing the co-localization of class
II PI3Ks, particularly PI3K-C2f, with F-actin (Fig. 3) and
on previous reports noting the requirement of actin polym-
erization at clathrin-coated pits and vesicles for pit matura-
tion and vesicle formation [24-26], we studied the roles of
PI3K-C2a and -C2f in F-actin formation at clathrin-coated
pits, using super-resolution microscopy. The cells that had
been transfected with mRFP-CLC and the GFP-tagged
F-actin-binding peptide mEmerald-Lifeact were subjected
to uptake of Alexa 647-dextran. As in the case of FITC-
dextran uptake, knockdown of PI3K-C2a or -C2p sub-
stantially inhibited Alexa 647-dextran uptake (Fig. 6a—d).
Many of the dextran-containing pinocytic vesicles were
associated with F-actin (actin patches) (Fig. 6a). A substan-
tial portion of clathrin-coated pits and vesicles was associ-
ated with actin patches. Knockdown of PI3K-C2p greatly
reduced the formation of clathrin-associated actin patches
(Fig. 6a—c, e). Moreover, knockdown of PI3K-C2p, but not
of PI3K-C2a, reduced the co-localization of actin patches
and dextran (Fig. 6a—c, f). Consistent with this, there were
relatively fewer dextran-positive pinocytic vesicles in PI3K-
C2p-depleted cells that were associated with F-actin (white
arrowheads in Fig. 6a, c). Instead, there were relatively more
pinocytic vesicles in PI3K-C2f-depleted cells that were not
associated with F-actin (yellow arrows). These observations
suggest that PI3K-C2p facilitated actin patch formation at
clathrin-coated structures to promote clathrin-mediated
pinocytosis.

Overexpression of PI3K-C2f but not PI3K-C2a
enhances the uptake of dextran

We studied whether overexpression of mCherry-PI3K-C2a
and -C2p affected pinocytosis. Intersectin-1 (ITSN1), which
was originally found to be localized in clathrin-coated pits
[27], has been very recently identified as a multifunctional
scaffold protein that is required for actin patch formation
[28]. The ITSN1 has also been shown previously to bind
PI3K-C2f [29]. Therefore, we compared the effects of PI3K-
C2a and -C2f overexpression with and without expression
of GFP-tagged ITSN1 (GFP-ITSN1). mCherry-C2f expres-
sion increased dextran uptake only when GFP-ITSN1 was
co-expressed (Fig. 7a, b). Interestingly, the expression of
GFP-ITSN1 recruited mCherry-C2f from the cytoplasmic
pool to GFP-ITSN1-localized structures (Fig. 7a). In con-
trast, PI3K-C2a overexpression did not increase dextran
uptake or induce PI3K-C2a recruitment to dot-like structures
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«Fig.6 PI3K-C2f is required for the formation of pinosome-asso-
ciated actin patches. a—c¢ Super-resolution microscopic images of
HUVECs transfected with the expression vectors of mRFP-CLC
(red) and the F-actin-binding peptide mEmerald-Lifeact (green),
and either of scrambled (a), PI3K-C2a (b) or -C2f (c¢) siRNAs.
Cells were then subjected to Alexa Fluor 647-dextran (0.5 mg/ml)
uptake. Nuclei were stained with DAPI (blue). The region outlined
by the dotted-box is shown at higher magnification (upper, dextran/
Lifeact; lower, CLC/Lifeact) on the right panels. White arrowheads
denote clathrin-coated, dextran-containing pinosomes that are associ-
ated with actin patches, whereas yellow arrows denote clathrin-non-
coated, dextran-containing pinosomes that are associated or not with
actin patches. d Average number of dextran*-vesicles per cell was
quantified from images. e and f Co-localization of Lifeact and CLC
(e) and dextran and Lifeact (f). The co-localization indices (Pearson’s
correlation coefficient) are shown. Data are presented as the median
and IQR in d—f. Asterisks indicate statistical significance between the
indicated groups: *p<0.05, **p <0.01, ***p <0.001; ns not signifi-
cant

with or without ITSN1 overexpression (Fig. 7c, d). These
observations suggest that mCherry-C2p overexpression
stimulated pinocytosis through the mechanisms involving
GFP-ITSN1-mediated recruitment of mCherry-C20.

Endogenous ITSN1 is required for the formation
of actin patches and recruitment of PI3K-C2f3
to the clathrin-coated structures

We determined the impact of ITSN1 knockdown on F-actin
structures and translocation of endogenous PI3K-C2p. In
control cells, ITSN1 showed a punctate distribution pattern
with anti-ITSN1 staining, and it was partially co-localized
with actin patches and clathrin-coated structures (Fig. 8a).
ITSN1 knockdown effectively reduced ITSN1 expression
compared with control cells and it severely impaired the
formation of F-actin structures, including actin patches
and stress fibers (Fig. 8a, left). In contrast, ITSN1 knock-
down did not affect the number of clathrin-coated structures
(Fig. 8a, right). Interestingly, ITSN1 knockdown dramati-
cally reduced the localization of PI3K-C2f at actin patches
(Fig. 8b, left) and at clathrin-coated structures (Fig. 8b
right). These data are consistent with the notion that endog-
enous ITSN1 is required for the formation of clathrin-
associated actin patches and PI3K-C2p localization at actin
filament-associated clathrin-coated structures.

Discussion

Phosphoinositide 3-kinases are recognized as crucial regula-
tors for various membrane trafficking events, which include
phagocytosis, macropinocytosis and autophagy, through
PI3K class-specific multiple mechanisms [11, 30-36]. In

the present study we demonstrated that, among the three
different PI3K classes, pinocytosis or fluid-phase endocy-
tosis requires class II PI3K PI3K-C2a and PI3K-C2p, but
not class I p110a or class III Vps34. Mechanistically, both
of these two class II PI3K isoforms are required for clathrin-
mediated, but not clathrin-non-mediated, pinocytosis, very
likely through differential mechanisms.

Previous studies, including those of our group [13, 14,
21-23], have shown that PI3K-C2a is closely associated
with clathrin-coated pits and vesicles through its direct
interaction via its N-terminal clathrin-binding domain and
that knockdown of PI3K-C2a inhibits internalization of
cell surface molecules. In contrast, little is understood to
date on the role of PI3K-C2p in the regulation of endo-
cytosis. In our study, pinocytosis in HUVECs consisted
of both clathrin-mediated and -non-mediated processes,
based on the dextran uptake assays. Our data of the double
knockdown experiments showed that both PI3K-C2a and
PI3K-C2p participated in clathrin-mediated, but not -non-
mediated, pinocytosis. Interestingly, because knockdown
of either one of PI3K-C2a and PI3K-C2p induced inhibi-
tion of pinocytosis to a similar extent as double knock-
down of PI3K-C2a and PI3K-C2p, the results suggest that
PI3K-C2a and PI3K-C2f play distinct, non-redundant
roles in clathrin-mediated pinocytosis.

A previous study [37] showed that mitotic spindle
assembly required PI3K-C2a protein but not its kinase
activity, suggesting a scaffold role of PI3K-C2a in mitotic
spindle assembly. PI3K-C2a has been observed to be
clearly less sensitive to the pan-PI3K inhibitors WMN and
LY294002, and higher concentrations of both inhibitors
were required for effective inhibition of PI3K-C2a com-
pared with the other PI3K members [38, 39]. PI3K-C2p
was more sensitive than PI3K-C2a to the PI3K inhibi-
tors, but it was a little less sensitive to the inhibitors than
class I and III PI3Ks. In the present study, only the higher
concentration of WMN, but not its lower concentration,
inhibited pinocytosis. Based on previous reports [38, 39],
the lower concentration of WMN was expected to effec-
tively inhibit class I and III PI3K but not PI3K-C2a. It is
difficult to conclude whether PI3K-C2f was effectively
inhibited or not by the lower dose of WMN. Therefore,
these results could imply that the kinase activity of at
least either one of PI3K-C2a and PI3K-C28 is required for
pinocytosis. In the case when one of PI3K-C2a and PI3K-
C2p acts via a kinase-independent mechanism, it could
include a scaffold role [37, 40]. Further investigations are
necessary to explore the possibility that PI3K-C2a and
PI3K-C2p regulate pinocytosis via kinase-independent
mechanisms.
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«Fig. 7 Overexpression of PI3K-C2f but not PI3K-C2a enhances
dextran uptake in the presence of intersectin-1 (/TSNI) overexpres-
sion (a, ¢). Super-resolution microscopic images of cells. Cells were
transfected with the expression vectors of mCherry or mCherry-C2f
or C2u (red) and GFP or GFP-ITSNI (green). The cells were then
subjected to Alexa Fluor 647-dextran (purple). Nuclei were stained
with DAPI (blue). Merged images of the mCherry and GFP signals
in the boxed regions are shown in the lower-right panels of the middle
(GFP) row, with white arrowheads (yellow-colored dots) indicating
the overlap of red and green signals. Yellow asterisks indicate nuclei
of vectors-transfected cells, the hashtags indicate the nuclei of non-
transfected cells. b, d Upper, Average number of dextrant vesicles
per cell; lower, average number of mCherry-C2B* (b) or mCherry-
C2a™ (d) vesicles per cell. Data are presented as the median and
IQR. Asterisks indicate statistical significance between the indicated
groups: *p <0.05, **p <0.01, ***p <0.001; ns not significant

In this study, super-resolution microscopic imaging
revealed three novel findings on the subcellular distri-
bution and functions of class II PI3K in clathrin-coated
pits and vesicles. First, PI3K-C2p and PI3K-C2a were
co-localized with dextran-containing, clathrin-coated
endocytic vesicles (Fig. 5f). PI3K-C2p and PI3K-C2a
exhibited similar behaviors in the assembly and disas-
sembly processes with clathrin-coated pits and/or vesicles
(Fig. 5c—e). Second, the detailed microscopic analyses
revealed differences in their localization at clathrin-coated
pits and/or vesicles: PI3K-C2f showed stronger co-local-
ization with F-actin than did PI3K-C2«a (Fig. 3) and was
required for the actin organization at dextran-containing,
clathrin-coated structures (Fig. 6c, e, f). Third, PI3K-C2f
overexpression resulted in different effects on dextran
uptake and the interaction with ITSN1 compared with
PI3K-C2a: the overexpression of PI3K-C2p, but not of
PI3K-C2a, stimulated pinocytosis with changes in PI3K-
C2p distribution in the presence of overexpressed ITSN1.

The results of the present study and of previous studies
suggest that PI3K-C2a and PI3K-C2p are recruited to clath-
rin-coated pits and vesicles through different mechanisms. It
is recognized that PI3K-C2a is localized to clathrin-coated
structures through its N-terminal clathrin-binding domain
and C-terminal PX-C2 module [22, 41]. The C-terminal
PX-C2 module contributes to PI3K-C2a recruitment to the
clathrin-coated structures through its binding to PI(4,5)P,
on the membrane. The binding of PI3K-C2a« to the clathrin-
coated membrane relieves the intramolecular autoinhibi-
tion and enhances its enzymatic activity, resulting in P1(3,4)
P, accumulation [41]. Accumulation of PI(3,4)P, enables
recruitment of the PI(3,4)P,-binding endocytic effector pro-
teins, including SNX9, at the clathrin-coated pits to pro-
mote endocytosis. In contrast, PI3K-C2f, which lacks the

typical clathrin-binding domain, likely requires a different
mechanism for its recruitment to clathrin-coated structures.
A complex protein machinery which acts in the endocytic
site includes ITSN1, a multifunctional scaffold protein [28].
Importantly, ITSN1 was previously identified as a binding
partner of PI3K-C2p through the interaction between its
SH3 domain and proline-rich region of PI3K-C2p [29].
Consistent with this observation, our study showed that
ITSN1 overexpression changed the subcellular distribution
of PI3K-C2p, resulting in PI3K-C2f distribution as many
dots. Vice versa, knockdown of ITSN1 resulted in decreased
translocation of PI3K-C2f into clathrin-coated structures.
In contrast, PI3K-C2a does not possess such a proline-rich
region. Therefore, ITSN1 likely does not serve as a binding
partner for PI3K-C2a. In fact, in the present study ITSN1
overexpression did not affect the subcellular distribution of
PI3K-C2a. A recent study [28] showed that in the endocytic
site, ITSN1 also recruits the F-BAR domain-containing pro-
tein FCHSD2, which stimulates actin polymerization via
the activation of WASP family proteins, resulting in the for-
mation of actin patches around the clathrin-coated pits. The
actin cytoskeleton is involved in multiple steps of clathrin-
coated vesicle formation, i.e. nucleation for plasma mem-
brane invagination, progression to form mature clathrin-
coated pits and scission to expel vesicles into the cytoplasm,
thus facilitating endocytosis [42—44]. The recruitment of
the F-BAR protein FCHSD?2 to the clathrin-coated pits and
vesicles is a key event in clathrin-coated vesicle formation
and relies on the interaction between FCHSD2 and ITSN1
and the binding of FCHSD?2 to PI(3,4)P, on the membrane.
Therefore, PI3K-C2 may contribute to actin polymeriza-
tion in the endocytic site through generating P1(3,4)P, and
recruiting FCHSD2. PI3K-C2a and PI3K-C2p are both
large multi-domain proteins and undergo complex interac-
tions with multiple proteins in the clathrin-coated pits and
vesicles. Therefore, although both PI3K mainly generate
the same lipid product PI(3,4)P,, the functional roles that
PI3K-C2a and PI3K-C2p play in clathrin-coated vesicle
formation are different.

In conclusion, the results of our study indicate that
bothPI3K-C2f and PI3K-C2« are required for fluid-phase
endocytosis. Our data collectively suggest that both PI3K-
C2a and PI3K-C2p participate in the clathrin-coated vesicle
formation but through different mechanisms. PI3K-C2p pro-
motes clathrin-coated vesicle formation very likely through
stimulating F-actin formation in the endocytic site. Thus, our
study emphasizes the involvement of two isoforms of class
IT PI3K in clathrin-mediated endocytosis.
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«Fig. 8 Intersectin-1 is required for the formation of actin patches and
the recruitment of PI3K-C2f to the clathrin-coated structures. a, b
Confocal microscopy coupled with SRRF-Stream mode images of
cells transfected with scrambled and ITSN1-specific siRNA. Dou-
ble immunostaining with anti-ITSN1 (green) (a) or anti-PI3K-C2f
(green) (b) antibodies and with Alexa Fluor 594-conjugated phalloi-
din (red, left panels) or anti-CHC antibody (red, right panels). Nuclei
were stained with DAPI (blue). The region outlined by the dotted box
is shown at higher magnification. White arrowheads in SRRF view of
the merged image indicate the co-localization of endogenous ITSN1
(a) or PI3K-C2p (b) with F-actin or clathrin-coated structures. ¢, d
Co-localization index of PI3K-C2f and F-actin (¢) or CHC (d). Data
are presented as the median and IQR. Asterisks indicate statistical
significance between the indicated groups: *p<0.05, **p <0.01,
*#%p <0.001
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