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Factor Receptor Internalization™
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Background: Endocytic traffic, mediated partially by BAR proteins, is essential for proper growth factor function.
Results: Loss of PACSIN2 increases EGFR surface expression, receptor activation, and downstream signaling.
Conclusion: PACSIN2 acts as negative regulator of EGF receptor signaling.

Significance: This study identifies PACSIN2 as a key regulator of growth factor signaling.

Signaling via growth factor receptors, including the epider-
mal growth factor (EGF) receptor, is key to various cellular pro-
cesses, such as proliferation, cell survival, and cell migration. In
a variety of human diseases such as cancer, aberrant expression
and activation of growth factor receptors can lead to disturbed
signaling. Intracellular trafficking is crucial for proper signaling
of growth factor receptors. As a result, the level of cell surface
expression of growth factor receptors is an important determi-
nant for the outcome of downstream signaling. BAR domain-
containing proteins represent an important family of proteins
that regulate membrane dynamics. In this study, we identify a
novel role for the F-BAR protein PACSIN2 in the regulation of
EGF receptor signaling. We show that internalized EGF as well
as the (activated) EGF receptor translocated to PACSIN2-posi-
tive endosomes. Furthermore, loss of PACSIN2 increased
plasma membrane expression of the EGF receptor in resting
cells and increased EGF-induced phosphorylation of the EGF
receptor. As a consequence, EGF-induced activation of Erk and
Akt as well as cell proliferation were enhanced in PACSIN2-
depleted cells. In conclusion, this study identifies a novel role for
the F-BAR-domain protein PACSIN2 in regulating EGF recep-
tor surface levels and EGF-induced downstream signaling.

Signaling via receptor tyrosine kinases is essential for many
cellular processes, such as proliferation, differentiation, cell
survival, and cell migration (1, 2). Aberrant expression and acti-
vation of receptor tyrosine kinases is causally related to human
diseases such as cancer, inflammation, and angiogenesis. One
of the best studied members of receptor tyrosine kinases is the
epidermal growth factor receptor (EGF receptor, also known as
ErbB1). The EGF receptor is ubiquitously expressed, and
increased expression of the receptor is often observed in cancer
(3). Inactive EGF receptor resides on the cell surface. Binding of
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EGF to the extracellular amino-terminal domain of the EGF
receptor leads to receptor autophosphorylation and activation
and subsequently to the activation of several downstream sig-
naling pathways such as Erk and Akt signaling (4).

Proper signaling of the EGF receptor, followed by its down-
regulation, depends on correct intracellular trafficking and
localization to appropriate intracellular structures. The level of
EGF receptor on the cell surface is an important determinant
for the outcome of downstream signaling. In resting cells, ~2%
of the EGF receptor is constitutively internalized in the absence
of ligand, and most of the internalized receptor recycles back to
the plasma membrane (5). Ligand binding induces rapid inter-
nalization of the EGF receptor. This ensures efficient termina-
tion of signaling by targeting the receptor for lysosomal degra-
dation or recycling. Upon internalization of the EGF receptor,
signaling can continue from early endosomes as well. This has
been shown to be important for certain signaling pathways,
including the Erk pathway, as inhibition of endocytosis was
found to impair pathway activation (6, 7). Depending on the
dose of EGF, the EGF receptor can be internalized via clathrin-
mediated endocytosis, which has been implicated in recycling
of the receptor, and clathrin-independent endocytosis, which
has been linked to receptor degradation (7, 8). It is now widely
accepted that internalization and trafficking is an important
mode to control EGF receptor signaling (9, 10).

Bin/amphiphysin/Rvs (BAR)®> domain-containing proteins
represent an important family of proteins that regulate mem-
brane dynamics. Via their conserved BAR domain, these pro-
teins bind to, stabilize, and induce membrane curvature. As a
consequence, BAR domains induce invaginations of the plasma
membrane and, subsequently, vesicular-tubular structures that
are involved in membrane dynamics, including receptor inter-
nalization (11, 12). Several of these BAR proteins have been
implicated in controlling EGF receptor signaling. Cbl can form
a complex with the adapter protein CIN85 and the BAR protein

3 The abbreviations used are: BAR, Bin/amphiphysin/Rvs; SH3, Src homology
3; EGFR, EGF receptor; CIP4, Cdc42-interacting protein 4; EEAT, early endo-
somal antigen 1; EGF-TR, EGF-Texas Red; HGF, hepatocyte growth factor;
HUVEC, human umbilical vein endothelial cell(s); PACSIN2, protein ki-
nase and casein kinase substrate in neurons 2; Bicine, N,N-bis(2-
hydroxyethyl)glycine.
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endophilin, which initiates EGF receptor internalization,
thereby controlling receptor signaling and down-regulation.
Preventing this complex formation inhibits EGF receptor inter-
nalization and delays receptor degradation resulting in
increased signaling (13). Furthermore, the F-BAR (Fer-CIP4
homology-BAR; a subclass of the BAR domain family) protein
CIP4 regulates late events in EGF receptor trafficking from
endosomes toward lysosomes, which results in receptor degra-
dation. Lack of CIP4 accumulated the EGF receptor on early
endosomes with prolonged signaling as a result (14).

Here, we describe an additional F-BAR family member,
PACSIN2 that controls EGF signaling. PACSIN2 associates
to several proteins such as Racl, dynamin, Neuronal Wiskott-
Aldrich Syndrome Protein (N-WASP), and synaptojanin via its
C-terminal Src homology 3 (SH3) domain (15-17). The PAC-
SIN2 F-BAR domain, located in its N-terminal region, mediates
membrane binding and is involved in homo- and hetero-oligo-
merization (18). Due to this oligomerization, PACSIN2 can
associate to multiple proteins at once, linking the actin regula-
tory network with the endocytic machinery (17).

The current study shows that PACSIN2 is a negative regula-
tor of EGF receptor activation and signaling. Initially, we found
that EGF is internalized to PACSIN2-positive vesicles, and we
could visualize accumulation of both total and activated EGF
receptor on PACSIN2-positive endosomes upon EGF stimula-
tion. We show that in PACSIN2 knockdown cells, as well as in
cells expressing an SH3 or BAR domain mutant of PACSIN2
(inhibiting protein interactions and internalization, respec-
tively), EGF receptor surface levels were increased. Further-
more, EGF-mediated activation and phosphorylation of the
EGF receptor as well as of its downstream targets, Erk and Akt,
is enhanced in PACSIN2 knockdown cells. As a result, loss of
PACSIN2 enhanced EGF-induced cell growth. Finally, we show
that these effects are not specific for EGF because signaling by
hepatocyte growth factor (HGF), and in primary endothelial
cells also by TNFa, is similarly regulated by PACSIN2. In sum-
mary, these data show that PACSIN2 is a key regulator of
growth factor signaling in epithelial and in endothelial cells,
regulating growth factor receptor surface levels and down-
stream signaling.

EXPERIMENTAL PROCEDURES
Antibodies, Reagents, and Expression Constructs

Antibodies—Anti-PACSIN2 (AP8088b) was from Abgent.
Anti-Actin (A3853) was from Sigma. Anti-early endosomal
antigen-1 (EEA1; 610457) was from BD Transduction Labora-
tories. Anti-pTyr (pTyr-20; 03-7720), anti-transferrin receptor
(13-6800), and anti-c-Myc (13-2500) were from Invitrogen.
Anti-HC10 was used to visualize MHC-I and was a kind gift
from Dr. Mar Fernandez-Borja (Sanquin Research, University
of Amsterdam, The Netherlands). Anti-B1-integrin (610468)
and anti-RhoGDI (610255) were from BD Transduction Labo-
ratories. Anti-EGFR (4267), anti-pEGFR-Y1068 (3777), anti-
Akt (9272), and anti-pAkt-Ser-473 (3787S) were from Cell
Signaling. For Western blot, anti-Erk (SC-153) and anti-pErk
(SC-7383) were from Santa Cruz Biotechnology. For the Nano-
Pro assays, anti-Erk1/2 (06-182) was from Millipore, and anti-
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pErk (9101) was from Cell Signaling. For detection in NanoPro,
secondary HRP-labeled antibodies were from ProteinSimple.
Secondary HRP-labeled antibodies for Western blot were from
Pierce. Secondary Alexa Fluor-labeled antibodies for immuno-
fluorescence were from Invitrogen. F-actin was detected using
Texas Red- or Alexa Fluor 633-labeled phalloidin (Invitrogen).
Nuclei were stained with Hoechst (H-3569; Invitrogen).

Reagents—Recombinant human epidermal growth factor
(Cyt-217) and recombinant human hepatocyte growth factor
(human HGF; Cyt-244) were obtained from Prospec and used
at a concentration of 100 ng/ml for the indicated time points.
EGF-Texas Red was obtained from Molecular Probes (E-3480)
and used at a concentration of 100 ng/ml for the indicated time
points. Recombinant human tumor necrosis factor-a (TNF-«)
was obtained from Peprotech (300-01A). MG132 (C2211) and
chloroquine (C6628) were obtained from Sigma (C2211).

Expression Constructs—pEYFP-PACSIN WT and Myec-
tagged PACSIN2 R50D were described previously (16). Myc-
tagged PACSIN2 WT and Myc-tagged PACSIN2 Y435E/P478L
were a kind gift from Markus Plomann (University of Cologne,
Cologne, Germany).

Cell Culture and Transfections

HeLa cells are maintained in a humidified atmosphere at
37°C and 5% CO, in Iscove’s modified Dulbecco’s medium
(Biowhittaker) supplemented with 10% heat-inactivated fetal
calf serum (Invitrogen), 300 pg/ml glutamine, and 100 units/ml
penicillin and streptomycin. Primary human umbilical vein
endothelial cells (HUVEC) were purchased from Lonza (Balti-
more, MD) and cultured in EGM2 medium, containing single-
quots (Lonza). For ectopic expression, HeLa cells were tran-
siently transfected with TransIT (Mirus) according to the
manufacturers’ recommendations.

Lentiviral shRNAi and siRNA Silencing

Lentiviral short hairpin RNA (shRNA) constructs for PAC-
SIN2 from the TRC/Sigma Mission library were obtained from
Sigma-Aldrich. The SHC002 scrambled shRNA construct (Sig-
ma-Aldrich) was used as a negative control. All shRNA con-
structs were in the pLKO.1 vector backbone. shRNA-express-
ing lentiviral particles were prepared using HEK293T cells and
virus was transduced as described previously (19).

The sequence for control siRNA was as follows: 5'-CGUAC-
GCGGAAUACUUCGALt-3" (Eurogentec). The sequence for
PACSIN2 siRNA was as follows: 5'-GGAGAAGCUGGCUAU-
CUCACGAGAALtt-3" (Eurogentec). The sequence for PAC-
SIN2 shRNA (TRCNO0000037982) was as follows: CCG-
GAGTGCAAGCAAGATGTTCTTACTCGAGTAAGAACA-
TCTTGCTTGCACTTTTTTG. Transfections of siRNA were
performed with INTERFERin (Polyplus transfection) accord-
ing to the manufacturers’ recommendations.

SDS-PAGE and Western Blot Analysis

Proteins were separated on SDS-PAGE gels and transferred
onto nitrocellulose transfer membrane using the iBlot Dry Blot-
ting System (Invitrogen) according to the manufacturers’ rec-
ommendations. Following blocking in 5% low fat milk in TBST
(Tris-buffered saline Tween 20) for 30 min, the blots were incu-
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bated with the primary antibody overnight at 4 °C. Next, the
blots were washed five times for 10 min in TBST and subse-
quently incubated with HRP-conjugated secondary antibodies
(dilution 1:5000) in TBST for 1 h at room temperature. Finally,
blots were washed three times with TBST for 30 min each and
subsequently developed by ECL (GE Healthcare).

Confocal Laser Scanning Microscopy

Cells, seeded on fibronectin-coated glass coverslips, were
transfected with the indicated plasmids or siRNA, and after
24— 48 h, cells were fixed by 3.7% formaldehyde (Merck) in PBS
for 10 min followed by permeabilization with 0.5% Triton
X-100 in PBS (5 min at room temperature). Coverslips were
then incubated for 15 min with 2% BSA in PBS at 37 °C to block
aspecific binding. Immunostainings were performed at room
temperature for 1 h with the indicated antibodies. Fluorescent
imaging was performed with a confocal laser scanning micro-
scope (LSM510/Meta; Carl Zeiss Microlmaging, Inc.) using a
63X/NA 1.40 (Carl Zeiss Microlmaging, Inc.). Image acquisition
was performed with Zen 2009 software (Carl Zeiss Microlmaging,
Inc.). For live-cell imaging, cells, seeded on fibronectin-coated
glass coverslips, were transfected with the indicated plasmids.
After 24 h, fluorescent imaging was performed. Colocalization was
analyzed using Zen 2009 software (Carl Zeiss Microlmaging, Inc.).
For quantification of colocalization, at least five images of at least
five cells from at least two independent experiments were used for
each condition.

Surface Biotinylation Pulldown Assay

Surface protein labeling studies were performed as follows.
24 hours after seeding, cells were transfected with siRNA as
indicated. 48 hours after siRNA transfection, resting cells or
cells, treated with human EGF for the indicated time periods
were washed three times with cold PBS supplemented with 0.5
mM MgCl, and 1 mm CaCl,,. Cells were then incubated with 0.5
mg/ml sulfo-NHS-LC-biotin (21335, Thermo Scientific) in PBS
for 30 min at 4 °C. After biotinylation all unbound biotin was
removed by quenching with PBS containing 100 mum glycine for
15 min at 4 °C and subsequently washed three times with cold
PBS supplemented with 0.5 mm MgCl, and 1 mm CaCl,,. Cells
were then lysed in Nonidet P-40 lysis buffer (50 mm Tris/HCl,
pH 7.5, 100 mm NaCl, 10 mm MgCl,, 10% glycerol, and 1%
Nonidet P-40) supplemented with protease inhibitors (Com-
plete mini EDTA, Roche Applied Science) and centrifuged at
20.000 X g for 10 min at 4 °C. The supernatant, containing
biotinylated surface proteins, was then incubated in the pres-
ence of streptavidin-coated beads (Sigma) at 4 °C for 1 h while
rotating. Surface protein levels were assayed by Western blot
analysis.

Ubiquitylation Assay

To detect endogenous ubiquitylated EGF receptor cells,
treated as indicated, were transfected with His,-Myc-tagged
ubiquitin. 24 h after transfection, cells were washed with PBS
(containing Mg®" and Ca®") at room temperature and lysed for
5 min in urea buffer (20 mm Tris-HCI, pH 7.5, 200 mm NaCl, 10
mM imidazole, 0.1% Triton X-100 in 8 M urea). Cells were
scraped, collected, and incubated for 5 min at 37 °C and centri-
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fuged for 5 min at 11,000 X g, after which the supernatant was
incubated with 25 ul of prewashed, blocked (1 h at room tem-
perature with 200 ug/ml BSA) TALON beads (Clontech) at
room temperature for 1 h while rotating. Beads were washed
five times with urea buffer and resuspended in SDS sample
buffer. Endogenous, ubiquitylated EGF receptor was detected
by Western blotting.

NanoPro Assay

Erk and Akt phosphorylation were measured by the NanoPro
1000 System (Protein Simple) according to the manufacturer’s
instructions. In short, 48 h after transfection with the indicated
siRNA oligonucleotides, cells were stimulated with human EGF
(100 ng/ml) and subsequently lysed in Bicine/CHAPS lysis
buffer (ProteinSimple; 040-327) supplemented with 1X
dimethyl sulfoxide inhibitor mix (ProteinSimple; 040-510) and
1X aqueous inhibitor mix (ProteinSimple; 040-482). Lysates
were centrifuged at 20.000 X g for 10 min at 4 °C. Supernatant
was loaded in small capillaries (ProteinSimple) together with
Ampholyte premix G2 (ProteinSimple; 040-973) and pl stand-
ard ladder 3 (ProteinSimple; 040-646). Isoelectric focusing of
proteins was performed by applying 21,000 microwatts for 40
min. After focusing, UV light was used to cross-link proteins to
the inner capillary wall. After that, the capillary was washed and
immunoprobed for the indicated proteins followed by washing
to remove unbound antibodies. Finally, luminol and peroxide
were added to generate chemiluminescence, which was cap-
tured by a CCD camera. Results were analyzed by software
(Compass; ProteinSimple).

Peaks, generated using a total anti-Erk antibody, represent-
ing phospho-Erk isforms were validated with phospho-specific
antibodies against Erk. Percentage phosphorylation of Erk,
using a total anti-Erk antibody, was measured by calculating the
phospho-peak area as a percentage of total phospho- and non-
phospho-peak areas.

RESULTS

The Activated EGF Receptor and Internalized EGF Localize to
PACSIN2-positive Early Endosomes—In resting cells, YFP-
PACSIN2 dynamically shuttles from peripheral membrane ruf-
fles to intracellular vesiculotubular structures (16). We found
that following EGF treatment, YFP-PACSIN2 transiently accu-
mulates on peripheral structures, small tubules as well as vesi-
cles, with a concomitant reduction of PACSIN?2 localization at
the peripheral membrane (Fig. 14 and supplemental Movie 1).
This suggests a functional link between EGF signaling and
PACSIN2.

To analyze the effects of EGF on PACSIN2 distribution in
more detail, we documented endogenous PACSIN?2 localiza-
tion by confocal microscopy. Similar to the data in Fig. 14,
PACSIN2 is in resting cells partially localized on vesiculotubu-
lar structures in the cell periphery as well as on perinuclear
vesicles, which we previously identified as early endosomes
(Fig. 1B, upper panels) (16). Upon EGF stimulation, PACSIN2-
positive perinuclear vesicles become slightly enlarged (Fig. 1B,
bottom panels and enlarged images). To test whether EGF local-
izes to the PACSIN2-positive compartment, we analyzed the
distribution of internalized Texas Red-labeled EGF (EGF-TR)
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FIGURE 1. EGF stimulation alters PACSIN2 distribution and is internalized to PACSIN2-positive endosomes. A, live-cellimaging of HeLa cells, transfected
with YFP-PACSIN2, shows that PACSIN2 is associated with vesicular-tubular structures upon constitutive internalization in unstimulated cells. EGF (100 ng/ml)
stimulation transiently accumulated internalized PACSIN2 in peripheral structures, both small tubules as well as vesicles. (See also supplemental Movie 1).
B, intracellular localization of endogenous PACSIN2 in response to EGF (5 min (5); 100 ng/ml) was studied by confocal microscopy using HeLa cells. In resting
cells, PACSIN2 is localized at membrane ruffles partially on vesicular-tubular structures and on perinuclear vesicles. Upon EGF stimulation, a reduction of
peripheral tubules was observed together with enlarged PACSIN2-positive perinuclear vesicles. C, EGF-Texas Red (100 ng/ml) transiently translocates upon
internalization to PACSIN2-positive endosomes with a peak at 10-15 min. At 30 min (30’), some EGF-Texas Red can still be observed on PACSIN2-positive
vesicles. Colocalization images show the amount of EGF-Texas Red colocalized to PACSIN2 structures in white. Numbers depict mean colocalization *+ S.E.
measured using Zen 2009 software. Scale bars, 10 um. ***, p < 0.001 in comparison with 5-min time point; #, p < 0.01 in comparison to 15-min time point. Ctrl,

control.

by confocal microscopy. Five min after its addition, a fractionof =~ 76%) after 10 or 15 min of EGF-TR internalization (Fig. 1C). At
internalized EGF-TR localized to PACSIN2-positive endo- 30 min after addition, we could still find EGF-TR localizing to
somes, and this fraction was significantly increased (from 34to PACSIN2-positive endosomes, although less than in earlier
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time points suggesting that after 30 min, EGF-TR leaves the
PACSIN2-positive compartment (Fig. 1C). This is in line with
the notion that internalized EGF traffics through the early
endosomal compartment (where PACSIN2 is present) toward
the recycling or late endosomal compartment (10, 20).

To establish whether receptor activation results in transloca-
tion of the receptor to PACSIN2-posive endosomes, we stained
unstimulated or EGF-TR stimulated HeLa cells for endogenous
PACSIN2. In addition, we visualized tyrosine-phosphorylated
proteins using an antibody against phosphotyrosine (pTyr).
Stimulation of cells with EGF-TR caused a distinct accumula-
tion of tyrosine-phosphorylated proteins on PACSIN2-positive
early endosomes (supplemental Fig. S1). This suggests that the
activated EGF receptor is targeted to PACSIN2-positive endo-
somes. To confirm this, we immunostained control or EGF-
stimulated HeLa cells for the EGF receptor as well as specifically
for the activated EGF receptor using a phospho-EGFR-specific
(Tyr-1068) antibody (21). We could not immunostain simulta-
neously for the endogenous EGF receptor and endogenous
PACSIN?2 because the antibodies for detection were from the
same species. Because PACSIN2 colocalizes with EEA1 on early
endosomes (Fig. 2C) (16), we used EEA1 as an intermediate to
analyze colocalization of the (activated) EGF receptor with
PACSIN2. EGF stimulation induces accumulation of the (acti-
vated) EGF receptor on early endosomes (Fig. 2, A and B) where
also PACSIN?2 is localized (Fig. 2C). This data is in good agree-
ment with what we showed for internalized EGF-TR (Fig. 1C).
Together, these data show that both internalized EGF-TR and
the activated EGF receptor accumulate on PACSIN2-positive
early endosomes upon EGF stimulation.

PACSIN2 Regulates EGF Receptor Surface Expression Levels—
As demonstrated above, both internalized EGF and the EGF
receptor localize to a PACSIN2-positive endocytic compart-
ment (Figs. 1 and 2). Because PACSIN2 is an important regula-
tor of membrane dynamics, PACSIN2 may control endocytic
traffic of the EGF receptor. We therefore tested whether
PACSIN2 regulates surface levels of the EGF receptor. To study
this, we performed surface biotinylation experiments (see
“Experimental Procedures”). HeLa cells, treated with either
siRNA or lentiviral shRNA constructs to reduce PACSIN2
expression, were incubated with sulfo-NHS-LC-biotin at 4 °C
to block internalization. Following streptavidin-based pull-
downs of cell lysates, we analyzed protein surface expression by
Western blotting. To ensure that only surface proteins were
isolated, we stained our blots for RhoGDI, which is known to be
localized to the cytosol (22). As expected, RhoGDI was not
detected in the pulldown fraction (Fig. 3). Interestingly, EGF
receptor surface expression showed a marked increase in HeLa
cells treated with either PACSIN2-specific siRNA (Fig. 34) or
lentiviral shRNA directed against PACSIN2 (Fig. 3B). Surface
levels of B1-integrin, transferrin receptor, MHC-I, and N-cad-
herin were comparable in PACSIN2 knockdown cells versus
control cells (Fig. 3, A-C), indicating that the loss of PACSIN2
does not cause a general increase in surface expression of mem-
brane proteins. These experiments indicate that, in the absence
of EGF, PACSIN2 controls the surface levels of the EGF
receptor.
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We next questioned whether PACSIN2 can regulate EGE-
mediated internalization of the EGF receptor. HeLa cells
treated with control and PACSIN2 siRNA oligonucleotides
were incubated with EGF for the indicated time points. We
then performed a surface biotinylation experiment as described
above and analyzed EGF receptor surface expression by West-
ern blotting. As expected, EGF stimulation down-regulated
EGF receptor surface levels in control cells (Fig. 44; upper and
middle panel). Although we observed higher EGF receptor sur-
face levels in PACSIN2 knockdown cells upon EGF stimulation
compared with control cells, an EGF-mediated down-regula-
tion of the receptor was still observed (Fig. 4A, upper and mid-
dle panels). This could be explained by the fact that under rest-
ing conditions, EGF receptor surface levels are already higher in
PACSIN2 knockdown cells compared with control cells. These
experiments indicate that, although PACSIN2 knockdown cells
consistently show higher EGF receptor surface expression,
EGF-mediated internalization of the receptor is not impaired.

We then questioned what the effects were on EGF receptor
surface expression of the ectopic expression of wild-type
PACSIN2 (P2-WT). In addition, we also expressed an SH3-
domain mutant of PACSIN2 (P2-Y435E/P478L), which is
impaired in binding to several proteins regulating membrane
and cytoskeletal dynamics such as dynamin and Neuronal Wis-
kott-Aldrich Syndrome Protein (N-WASP) (15, 17). Finally, we
also expressed a BAR domain mutant (P2-R50D), which,
because of an arginine to aspartic acid mutation at position 50,
can no longer bind to membranes and induce vesicular-tubular
structures required for proper PACSIN2-mediated membrane
dynamics (23, 24). Compared with control cells, expression of
wild-type PACSIN2 did not affect EGF receptor surface expres-
sion, neither in resting nor in EGF-stimulated cells (Fig. 4B,
upper and middle panels). Interestingly, similar to the knock-
down experiments, ectopic expression of both the SH3 domain
and the BAR domain mutants of PACSIN2 increased the EGF
receptor surface levels in unstimulated cells. In addition,
although higher surface levels of the EGF receptor were
observed after EGF stimulation in cells expressing both PAC-
SIN2 mutants, EGF still induced internalization of EGF recep-
tor (Fig. 4B, upper and middle panels). Despite several attempts,
we could find no evidence for complex formation between
PACSIN2 and the EGF receptor suggesting that PACSIN2 plays
a more generic role in regulating receptor traffic.

We observed a slight increase in total EGF receptor levels in
PACSIN2 knockdown cells (Fig. 4, A and C), suggesting that
functional inhibition of PACSIN2 results in reduced receptor
degradation. As expected, inhibition of protein degradation via
the proteasomal pathway (using MG132) or the lysosomal
pathway (using chloroquine) resulted in increased levels of EGF
receptor in control cells (Fig. 4C). Interestingly, inhibition of
protein degradation by MG132 or chloroquine did not affect
EGF receptor levels in PACSIN2 knockdown cells (Fig. 4C),
suggesting that loss of PACSIN2 already blocks protein deg-
radation. As a consequence, no significant difference in lev-
els of EGF receptor in control cells versus PACSIN2 knock-
down cells is observed when protein degradation is inhibited
(Fig. 4C).
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FIGURE 2. The activated EGF receptor accumulates on PACSIN2-positive early endosomes upon EGF stimulation. A-C, using confocal microscopy,
colocalization of the EGF receptor (A), phosphorylated EGF receptor at Tyr-1068 (B), and PACSIN2 (C) with EEA1 was analyzed. Endogenous proteins were
detected by immunostaining. EGF (5 min; 100 ng/ml) stimulation accumulates the (phosphorylated) EGF receptor on early endosomes (A and B) where
PACSIN2 is also present (C). Colocalization plots show the amount of EGF receptor (A), phospho-EGF receptor (B), and PACSIN2 (C) localized to EEA1-positive
endosomes in white. Bar diagrams show mean colocalization = S.E. Scale bars, 10 um. ***, p < 0.001. Ctrl, control; ns, not significant.
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FIGURE 3.Knockdown of PACSIN2 increases EGF receptor surface levels in resting cells. A-C, left panels: surface biotinylation experiments, using HelLa cells,
were performed to isolate all surface proteins. Endogenous PACSIN2, EGF receptor, transferrin receptor, N-cadherin (N-Cadh), MHC-I, and B1-integrin were
detected by immunoblotting (/B). To ensure that only surface proteins are isolated, RhoGDI, known to be localized to the cytosol, was detected by immuno-
blotting in conjunction with actin, which, together with RhoGDI, served as a loading control for the PACSIN2 knockdown samples. EGF receptor surface
expression showed a marked increase in Hela cells treated with either PACSIN2-specific siRNA (A and C) or lentiviral shRNA directed against PACSIN2 (B).
Surface levels of B1-integrin (A and B), transferrin receptor, N-cadherin, and MHC-I (C) were comparable in PACSIN2 knockdown cells versus control cells. Right
panels: quantification of protein surface expression. Values are normalized to the controls. Data are mean values = S.E. of three independent experiments (A
and B) or mean values of two independent experiments (C; variation was <20%). *, p < 0.05. TCL, total cell lysate. PD, pulldown; Ctrl, control.

Next, we analyzed internalization of the EGF receptor
upon stimulation with EGF-TR by confocal microscopy. We
allowed EGF-TR to internalize in HeLa cells transfected with
control or PACSIN2 siRNA for several time points and ana-
lyzed colocalization of EGF-TR as well as the EGF receptor
itself with early endosomes visualized by EEA1 staining.
After 15 min of internalization, we did not find a statistically
significant reduction in internalized EGF-TR and EGF
receptor to early endosomes in PACSIN2 knockdown cells
(supplemental Fig. S2). In addition, at 30 or 90 min following
addition of EGF-TR, no major difference was observed, with
the exception of a small difference at £ = 60 min, indicating
that internalization of the EGF receptor upon stimulation
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with EGF-TR is not impaired in PACSIN2 knockdown cells
(supplemental Fig. S2).

Next, we investigated whether PACSIN2-depletion alters
ubiquitylation of the EGF receptor in resting conditions and
upon EGF stimulation. Little is known about ubiquitylation
of the receptor in resting cells. Using a ubiquitin pulldown
assay (see “Experimental Procedures”), we showed that
PACSIN2 depletion does not alter the ubiquitylation of the
EGF receptor in the absence of EGF (Fig. 4D; left two lanes).
It is widely accepted that EGF stimulation leads to ubiquity-
lation of the EGF receptor (9, 10). As expected, we clearly
observed increased ubiquitylation of the EGF receptor upon
EGF stimulation (Fig. 4D, lane 3). However, as in resting
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FIGURE 4. Knockdown of PACSIN2 or expression of dominant-negative PACSIN2 mutants increases EGF receptor surface levels but not EGF-induced
internalization. A, upper panel: surface biotinylation experiments, using HelLa cells, were performed to isolate all surface proteins. Endogenous PACSIN2 and
EGF receptor were detected by immunoblotting (/B). In non-stimulated cells, knockdown of PACSIN2 increased EGF receptor surface levels. In HelLa cells
stimulated with EGF for the indicated time points, depletion of PACSIN2 increased EGF receptor surface levels compared with control cells. However, EGF-
mediated internalization is not impaired. A slight increase in total EGF receptor expression was observed as well in PACSIN2 knockdown cells versus control
cells. Middle and bottom panels: quantification of EGF receptor surface (middle panel) and total EGF receptor (bottom panel) expression levels. Values are
normalized to non-stimulated control cells. Data are mean values = S.E. of three independent experiments. B, upper panel: surface biotinylation experiments,
using Hela cells transfected as indicated, were performed to isolate all surface proteins. Endogenous EGF receptor and Myc-tagged constructs were detected
by immunoblotting. Cells expressing wild-type PACSIN2 (P2-WT) did not show altered surface or total EGF receptor levels. However, an SH3 domain mutant (P2
Y435E/P478L) or a BAR domain mutant (P2 R50D) increased EGF receptor surface levels compared with control cells (EV). In addition, although surface levels of
the EGF receptor were increased in cells expressing either mutants compared with control cells (EV), EGF-induced internalization of the EGF receptor was
observed. Middle and bottom panel: quantification of EGF receptor surface (middle panel) and total EGF receptor (bottom panel) expression levels. Values are
relative to non-stimulated control cells. Data are mean values = S.E. of three independent experiments. C, siRNA-mediated knockdown of PACSIN2 in HeLa cells
results in significantly increased levels of EGF receptor. Inhibition of protein degradation by MG132 (25 um) or chloroquine (CQ; 80 um) increases levels of EGF
receptor in control cells but not in PACSIN2-depleted cells. As a consequence, upon inhibition of protein degradation, no significant difference in the levels of
EGF receptor is observed between control cells and PACSIN2-depleted cells. Values are normalized to those of untreated controls. Data are mean values = S.E.
of three independent experiments. *, p < 0.05; ns, not significant. D, endogenous ubiquitylated EGF receptor was isolated by a cobalt bead-based pulldown
assay (see “Experimental Procedures”) from lysates of control cells and Hela cells transfected with PACSIN2 siRNA co-transfected with Hisg-Myc-tagged
ubiquitin and treated as indicated. Ubiquitylated (EGFR-Ubn) EGF receptor was detected by immunoblot (/B). PACSIN2 depletion does not affect EGF receptor
ubiquitylation both in resting conditions and upon EGF stimulation.

conditions, we did not observe altered ubiquitylation of the In summary, our data indicate that inhibiting PACSIN2
EGF receptor in PACSIN2-depleted cells upon EGF stimu- function either by knockdown or by ectoptic expression of
lation (Fig. 4D, lane 3 and 4). This suggests that PACSIN2  dominant-negative mutants, results in increased EGF receptor
does not alter EGF receptor surface levels by altering the expression at the plasma membrane. Under these conditions,
ubiquitylation of the receptor. ligand-induced loss of surface EGF receptor levels remains
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FIGURE 5. PACSIN2 negatively regulates EGF receptor phosphorylation and activation. A, left panel: Hela cells, transfected with control (siCtrl) or PACSIN2
(siPACSIN2) siRNA were stimulated with EGF for the indicated time points. Endogenous PACSIN2 and tyrosine-phosphorylated proteins were detected by
immunoblotting (IB). Knockdown of PACSIN2 enhanced EGF-mediated phosphorylation of the 175-kDa band, representing the EGF receptor, within the first 20
min. After 30-60 min, pTyr (at 175 kDa) levels declined to control levels. Right panel: graph shows the increase in phosphorylation relative to resting cells. Data
are mean values of three independent experiments. Error bars indicate S.E. (B and Q). Left panels: HelLa cells treated with either PACSIN2-specific siRNA (B) or
lentiviral shRNA directed against PACSIN2 (C) were stimulated with EGF for the indicated time points. Endogenous PACSIN2, total EGF receptor, and phospho-
EGF receptor (Tyr-1068) were detected by immunoblotting (/B). Knockdown of PACSIN2 enhanced EGF-mediated phosphorylation of the EGF receptor at
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phosphorylation relative to resting cells and normalized to total EGF receptor levels. Data are mean values of two (C) or three (B) independent experiments.

Error bars indicate S.E. hEGF, human EGF.

largely unaffected. Moreover, internalization of EGF-TR is sim-
ilar in control cells versus PACSIN2-depleted cells, suggesting
that PACSIN2 is not required for ligand-induced EGF receptor
internalization but regulates ligand-independent receptor
internalization. Interestingly, PACSIN2 does not alter ubiqui-
tylation of the EGF receptor. However, as a consequence of the
inhibition of ligand-independent internalization of the EGF
receptor, loss of PACSIN2 also prevents degradation of the EGF
receptor in unstimulated cells.

Knockdown of PACSIN2 Increases EGF-mediated Phosphor-
ylation of the EGF Receptor—To determine whether the
increased surface levels of the EGF receptor upon loss of
PACSIN? affects cellular responses to EGF, we first examined
EGF receptor phosphorylation in control or PACSIN2 knock-
down cells. Initially, to visualize EGF receptor phosphorylation,
we used an antibody against tyrosine phosphorylated proteins
and focused on the 175-kDa activated EGF receptor band.
siRNA-mediated knockdown of PACSIN2 clearly increased
EGF-mediated phosphorylation of the 175-kDa protein (Fig.
5A). Subsequently, we visualized EGF receptor phosphoryla-
tion with an antibody specific for phosphorylation on Tyr-1068.
Similar to what we observed in Fig. 54, siRNA-mediated knock-
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down of PACSIN2 increased EGF receptor phosphorylation on
Tyr-1068 in response to EGF (Fig. 5B). To exclude off-target
effects of the PACSIN2 siRNA, we examined EGF receptor
phosphorylation in HeLa cells treated with a lentiviral sShRNA
targeting PACSIN?2. In line with the results in Fig. 5B, lentiviral
knockdown of PACSIN2 results in increased phosphorylation of
the EGF receptor upon EGF stimulation (Fig. 5C). Interestingly,
the effect of loss of PACSIN2 on EGF receptor phosphorylation is
apparent mainly in the first 20 min because at later time points,
EGF receptor phosphorylation declined to control levels (Fig. 5). In
contrast, HeLa cells that ectopically express PACSIN2 show a
slight reduction in EGF receptor phosphorylation in response to
EGF (data not shown). However, this effect is limited, compared
with the effects seen in the siRNA experiments, indicating that
levels of endogenous PACSIN2 in HeLa cells are sufficient to reg-
ulate EGF receptor activation and phosphorylation.

These data show that PACSIN2, by controlling EGF receptor
surface levels, regulates receptor activation and phosphoryla-
tion. The marked increase in EGF-mediated receptor phosphor-
ylation observed in PACSIN2 knockdown cells reveals an
important, previously unnoticed, role for PACSIN2 in regulat-
ing EGF receptor activation.
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FIGURE 6. PACSIN2 negatively regulates Erk phosphorylation down-
stream of EGF. A, Hela cells treated with control or PACSIN2-specific siRNA
were stimulated with EGF (100 ng/ml) for the indicated time points. Endoge-
nous PACSIN2, Erk1/2, and phospho-Erk1/2 were detected by immunoblot-
ting (IB). PACSIN2 depletion enhances EGF-mediated Erk1/2 phosphorylation
compared with control cells within the initial 20 min. After 30-60 min, phos-
pho-Erk1/2 levels declined to control (Ctrl) levels. B, upper panel: phospho-
Erk1/2 levels relative to total Erk for each time point are shown. Data are
normalized to basal levels of phospho-Erk1/2 in control cells. Mean values of
three independent experiments are shown. Error bars indicate S.E. Bottom
panel: EGF-mediated induction of Erk1/2 phosphorylation in control versus
PACSIN2-depleted cells is shown. Data are relative to total Erk1/2 levels and
normalized to basal levels of phospho-Erk1/2. Mean values of three inde-
pendent experiments. Error bars indicate S.E. hEGF, human EGF.

PACSIN2 Negatively Regulates Signaling Downstream of the
EGF Receptor—EGF engagement leads to activation of the EGF
receptor and of several downstream intracellular signaling
pathways, such as the Erk and Akt pathways (25, 26). As we
observed a marked increase in EGF receptor phosphorylation
in PACSIN2 knockdown cells, we decided to study whether loss
of PACSIN? affects signaling downstream of the EGF receptor
as well. Therefore, we analyzed EGF-mediated Erk phosphory-
lation in HeLa cells transfected with the PACSIN2 siRNA.
Interestingly, in resting cells, loss of PACSIN2 results in a slight
decrease in the levels of phosphorylated Erk1/2. In contrast,
upon EGF stimulation, we observed an increase in Erk phos-
phorylation in PACSIN2 knockdown cells compared with con-
trol cells (Fig. 6, A and B). In combination, these changes result
in enhanced Erk1/2 phosphorylation in response to EGF in
PACSIN2 knockdown cells (Fig. 6B, bottom panel).

To study Erk phosphorylation in a more quantitative man-
ner, we used a NanoPro Assay (see “Experimental Procedures”).
Here, levels of (un)phosphorylated Erk are quantitatively meas-
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ured by separation of proteins based on their pl, followed by
immunodetection. As shown in Fig. 74, for each Erk isoform,
both the unphosphorylated and phosphorylated species, a peak
is generated and the size of the peak (measured by the area
under the peak) represents the (phospho)-protein levels. Using
this approach, it is possible to study in a quantitative manner
the amount of Erk phosphorylation for both isoforms sepa-
rately but in the same samples. Fig. 7A (left panel) shows that in
resting cells, the majority of Erk is in its unphosphorylated state.
However, upon EGF stimulation, a shift toward the phosphor-
ylated state can be clearly observed (Fig. 74; right panel). Using
this technique, we analyzed the effects of loss of PACSIN2 on
EGF-mediated Erk phosphorylation. Similar to the Western
blotting results, we observed decreased levels of Erk phosphor-
ylation in resting, PACSIN2-depleted cells (Fig. 7, B and D). In
contrast, upon EGF stimulation, Erk phosphorylation was
increased in cells treated with PACSIN2 siRNA (Fig. 7C),
resulting in enhanced Erk phosphorylation in response to EGF
in PACSIN2-depleted cells compared with control cells (Fig.
7E).

In addition to Erk phosphorylation, we analyzed whether loss
of PACSIN? affects EGF-induced Akt phosphorylation as well.
In unstimulated cells, levels of phosphorylated Akt, relative to
those of total Akt in those samples are slightly reduced as
deduced from the quantification of the Western blots (Fig. 8, A
and B). This effect can be more clearly seen in the Nanopro
analysis (Fig. 8C, left panel). However, upon stimulation with
EGF, Akt phosphorylation is increased in PACSIN2 knock-
down cells compared with control cells (Fig. 8, A and B), result-
ing in enhanced EGF-mediated Akt phosphorylation in
PACSIN2 knockdown cells. These findings are similar to what
we observed for Erk phosphorylation.

Next, we analyzed Akt phosphorylation using the NanoPro
Assay. In contrast to Erk, the peak pattern for Akt phosphory-
lation comprises a series of different Akt phospho-species.
Therefore, we determined Akt phosphorylation based on the
combined signal generated upon detection with a phospho-
specific Akt antibody. The NanoPro 1000 system is capable of
generating a Western blot-like representation of the data (Fig.
8C, left panel), which gives an indication of the level of Akt
phosphorylation. Similar to our Western blotting results, it is
clear that loss of PACSIN2 results in increased Akt phosphor-
ylation in response to EGF (Fig. 8C, right panel). These experi-
ments show that PACSIN2 is an important regulator of EGE-
mediated signaling as knockdown of PACSIN2 results in
enhanced phosphorylation of Erk and Akt in response to EGF.

EGF receptor signaling is involved in various processes,
including cell growth. Therefore, we analyzed the role of
PACSIN2 in EGF-mediated cell growth. HeLa cells treated with
control or PACSIN2-specific siRNA oligonucleotides were
stimulated with EGF. 24 h after addition of EGF, cell numbers
were determined in the different conditions. Loss of PACSIN2
has no effect on proliferation of cells that were not stimulated
with EGF. However, EGF stimulation did lead to a significant
increase in cell number in PACSIN2 knockdown cells com-
pared with control cells (Fig. 8D).

Together, these data show that, by regulating EGF receptor
traffic/internalization, PACSIN2 plays a key role in the activa-
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FIGURE 8. PACSIN2 negatively regulates Akt phosphorylation downstream of EGF. A, Hela cells treated with control or PACSIN2-specific siRNA were
stimulated with EGF (100 ng/ml) for the indicated time points. Endogenous PACSIN2, Akt, and phospho-Akt (Ser-473) were detected by immunoblotting (/B).
Knockdown of PACSIN2 increased Akt phoshporylation downstream of EGF compared with control cells within the initial 20 min. After 30 -60 min, phospho-
Akt levels declined to control levels. B, left panel: phospho-Akt (Ser-473) levels relative to total Akt for each time point are shown. Data are normalized to basal
levels of phospho-Akt in control cells. Mean values of two independent experiments are shown. Right panel: EGF-mediated induction of Akt phosphorylation
in control versus PACSIN2-depleted cells is shown. Data are relative to total Akt levels and normalized to basal levels of phospho-Akt (Ser-473). Mean values of
two independent experiments are shown. C, Akt phosphorylation measured by NanoPro Assay. Left panel: control (Ctrl) or PACSIN2 siRNA treated Hela cells
were analyzed in triplicate for Akt phosphorylation using the NanoPro Assay. Peaks generated are transformed in a Western blot-like representation of the data
(Compass Software; ProteinSimple). All peaks are represented as bands, and band intensity indicates phospho-Akt protein levels. PACSIN2 depletion
decreased basal phospho-Akt levels. Upon EGF stimulation, enhanced Akt phosphorylation is observed in PACSIN2-depleted cells compared with control cells.
Right panel: quantification of Akt phosphorylation shows increased phospho-Akt levels in PACSIN2-depleted cells in response to EGF compared with control
cells.Bar diagram shows levels of phospho-Akt normalized to levels in unstimulated cells. Mean values of Akt phosphorylation are shown. Error bars indicate S.E.
*** p < 0.001. D, EGF-mediated cell growth was analyzed in control cells (siCtrl) compared with PACSIN2-depleted cells (siPACSIN2). 48 h after siRNA
transfection, Hela cells were incubated with EGF (100 ng/ml). After 24 h, cells were counted. Cell growth was significantly enhanced in PACSIN2-depleted cells
in response to EGF but not in resting cells. Data are mean values of three independent experiments. Error bars indicate S.E. **, p < 0.01. hEGF, human EGF.

FIGURE 7. PACSIN2 negatively regulates EGF-mediated signaling. A, the NanoPro Assay was used to quantitatively measure Erk phosphorylation. Plot
shows (un)phosphorylated ERK species as as indicated. Peak area is a measure for protein levels. In resting cells, unphosphorylated Erk1 and Erk2 are dominant
(left panel). EGF stimulation induces Erk phosphorylation, which is visualized as increased levels of validated phospho-ERK peaks, focused at more acidic pl (right
panel). B, visualization of levels of Erk1/2 and phospho-Erk1/2 in unstimulated cells transfected with control siRNA (siCtrl, blue) and PACSIN2 siRNA (siPACSIN2,
green).C, levels of Erk1/2 and phospho-Erk1/2 in EGF-stimulated (5 min) cells transfected with control siRNA (siCtrl, blue) and PACSIN2 siRNA (siPACSIN2, green).
Inresponse to EGF, PACSIN2 depletion increased Erk1/2 phosphorylation compared with control cells. D, ppErk1/2 levels in unstimulated cells, transfected with
control siRNA (siCtrl, blue) and PACSIN2 siRNA (siPACSIN2, red) were quantified. Data are mean values of three independent experiments. Error bars indicate S.E.
** p < 0.01. E, PACSIN2 knockdown enhanced EGF-mediated phosphorylation of phospho-Erk1/2 compared with control cells. Data are normalized to basal
phospho-Erk1/2 levels. Graphs shown are representative for three independent experiments. Error bars indicate S.E. hEGF, human EGF. AU, Arbitrary Unit.
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FIGURE 9. PACSIN2 is a genericregulator of growth factor signaling. Aand
B, using the NanoPro 1000 Assay, Erk phosphorylation was measured down-
stream of HGF in HeLa cells and downstream of TNFa in HUVECs. Upper and
middle panels: knockdown of PACSIN2 enhanced Erk1 (upper panels) and Erk2
(middle panels) phosphorylation downstream of human HGF (hHGF; A), TNFa
(B) compared with control cells. Bottom panels: immunoblotting (/B) was per-
formed to assess siRNA-mediated knockdown of PACSIN2 in Hela cells (A)
and shRNA-mediated knockdown of PACSIN2 in HUVECs (B). Graphs are rep-
resentative for three independent experiments. Data are normalized to basal
phospho-Erk levels. Error bars indicate S.E.

tion and downstream signaling of the EGF receptor. EGF-me-
diated activation and phosphorylation of the EGF receptor as
well as of its downstream targets, Erk and Akt, is enhanced in
PACSIN2 knockdown cells. As a result, loss of PACSIN2 pro-
motes EGF-induced cell growth.

PACSIN2 Regulates Signaling Downstream of HGF and
TNFa—So far, we have shown that PACSIN2 is an important
regulator of EGF receptor signaling. We questioned whether
the regulatory role of PACSIN2 is specific for the EGF receptor
or that PACSIN2 regulates signaling downstream of other
growth factor receptors as well. To study this, we investigated
whether PACSIN2 can regulate signaling downstream of the
HGF receptor, which is known to activate the MAPK pathway
(27). HeLa cells, treated with control or PACSIN2-specific
siRNA, were stimulated with HGF. Using the NanoPro Assay,
we analyzed Erk phosphorylation and observed that similar to
what we have shown for EGF, enhanced phosphorylation of Erk
in response to HGF (Fig. 9A4). Next, we questioned whether the
role for PACSIN? is cell type-specific. Therefore, we analyzed
Erk phosphorylation in primary human endothelial cells in
response to TNFa, known to activate the MAPK pathway (28).
HUVEC, treated with control or PACSIN2-specific lentiviral
shRNA constructs, were stimulated with TNFa. Subsequently,
Erk phosphorylation was measured using the NanoPro Assay.
Phosphorylation of Erk, induced by TNF« (Fig. 9B), showed a
marked increase in cells transduced with the PACSIN2 shRNA,
compared with control cells. A similar trend was observed for
HUVEC treated with VEGF (data not shown).
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Collectively, these data show that PACSIN2 regulates signal-
ing downstream of EGF and HGF in epithelial cells and down-
stream of TNFa in endothelial cells. Loss of PACSIN2 results in
anincrease in Erk activation downstream of both EGF and HGF
in epithelial cells and of TNFa in endothelial cells suggesting
that the regulatory role of PACSIN2 in growth factor signaling
is more general. However, further studies are needed to deter-
mine whether PACSIN2 regulates signaling downstream of
HGF and TNFa in a similar fashion as to what we have shown
for EGF.

DISCUSSION

BAR domains are found in proteins that are important regu-
lators of membrane dynamics and vesicular traffic. Several BAR
domain proteins have been implicated in regulating growth fac-
tor signaling. The BAR domain protein endophilin regulates, in
conjunction with Cbl and CIN85, EGF receptor internalization.
Inhibition of this complex, e.g. via Alix/AIP1, impairs proper
receptor endocytosis thereby preventing signal termination
with increased signaling as a result (13, 29). These studies
underscored the importance of receptor internalization in con-
trolling signaling output. In addition to internalization, recep-
tor sorting toward the lysosomal pathway with receptor degra-
dation as a consequence represents an alternative mechanism
to terminate growth factor signaling. Several BAR domain pro-
teins have been shown to regulate the sorting of the EGF recep-
tor. SNXs (sorting nexins), of which several comprise a BAR
domain, have emerged as a group of proteins, associated with
endosomal compartments, that regulate receptor trafficking
(30, 31). SNX1 and SNX5 associate with each other via their
BAR domain. Interestingly, whereas SNX5 prevents EGF recep-
tor degradation, SNX1 promotes degradation of the EGF recep-
tor and attenuates the effect of SNX5 (32, 33).

To avoid aberrant growth factor signaling, with severe dis-
eases as a potential outcome, efficient signal termination is of
great importance. Upon growth factor receptor activation, the
receptor is internalized, and subsequent post-endocytic traffic
targets the receptor either for degradation or for recycling back
to the plasma membrane. The increased surface EGF receptor
levels in unstimulated PACSIN2 knockdown cells could be due
to decreased internalization or increased receptor recycling.
Although we could not find clear evidence that PACSIN?2 reg-
ulates ligand-dependent internalization of the EGF receptor,
our data do suggest that PACSIN2 is involved in ligand-inde-
pendent internalization of the EGF receptor. The data in Figs. 1
and 2 of this work show that EGF stimulation affects the local-
ization of PACSIN2 and that ligand-induced, internalized
EGEFR shows a partial colocalization with PACSIN2. Moreover,
the data in Fig. 24 show that also in unstimulated cells, there is
limited but detectable colocalization of PACSIN2 with the
EGFR. This supports our subsequent findings that loss of
PACSIN2 affects EGER surface levels and traffic in a ligand-
independent fashion.

The mechanisms that control ligand-independent, constitu-
tive receptor internalization is not well understood, as most
studies focused on ligand-induced down-regulation of growth
factor receptors. However, it was shown that expression of
dominant active Rab5 (Q79L) caused ligand-independent
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internalization of the EGF receptor thereby decreasing surface
EGF receptor levels. As a result, upon EGF stimulation, less
receptor activation and downstream signaling was observed
(34). Interestingly, we have previously shown that PACSIN2 is
localized to Rab5-positive endosomes (16). Because Rab5Q79L
accumulates PACSIN2 on enlarged Rab5Q79L-positive endo-
somes (supplemental Fig. S3), it could well be that PACSIN2
functions in the same pathway regulating ligand-independent
internalization of the EGF receptor. In accordance, we show
that loss of PACSIN2 results in increased EGF receptor surface
levels and subsequently increased EGF-mediated signaling.

A related aspect that remains to be addressed concerns the
effects of PACSIN2 on expression and surface levels of other
members of the HER family, i.e. HER2—4. These can form
homodimers as well as heterodimers, the composition of which
affects receptor internalization and recycling. Several studies
have shown that expression of HER2 increases the surface
expression of the EGFR, resulting in enhanced EGF-induced
signaling (35—37). This is reminiscent of our current data and
warrants further research into a link between PACSIN2, the
expression of HER2, and a potential role in PACSIN2-mediated
regulation of heterodimerization with consequent effects on
EGER traffic. In contrast to the EGFR, however, there is cur-
rently no published literature on regulation of HER2 by BAR
domain proteins.

Recent studies have revealed distinct internalization path-
ways depending on EGF concentrations. High (100 ng/ml) con-
centrations of EGF lead to clathrin-independent/lipid raft-de-
pendent internalization of the EGF receptor, whereas low (1
ng/ml) EGF concentrations lead to clathrin-dependent inter-
nalization (8). Interestingly, some studies showed that raft-me-
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diated internalization is associated with EGF receptor degrada-
tion, whereas clathrin-mediated internalization is associated
with sustained signaling (7). We previously found evidence that
PACSIN2 could function in raft-mediated endocytosis as we
found cholera toxin B to be internalized via PACSIN2-positive
tubular structures (16). Thus, it could well be that depletion of
PACSIN? shifts internalization of the EGF receptor to a clath-
rin-dependent pathway with increased signaling as a result.
Moreover, reduced internalization via a raft-dependent path-
way would also result in less receptor degradation, which is in
line with what we observed in PACSIN2-depleted cells. How-
ever, this topic requires further investigation as some studies
have implicated PACSIN proteins in clathrin-mediated inter-
nalization as well (38, 39).

In addition to internalization, an alternative mechanism that
controls receptor surface levels is recycling. Similar to the
F-BAR protein CIP4 (14), PACSIN2 could regulate receptor
surface expression by regulating receptor sorting. Upon ligand-
(in)dependent internalization, part of the receptor is targeted
for degradation, whereas the remainder recycles back to the
plasma membrane (9, 10). Receptors destined for degradation
travel via early endosomes to multivesicular endosomes/bodies
and are eventually degraded in lysosomes. The Endosomal
Sorting Complex Required for Transport (ESCRT) protein
Tsgl01 is involved in the formation of these multivesicular
endosomes/bodies (40). Upon depletion of Tsg101, EGF recep-
tor degradation was impaired, and consequently, increased
EGF-mediated receptor phosphorylation was observed (21).
Similarly, preventing EGF receptor degradation by the pharma-
cological inhibitor monensin, which blocks acidification of
early endosomes and thereby formation of lysosomes (41),
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resulted in accumulation of the EGF receptor on early endo-
somes and enhanced receptor phosphorylation (21). In line
with these studies, we observe less degradation and increased
ERK activation when PACSIN2 is depleted. However, in these
published studies, the EGF receptor is retained on early endo-
somes, causing increased signaling. In contrast, we did not find
clear evidence that PACSIN2 depletion retains the EGF recep-
tor on early endosomes. Thus, our data show that PACSIN2
regulates EGF receptor internalization in resting cells and acts
upstream of proteasomal or lysosomal degradation pathways.

Although our data suggest PACSIN2 to be most relevant for
ligand-independent traffic of the EGFR, it cannot be excluded
that PACSIN2 acts by modulating any of the previously pro-
posed pathways or regulatory proteins that control EGFR inter-
nalization and endosomal traffic. These include several protein
kinases, such as PKC (42), ERK (4, 43), and the leucine-rich
repeat kinase LRRK1 (44). The PACSIN-binding protein
SPIN90 is regulated by ERK and colocalizes with internalized
EGF on early endosomes (45). Whether SPIN90, in conjunction
with PACSIN2, also is involved in ligand-independent traffic of
the EGF receptor remains to be investigated. In addition, sev-
eral protein phosphatases, including SH2-containing 5'-inosi-
tol phosphatase, SHIP2, have been implicated in EGFR inter-
nalization (46, 47). Establishing a functional connection
between these kinase and phosphatase pathways, PACSIN2,
and the EGF receptor warrants future research.

An interesting additional finding of this study was that the
regulatory role of PACSIN2 is not specific for the EGF receptor.
Depletion of PACSIN2 enhanced Erk activation downstream of
EGF and HGF in epithelial cells but also downstream TNF« in
endothelial cells, suggesting a generic role for PACSIN2 in
growth factor receptor signaling.

In conclusion, our data suggest the following model (Fig. 10).
In unstimulated cells, constitutive internalization of the growth
factor receptor takes place (Fig. 10a). Subsequently, the recep-
tor becomes partially degraded (Fig. 105) but the main fraction
recycles back to the plasma membrane (Fig. 10c). When
PACSIN? is depleted, growth factor receptors at the surface
accumulate by inhibition of ligand-independent internalization
(1). Asaresult of increased surface receptor levels in PACSIN2-
depleted cells, ligand-induced growth factor stimulation
increases activation of the receptor and consequent down-
stream signaling toward ERK, Akt and, ultimately, cell growth.
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