Epidermal growth factor-stimulated Akt
phosphorylation requires clathrin or ErbB2
but not receptor endocytosis
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ABSTRACT Epidermal growth factor (EGF) binding to its receptor (EGFR) activates several
signaling intermediates, including Akt, leading to control of cell survival and metabolism.
Concomitantly, ligand-bound EGFR is incorporated into clathrin-coated pits—membrane
structures containing clathrin and other proteins—eventually leading to receptor internaliza-
tion. Whether clathrin might regulate EGFR signaling at the plasma membrane before vesicle
scission is poorly understood. We compared the effect of clathrin perturbation (preventing
formation of, or receptor recruitment to, clathrin structures) to that of dynamin2 (allowing
formation of clathrin structures but preventing EGFR internalization) under conditions in
which EGFR endocytosis is clathrin dependent. Clathrin perturbation by siRNA gene silencing,
with the clathrin inhibitor pitstop2, or knocksideways silencing inhibited EGF-simulated Gab1
and Akt phosphorylation in ARPE-19 cells. In contrast, perturbation of dynamin2 with inhibi-
tors or by siRNA gene silencing did not affect EGF-stimulated Gab1 or Akt phosphorylation.
EGF stimulation enriched Gab1 and phospho-Gab1 within clathrin structures. ARPE-19 cells
have low ErbB2 expression, and overexpression and knockdown experiments revealed that
robust ErbB2 expression bypassed the requirement for clathrin for EGF-stimulated Akt phos-
phorylation. Thus clathrin scaffolds may represent unique plasma membrane signaling micro-
domains required for signaling by certain receptors, a function that can be separated from
vesicle formation.

Monitoring Editor
Jean E. Gruenberg
University of Geneva

Received: Sep 29, 2014
Revised: Jul 13, 2015
Accepted: Jul 31, 2015

INTRODUCTION

The epidermal growth factor (EGF) receptor (EGFR) is expressed in
many tissues and has numerous functions during development and
adulthood (Miettinen et al., 1995; Sibilia and Wagner, 1995; Sibilia

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E14-09-1412) on August 5, 2015.

Address correspondence to: Costin N. Antonescu (cantonescu@ryerson.ca).
Abbreviations used: CCP, clathrin-coated pit; CHC, clathrin heavy chain; CLC,
clathrin light chain; CME, clathrin-mediated endocytosis; DMSO, dimethyl sulfox-
ide; Dyn2, dynamin2; EGF, epidermal growth factor; EGFR, epidermal growth fac-
tor receptor; FKBP, FK506 binding protein; FRB, FKBP12-rapamycin binding; Gab1,
growth-factor receptor-bound protein 2-associated binder1; GFP, green fluores-
cent protein; Grb2, growth-factor receptor-bound protein 2; MAPK, mitogen-acti-
vated protein kinase; PI3K, phosphatidylinositol-3-kinase; RFP, red fluorescent
protein (TagRFP-T); SFK, Src-family kinase; siRNA, small interfering RNA; Tfn, trans-
ferrin; TIRFM, total internal reflection fluorescence microscopy.

© 2015 Garay et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unport-
ed Creative Commons License (http://creativecommons.org/licenses/by-nc
-sa/3.0).

“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

3504 | C. Garayetal.

et al., 1998; Threadgill et al., 1995; Olayioye et al., 2000; lwamoto
et al., 2003; Stern, 2003). EGF binding enhances asymmetric dimer-
ization of the receptor, leading to enhanced kinase activity (Lemmon
and Schlessinger, 2010). Ligand-bound, kinase-active EGFR triggers
activation of signaling pathways that control many aspects of cell
physiology, such as that leading to the phosphorylation and activa-
tion of Akt, which in turn controls cell metabolism and enhances cell
survival and proliferation (Cantley, 2002; Vivanco et al., 2002).
Ligand binding to EGFR elicits phosphorylation of multiple tyro-
sine residues on the receptor’s C-terminus, which act as docking
sites for proteins harboring pY-interacting domains such as SH2 or
PTB (Pritchard et al., 2008). Phosphorylation of Y1068 on EGFR al-
lows binding of Grb2. The adaptor protein Gab1 is essential for
EGF-stimulated activation of Akt (Mattoon et al., 2004) and is re-
cruited via its proline-rich domain (PRD) binding to the SH3 domain
of Grb2 (Lock et al., 2000). Gab1 becomes phosphorylated upon
EGF stimulation (Kiyatkin et al., 2006). Phosphatidylinositol-3-kinase
(PI3K), which catalyzes the formation of phosphatidylinositol-(3,4,5)-
trisphosphate (PIP3) from phosphatidylinositol-(4,5)-bisphosphate
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(PIP2), is recruited by its p85 regulatory subunit, binding directly to
phosphorylated Gab1 (Holgado-Madruga et al., 1996; Mattoon
etal., 2004) or via binding to other proteins recruited to phosphory-
lated Gab1 such as SHP2 (Wu et al., 2001). Thus Gab1 is required
for EGF-stimulated PI3K activation and Akt phosphorylation
(Mattoon et al., 2004).

PIP3 binds and recruits the kinases PDK1 and Akt, leading to Akt
phosphorylation on T308 and S473 by PDK1 and mTORC2, respec-
tively (Matheny and Adamo, 2009); both of these phosphorylation
events are required for full Akt activation. Once activated at the
plasma membrane, Akt redistributes to other cellular locales. Akt
recruitment to early endosomes is mediated by binding to APPL1
and is required for Akt phosphorylation of glycogen synthase kinase
3 B (GSK3B) but not TSC2 or FOXO1 (Schenck et al., 2008; Zoncu
et al., 2009); these and other Akt substrates regulate cell metabo-
lism and survival. Hence a critical control point leading to Akt acti-
vation by EGF stimulation is activation of PI3K upon Gab1
phosphorylation.

Concomitant to activation of signaling pathways upon ligand
binding, EGFR undergoes clathrin-mediated endocytosis (CME),
the major mechanism of EGFR internalization in particular at low
(<20 ng/ml) doses of EGF (Sigismund et al., 2008). CME of EGFR is
initiated when the ligand-bound receptor is incorporated into in-
vaginating clathrin-coated pits (CCPs). Clathrin and other proteins
such as AP-2 assemble into CCPs by forming lattice structures on
the inner leaflet of the plasma membrane. These clathrin assemblies
function as protein scaffolds for recruitment of many additional cy-
tosolic proteins, as well as of cell surface receptors (termed cargo).
After membrane ingression and a poorly understood maturation
process, the GTPase dynamin2 effects scission of some CCPs from
the plasma membrane to yield intracellular clathrin-coated vesicles,
allowing delivery of EGFR (and other receptor cargo) to endosomes.
From endosomes, EGFR can either be targeted for degradation or
recycle back to the plasma membrane (Sorkin and Goh, 2009), both
of which occur ~30 min to hours after ligand stimulation.

Because EGFR can sustain the phosphorylation of certain signal-
ing pathways (e.g., mitogen-activated protein kinase [MAPK]) for up
to hours after EGF stimulation, receptor signaling occurs from EGFR
localized to either the plasma membrane or in endosomes (Wang
et al., 2002; Pennock and Wang, 2003; Sorkin and von Zastrow,
2009; Platta and Stenmark, 2011). A seminal study by Vieira et al.
(1996) found that inhibition of EGFR endocytosis by expression of a
dominant-interfering dynamin mutant altered EGF-stimulated sig-
naling, suggesting that EGFR may exhibit distinct signaling proper-
ties at the plasma membrane compared with that from endosomes.
EGFR exhibits distinct phosphorylation or binding to signaling pro-
teins when at the plasma membrane versus in endosomes (Wada
et al., 1992; Burke et al., 2001). In contrast to these observations,
studies using cells derived from dynamin-knockout mice (Sousa
et al., 2012) or using the dynamin inhibitor dynasore (Omerovic
et al., 2012) or dynamin gene silencing (Brankatschk et al., 2012)
showed little effect of blocking scission of clathrin-coated pits from
the plasma membrane on EGFR signaling. Hence differential EGFR
signaling at the plasma membrane versus in endosomes occurs but
may be context specific.

Maximal activation of the Gab1-PI3K-Akt axis occurs within
~ 5 min of EGF stimulation (Borisov et al., 2009), a time during which
much of the ligand-bound receptor resides in clathrin-coated struc-
tures at the plasma membrane. Although several studies examined
the distinct signaling properties of EGFR localized at the plasma
membrane versus in endosomes, EGFR may instead preferentially
reside within a distinct microenvironment contained within clathrin
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structures at the plasma membrane at the time of activation of the
Gab1-PI3K-Akt pathway. Clathrin-coated membrane microdomains
have indeed been proposed to function as signaling platforms im-
portant for the activation of Gai protein signaling by the delta opi-
oid receptor (Elenko et al., 2003). The possible role of clathrin in the
direct regulation of EGFR signaling at the plasma membrane is
poorly understood.

EGFRis a member of the ErbB family of receptor tyrosine kinases
(RTKs), which includes ErbB2-4. ErbB receptors can form homodi-
mers or heterodimers, thereby greatly increasing the complexity of
signaling and heterogeneity of cellular responses as a result of rela-
tive expression of ErbBs (Alroy and Yarden, 1997). For instance,
whereas ErbB2 does not bind EGF itself, ErbB2-EGFR heterodimers
are readily activated by EGF stimulation. ErbB2, but not EGFR,
binds to the nonreceptor tyrosine kinase c-Src directly through an
interaction between catalytic domains (Kim et al., 2005; Marcotte
et al., 2009). This selective interaction of c-Src and ErbB2 contrib-
utes to cellular transformation achieved by expression of ErbB2 that
is not observed upon similar expression of wild-type EGFR (Kim
et al., 2005; Marcotte et al., 2009). Hence coexpression of ErbB2
results in distinct potency for EGF stimulation to elicit activation of
nonreceptor tyrosine kinases. Whether ErbB2 coexpression alters
the requirement of EGFR for clathrin in signaling elicited by EGF
stimulation has not been examined.

In the present study, we examine the contribution of clathrin to the
direct regulation of EGFR signaling at the plasma membrane leading
to Akt activation. We compare the effects of pharmacological and
molecular perturbation of clathrin (which prevents formation of clath-
rin structures at the plasma membrane and/or recruitment of recep-
tors therein) to that of dynamin2 (which allows formation of clathrin
structures at the plasma membrane containing signaling receptors
but not their scission; Elenko et al., 2003). Both treatments blocked
EGFR internalization. Clathrin perturbation, but not that of dynamin2,
inhibited EGF-stimulated Akt activation, indicating that clathrin has a
role in regulating EGFR signaling at the plasma membrane that is not
the consequence of the function of clathrin in promoting receptor
internalization. We find different requirements for clathrin in the sig-
naling elicited by EGFR upon coexpression of ErbB2, suggesting that
clathrin may selectively regulate a subset of ErbB signaling profiles.

RESULTS

Inhibition of clathrin but not of dynamin2 reduces
EGF-stimulated Akt phosphorylation in ARPE-19 cells

The peak phosphorylation of Akt occurs within the first ~5 min of
EGF stimulation (Borisov et al., 2009), which coincides with the resi-
dence of ligand-bound EGFR within clathrin structures at the plasma
membrane. We first examined the requirement for clathrin in ARPE-
19 cells. To determine whether clathrin is required for EGF-stimu-
lated Akt phosphorylation, we silenced clathrin heavy chain (CHC)
using small interfering RNA (siRNA; Supplemental Figure S1A), ob-
taining an 81.4 £ 4.4% (n = 9) reduction in CHC protein levels. As
expected, siRNA gene silencing of CHC resulted in robust reduction
in the internalization of EGFR, a ligand-stimulated cargo receptor of
CME (Figure 1A).

Of importance, silencing of CHC resulted in a reduction of EGF-
stimulated Akt phosphorylation (Figure 1, B and C). Similar results
were obtained with a distinct CHC siRNA sequence (Figure 1D and
Supplemental Figure S1, B and C). Perturbation of CHC might affect
EGF-stimulated Akt phosphorylation as a result of a direct require-
ment for clathrin in EGFR signaling at the plasma membrane or as a
consequence of perturbing endosome-specific EGFR signaling or
traffic. To distinguish between these possibilities, we silenced

3505

Clathrin regulates receptor signaling |



A -o- control siRNA B
1.001 -0- CHCSiRNA 1
c .
= . control CHCsiRNA dyn2
g2 | dyn2 siRNA SiRNA seq. 1 SiRNA
E_g 0.751 EGF(min) 0O 5 1015 0 5 1015 0 5 1015
© 2 -
£o p-Akt (S473) —— — [ — ———
o= = :
£ E 0.501 TOTAl AKE [ s s e i e i i o s s 5
"u"ué actin o e
W 0.251
* *

0.0 25 5.0 75 10.0
time of internalization (min)

—~1.00 . 1.25 25
= > 100 520
m M 075 0 1.5
S 0.50 A 050 . %10
b -e—control siRNA £ -o-control siRNA £ trol siRNA
i -~ CHC siRNA 2 —+— control si
:-0_25 - CHCSsiRNA 1 <n- 0.25 si 10.5 - dyn2 siRNA
04 . . . 0+ T T T o T T T
5 10 15 0 5 .10 15 0 5 10 15
EGF stimulation (min) EGF stimulation (min) EGF stimulation (min)
F G 1.25+
e 1.004
control L
(o' G V)
L . W 0.754
V] o~
m w2
§ « 5 0.50
]
E Vo 25
2 T
9 Y 000
siRNA type con. CHC CHC dyn2
seql seq2

FIGURE 1: SiRNA gene silencing of clathrin heavy chain but not of dynamin2 inhibits EGF-stimulated Akt phosphoryla-
tion in ARPE-19 cells. ARPE-19 cells were transfected with siRNA targeting clathrin heavy chain sequence 1 (clathrin
siRNA 1), clathrin heavy chain sequence 2 (clathrin siRNA 2), dynamin2, or nontargeting siRNA (control). (A) EGF
internalization was measured using 5 ng/ml EGF in cells transfected as indicated; mean + SE of EGF internalized (n = 3);
*p < 0.05 relative to the corresponding control condition. (B-E) After transfection, cells were stimulated with 5 ng/ml
EGF or left unstimulated (basal), and whole-cell lysates were prepared and resolved by immunoblotting and probed

with anti-phospho-Akt (pS473), anti-total pan-Akt, or anti-pan-actin antibodies. (B) Immunoblots representative of at
least five independent experiments. (C-E) Means * SE of pS473-Akt values; n= 12 (C), 7 (D), 7 (E); *p < 0.05 relative to
control, EGF-stimulated condition. (F, G) After siRNA transfection, intact cells were subjected to immunofluorescence

microscopy with antibodies that selectively recognize the EGFR ectodomain. (F) Representative fluorescence
microscopy micrographs of cell surface EGFR staining. Scale, 20 um. (G) Fluorescence intensity of cell-surface EGFR

was quantified; mean cell-surface EGFR levels (n = 4).

expression of dynamin2 by siRNA, achieving an 89.9 + 3.0% (n = 4)
reduction in dynamin2 protein level (Supplemental Figure S1A). Si-
lencing of dynamin2 caused inhibition of EGFR internalization indis-
tinguishable from that achieved by CHC silencing (Figure 1A). CHC
and dynamin2 silencing resulted in a similar inhibition of transferrin
(Tfn) receptor internalization, which internalizes exclusively through
clathrin-dependent endocytosis (Supplemental Figure S1D), as was
observed for EGFR internalization (Figure 1A). This suggests that
clathrin-dependent EGFR internalization to endosomes was per-
turbed to a similar extent by CHC and dynamin2 silencing and that
any remaining EGFR internalization in silenced cells was due to in-
complete perturbation of CME.

In contrast to the effect of silencing of CHC, silencing of dyna-
min2 had no effect on EGF-stimulated Akt phosphorylation (Figure
1, B and E). This suggests that the inhibition of EGF-stimulated Akt
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phosphorylation upon CHC silencing is not due to the requirement
for clathrin-dependent EGFR internalization to endosomes. Silenc-
ing of neither CHC nor dynamin2 affected cell surface EGFR levels
before EGF stimulation, as measured by labeling of intact cells with
an anti-EGFR antibody (Figure 1, F and G) and by cell surface EGF
binding (Supplemental Figure STE). Hence the reduction of EGF-
stimulated Akt phosphorylation observed upon CHC silencing was
not the result of alterations in the pool of EGFR exposed to ligand
within the extracellular milieu. Collectively these results suggest a
direct role for clathrin in EGFR signaling at the plasma membrane.
To complement the siRNA gene silencing of CHC with an inde-
pendent approach to perturb clathrin function, we used the small-
molecule inhibitor of clathrin pitstop2. Treatment of cells with
10 uM pitstop2 prevents binding of endocytic accessory proteins
to the clathrin heavy chain N-terminal domain and thus depletes
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Treatment of ARPE-19 cells with the clathrin inhibitor pitstop2 but not the dynamin inhibitor dynasore or
dyngo4A inhibits EGF localization to clathrin structures and EGF-stimulated Akt phosphorylation. ARPE-19 cells were
treated with 10 uM pitstop2, 30 uM dyngo4A, 80 pM dynasore, or vehicle control (0.1% [vol/vol] DMSO) for 30 min.

(A) After drug treatment, EGF internalization was measured using 5 ng/ml EGF in cells transfected as indicated;

mean * SE of EGF internalized (n = 4), *p < 0.05 relative to the corresponding control condition. (B-D) After drug
treatment as indicated in ARPE-19 cells stably expressing GFP fused to clathrin light chain (GFP-CLC), cells were
stimulated with A555-EGF (5 ng/ml) for 3 min at 37°C, followed immediately by fixation and then imaging using TIRFM.
(B, C) Representative micrographs showing regions of larger images depicting whole cells, which are shown in
Supplemental Figure S2, A and B. Scale bar, 5 pm. (D) Micrographs obtained by TIRFM were subjected to automated
detection of clathrin structures as in Aguet et al. (2013; see Materials and Methods), followed by quantification of
A555-EGF fluorescence intensity within each detected object. Mean A555-EGF fluorescence intensity measurements
within clathrin structures in each image (>10,000 clathrin structures from >50 cells from three independent experiments;
*p < 0.05). (E, F) After drug treatment, cells were stimulated with 5 ng/ml EGF for an additional 5 min in the continued
presence of the inhibitors or left unstimulated (basal). Subsequently whole-cell lysates were immediately prepared and
resolved by immunoblotting and probed with anti-phospho-Akt (5473) or total pan-Akt antibodies. (E) Immunoblots
representative of at least five independent experiments. (F) Mean * SE of pS473-Akt values (n = 5); *p < 0.05, relative to

control, EGF-stimulated condition.

clathrin lattices of some but not all interacting proteins (von Kleist
et al., 2011). Note that additional, off-target effects can be seen
upon treatment with higher concentrations of pitstop2 (30 uM; Wil-
lox et al., 2014). Thus we used perturbation of clathrin function at
lower concentration (10 pM) pitstop2 to limit off-target effects.
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As previously reported (von Kleist et al., 2011), cells treated with
10 pM pitstop2 exhibited robust inhibition of EGF internalization
(Figure 2A). Further, ARPE-19 cells treated with 10 pM pitstop2 ex-
hibited blunted recruitment of fluorescent EGF (A555-EGF) to clath-
rin structures (Figure 2, B and D) relative to that observed in control
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cells. Whereas previous studies showed that pitstop2 does not af-
fect recruitment of fluorescent EGF to clathrin-coated pits (von
Kleist et al., 2011), those measurements were done by treating cells
with fluorescent EGF for 30 min at 8°C, a condition that maximizes
EGF recruitment to clathrin-coated pits (Sorkina et al., 2002). Our
experiments show that when performed at 37°C, pitstop2 treat-
ment blunts recruitment of EGF (and thus EGFR) to plasma mem-
brane clathrin structures in addition to or as a consequence of hin-
dering the recruitment of certain cytosolic proteins to clathrin
scaffolds (von Kleist et al., 2011). Thus this strategy is an effective
complement to siRNA silencing experiments (Figure 1) for studying
the effect of perturbing EGFR recruitment to clathrin-coated pits on
receptor signaling.

Of importance, cells treated with 10 uM pitstop2 ablated EGF-
stimulated Akt phosphorylation (Figure 2, E and F). Pitstop2 exhib-
ited similar dose-dependent inhibition of EGF-stimulated Akt phos-
phorylation as reported for clathrin-mediated endocytosis of EGFR
(von Kleist et al., 2011), with nearly complete inhibition of both at
5 pM pitstop2 (Supplemental Figure S2, C and D). This is consistent
with the effect of pitstop2 treatment on EGF-stimulated Akt phos-
phorylation being the result of direct inhibition of clathrin by
pitstop2.

In contrast to the effect of pitstop2, the dynamin inhibitors dyna-
sore and dyngo4A (hydroxylated dynasore) had little effect on EGF-
stimulated Akt phosphorylation (Figure 2, E and F). However, both
dynasore and dyngo4A inhibited EGF internalization to a similar
extent as pitstop2 (Figure 2A). Of note, treatment of cells with dyna-
sore did not inhibit recruitment of fluorescent EGF to clathrin struc-
tures (Figure 2, C and D), indicating that whereas pharmacological
inhibition of dynamin impaired EGFR internalization, it did not pre-
vent recruitment of the receptor to plasma membrane clathrin struc-
tures. Dyngo4a treatment also increased Akt phosphorylation in the
absence of EGF stimulation (Figure 2, E and F), which was not seen
with any other drug treatment or siRNA condition. Taken together,
these results indicate that EGFR signaling at the plasma membrane
leading to Akt phosphorylation requires clathrin, whereas receptor
internalization from the plasma membrane via CME is dispensable
for this.

Knocksideways silencing was devel- A
oped as an effective method of perturbing
various proteins that combines high speci-
ficity with acute perturbation (Robinson
et al., 2010; Cheeseman et al., 2013).
Briefly, knocksideways silencing exploits
the rapamycin-inducible binding of the
FRB domain of mammalian target of ra-
pamycin with the FKBP domain of FKBP12.
To validate the results of the siRNA and
pharmacological approaches, we used a
previously described strategy of knockside-
ways silencing of clathrin light chain
(Cheeseman et al.,, 2013). Overexpressed
clathrin light chain (CLC) with either an N-
or a C-terminal protein fusion binds stably
with a nearly 1:1 stoichiometry to clathrin
heavy chain, and, of importance, does not
alter clathrin function as assessed by effi-
ciency of endocytosis (Aguet et al., 2013).
Although CLC expression is largely dis-
pensable for receptor endocytosis, when
expressed in cells, CLC can be readily and
efficiently coimmunoprecipitated with CHC

MitoTrap

basal

EGF
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(Aguet et al., 2013), showing that CLC and CHC have a stable
interaction. Thus experimental rerouting of CLC will also result
in sequestration of CHC. CLC fused to green fluorescent protein
and the FKBP heterodimerization domain (GFP-FKBP-CLCa) was
cotransfected into cells along with the mitochondria-targeted
FRB heterodimerization domain (pMito-mCherry-FRB; henceforth
MitoTrap; Cheeseman et al., 2013). Indeed, whereas cells express-
ing these proteins exhibit normal CHC and CLC localization in the
absence of rapamycin, addition of this drug results in robust se-
questration of both CLC and CHC to the surface of the mitochon-
dria, thereby inhibiting clathrin-dependent processes elsewhere in
the cell (Supplemental Figure S3A).

To determine whether perturbation of CHC by knockside-
ways silencing affected EGF-stimulated Akt phosphorylation, we
cotransfected these constructs and detected Akt phosphoryla-
tion in individual cells by immunofluorescence staining using an
anti-phospho-Akt (pS473) antibody. On treatment with rapamy-
cin, cells transfected with both GFP-FKBP-CLCa and MitoTrap
exhibited 42.6 + 14.1% reduction in the EGF-stimulated gain in
Akt phosphorylation compared with control, rapamycin-treated
cells (n = 3, p < 0.05; Figure 3). In contrast, in the absence of
rapamycin (i.e., without sequestration of CLC/CHC to mitochon-
dria), cells transfected with both GFP-FKBP-CLCa and MitoTrap
constructs exhibited EGF-stimulated Akt phosphorylation that
was indistinguishable from that of control cells (Supplemental
Figure S3, B and C).

These findings show that perturbation of clathrin by siRNA gene
silencing, by a small- molecule inhibitor of clathrin, or by knockside-
ways silencing of CLC/CHC inhibits EGF-stimulated Akt phosphory-
lation. In contrast, inhibition of EGFR internalization from the plasma
membrane by other means—through the perturbation of dynamin2
by either siRNA gene silencing or small-molecule inhibitors—had no
effect on EGF-stimulated Akt phosphorylation. Taken together,
these results suggest that clathrin is required for EGFR signaling
leading to Akt phosphorylation at the plasma membrane and that
this requirement for clathrin can be functionally separated from the
role of clathrin in endocytosis of EGFR.

B

GFP-FKBP-CLCa

p < 0.05

y |

pS473 Akt

ion (R.U.)
> o

0.8 1
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o

EGF-stimulated gain in

KS-transfected - +

FIGURE 3: Knocksideways silencing of clathrin light chain reduces EGF-stimulated Akt
phosphorylation in ARPE-19 cells. ARPE-19 cells were cotransfected with cDNA encoding
MitoTrap (pMito-mCherry-FRB) or GFP-FKBP-CLCa, after which cells were treated with 1 uM
rapamycin for 10 min or left untreated (Supplemental Figure S3) and then stimulated with 5 ng/ml
EGF for an additional 5 min in the continued presence of rapamycin. After this, cells were fixed
and processed for immunofluorescence staining using anti-phospho-Akt (pS473)-specific
antibodies. (A) Representative micrographs; scale bar, 20 pm. (B) Mean fluorescence intensity of
phospho-Akt (pS473) staining was quantified in cells expressing both MitoTrap and GFP-FKBP-
CLCa (KS transfected +) or only one of these exogenous fluorescent proteins (KS transfected -).
Mean £ SE of EGF-stimulated gain in phospho-Akt (pS473) levels (n = 3).
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Clathrin is not required for EGF-stimulated EGFR
phosphorylation in ARPE-19 cells

On ligand binding, EGFR undergoes autophosphorylation, which
leads to a phospho-relay signal transduction pathway that results in
Akt phosphorylation (Mattoon et al., 2004). To identify the molecular
event(s) within this phospho-relay that require clathrin, we first ex-
amined the effect of clathrin perturbation on EGF-stimulated EGFR
phosphorylation. EGF-stimulated phosphorylation of the major tyro-
sine residue required for binding of Grb2 (pY1068) was not affected
by treatment with pitstop2 or dyngo4A (Figure 4A), although dyn-
go4A did elicit an increase in phosphorylation of this residue in the
absence of EGF simulation. In addition to Y1068, there are many
other tyrosine residues that undergo either autophosphorylation or
phosphorylation by another kinase upon EGFR ligand binding
(Pritchard et al., 2008). Consistent with the lack of effect of pitstop2
on EGF-stimulated phosphorylation of EGFR on Y1068, ligand-stim-
ulated phosphorylation of EGFR on Y1086, Y845, Y1173, and Y1045
was unaffected by pitstop2 treatment (Figure 4B). These results indi-
cate that inhibition of clathrin by pitstop2 ablated EGF-stimulated
Akt phosphorylation at a stage in the signaling pathway downstream
of EGFR phosphorylation.

We next examined the effect of siRNA gene silencing of CHC on
EGF-stimulated EGFR Y1068 phosphorylation. We detected EGFR
pY1068 in individual cells by immunofluorescence microscopy us-
ing antibodies that specifically recognize EGFR only when phos-
phorylated at Y1068. This assay was advantageous, as it not only
allowed transfection of smaller amounts of cells than required for
Western blotting, it also allowed detection of both the localization
and total intensity of phosphorylated EGFR. Silencing of CHC by
either of two siRNA sequences, conditions that each resulted in an
inhibition of EGF-stimulated Akt phosphorylation (Figure 1, B-D,
and Supplemental Figure S1D), had no effect on the gain in EGFR
pY1068 stimulated by EGF (Figure 4C and Supplemental Figure
S4A). Furthermore, EGF-stimulated phosphorylation of p42/44
MAPK was unaffected by either CHC or dynamin2 silencing (Sup-
plemental Figure S4B), further indicating that EGF-stimulated EGFR
phosphorylation is unaffected by perturbation of clathrin or dyna-
min2. Collectively our findings indicate that clathrin is not required
for ligand-induced EGFR phosphorylation but is required for EGF-
stimulated Akt phosphorylation at a stage subsequent to receptor
phosphorylation.

Clathrin is required for EGF-stimulated Gab1
phosphorylation in ARPE-19 cells

Ligand-dependent EGFR phosphorylation at Y1068 and Y1173 re-
sults in the recruitment of Grb2 and Shc, respectively (Kiyatkin
et al., 2006). This in turn leads to the recruitment of Gab1 to the
membrane via binding to Grb2. Gab1 is phosphorylated on many
tyrosine residues, which then allows binding and activation of ad-
ditional signaling components. Gab1 phosphorylation at Y447,
Y472, and Y589 leads to direct recruitment and activation of PI3K.
Phosphorylation of Gab1 Y627 recruits SHP2, which can enhance
PI3K recruitment and thus potentiate PI3K-Akt signaling (Wu et al.,
2001), although SHP2 binding also yields Gab1 dephosphorylation
to terminate signaling (Gu and Neel, 2003). To determine whether
clathrin is required for Gab1 phosphorylation, we examined the
effect of clathrin perturbation on the EGF-stimulated Gab1 phos-
phorylation of Y307 and Y627. Treatment of cells with pitstop2 re-
sulted in inhibition of EGF-stimulated levels of both Gab1 pY307
and pY627 (Figure 5A). Quantification of pY627 levels revealed
that in the presence of pitstop2, EGF-stimulated Gab1 phosphory-
lation was reduced by 71.42 + 12.3% (n =4, p < 0.05; Figure 5B). In
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FIGURE 4: Perturbation of clathrin by pitstop2 treatment or siRNA
gene silencing does not alter EGF-stimulated EGFR phosphorylation
in ARPE-19 cells. (A, B) ARPE-19 cells were treated with 10 uM
pitstop2, 30 uM dyngo4A, or vehicle control (0.1% [vol/vol] DMSQO) for
30 min. After drug treatment, cells were stimulated with 5 ng/ml EGF
for an additional 5 min, in the continued presence of the inhibitors, or
left unstimulated (basal). Whole-cell lysates were then immediately
prepared, resolved by immunoblotting, and probed with anti-
phospho-EGFR or anti-actin antibodies. (A) A sample immunoblot
probed with anti-phospho-EGFR (pY1068) and anti-actin antibodies,
representative of three independent experiments. (B) Sample
immunoblots probed with anti-phospho-EGFR (recognizing pY1068,
pY1086, pY845, pY1173, or pY1045 motifs), representative of three
independent experiments. (C) ARPE-19 cells were transfected with
siRNA targeting clathrin heavy chain sequence 1(CHC seq. 1) or
sequence 2 (CHC seq. 2) or nontargeting siRNA (control). After
transfection, cells were stimulated with 5 ng/ml EGF or left
unstimulated (basal) and then fixed and processed for immuno-
fluorescence staining with anti-phospho-EGFR (pY1068) antibodies.
Mean £ SE of the EGF-stimulated gain in phospho-EGFR (pY1068;

n =3, minimum 20 cells per condition per experiment). Representative
micrographs are shown in Supplemental Figure S4.

contrast, treatment of ARPE-19 cells with the dynamin inhibitor
dynasore or dyngo4A was without effect on EGF-stimulated
EGFR (pY1068), Gab1 (pY627), or Akt (pS473) phosphorylation
(Supplemental Figure S5). Together these results indicate that
Gab1 phosphorylation is sensitive to clathrin perturbation by pit-
stop2 treatment but not inhibition of EGFR endocytosis by dyna-
min inhibitors.
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FIGURE 5: Perturbation of clathrin by pitstop2 treatment or siRNA gene silencing inhibits
EGF-stimulated Gab1 phosphorylation in ARPE-19 cells. (A, B) ARPE-19 cells were treated with
10 pM pitstop2 or vehicle control (0.1% [vol/vol] DMSO) for 30 min. After drug treatment, cells
were stimulated with 5 ng/ml EGF for 5 min in the continued presence of the inhibitors or left
unstimulated (basal). Whole-cell lysates were then immediately prepared and resolved by
immunoblotting and probed with anti-phospho-Gab1 (pY627) or anti-actin antibodies.

(A) Immunoblots representative of three independent experiments. (B) Mean + SE of pY627-
Gab1 values (n = 4); *p < 0.05 (C) ARPE-19 cells were transfected with cDNA encoding the p85
subunit of class | PI3K fused to GFP (p85-GFP) and then treated with 10 pM pitstop2 or vehicle
control (0.1% [vol/vol] DMSO) for 30 min. After drug treatment, cells were stimulated with

5 ng/ml EGF for an additional 5 min in the continued presence of the inhibitors or left
unstimulated (basal), followed by fixation and fluorescence microscopy. Left, representative
fluorescence micrographs. Scale, 10 pm. Right, density of GFP-p85 puncta detected by
automated image analysis in individual cells (diamonds) and the means * SE of these
measurements in each condition (n = 4); *p < 0.05. (D) ARPE-19 cells were transfected with
siRNA targeting clathrin heavy chain sequence 1 (CHC seq. 1), dynamin2 (dyn2), or nontargeting
siRNA (control). After transfection, cells were stimulated with 5 ng/ml for 5 min EGF or left
unstimulated (basal), and whole-cell lysates were prepared and resolved by immunoblotting and
probed with anti-phospho-Gab1 (pY627) or anti-actin antibodies.

mated analysis to systematically detect the
number of GFP-p85 puncta within cells
(Aguet et al., 2013). This quantitative anal-
ysis confirms that pitstop2 treatment ab-
lates the ability of EGF to elicit formation
of GFP-p85 puncta (three independent ex-
periments, >10 cells/experiment, p < 0.05).
Because Gab1 is required for EGF-stimu-
lated activation of PI3K and Akt activation,
these results suggest that EGF-stimulated
phosphorylation of Gab1 at multiple resi-
dues, including at pY motifs required for
PI3K recruitment, requires clathrin but not
EGFR endocytosis.

We next examined whether siRNA gene
silencing of clathrin similarly perturbed EGF-
stimulated Gab1 Y627 phosphorylation. In-
deed, silencing of CHC, but not of dyna-
min2, resulted in inhibition of EGF-stimulated
Gab1 Y627 phosphorylation (Figure 5D).
Collectively these results show that clathrin,
but not receptor endocytosis, is required for
EGF-stimulated Gab1 phosphorylation and
suggest that Gab1 phosphorylation may be
the most receptor-proximal clathrin-depen-
dent event in the EGFR-Gab1-PI3K-Akt sig-
naling axis.

Gab1 is enriched within clathrin-
coated pits upon EGF stimulation

in ARPE-19 cells

The requirement for clathrin for EGF-stimu-
lated Gab1 phosphorylation suggests that
Gab1 phosphorylation may occur preferen-
tially within clathrin structures at the plasma
membrane. To determine whether Gab1 is
enriched within clathrin structures upon
EGF stimulation, we expressed Gab1 fused
to GFP (GFP-Gab1) in ARPE-19 cells stably
expressing red fluorescent protein (RFP)-
CLC (Aguet et al, 2013) and subjected
these fixed cell samples to dual-color total
internal reflection fluorescence microscopy
(TIRFM). Unstimulated (basal) cells exhib-
ited largely diffuse GFP-Gab1 fluorescence,
whereas cells stimulated with 5 ng/ml EGF
for 3 min exhibited GFP-Gab1 fluorescence
in punctate structures, some of which can
be seen to overlap with clathrin structures
(Figure 6A).

To determine whether the inhibition of Gab1 phosphorylation
affected the membrane recruitment and activation of PI3K, we de-
tected the localization of the p85 subunit of PI3K fused to GFP
(GFP-p85), which localizes to puncta selectively upon EGF stimu-
lation (Gillham, 1999). GFP-p85 exhibited diffuse localization in
cells not stimulated with EGF, consistent with localization of this
probe to the cytoplasm (Figure 5C, left). On EGF stimulation,
GFP-p85 was recruited to puncta, reflecting the binding of GFP-
p85 to phosphorylated p85-binding motifs (Luo et al., 2005;
Figure 5C, middle). Of importance, in pitstop2-treated cells, EGF
stimulation did not result in recruitment of GFP-p85 to punctate
structures (Figure 5C, right). We subjected these images to auto-
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Although visual examination of fluorescence images can be in-
formative, systematic and unbiased quantification is required to de-
termine whether GFP-Gab1 is indeed enriched within clathrin struc-
tures upon EGF stimulation. Computational tools have been recently
developed to automatically detect and analyze diffraction-limited
clathrin structures using a Gaussian-based modeling approach;
these tools have been validated and used to obtain systematic mea-
surement of parameters such as fluorescence intensities of proteins
recruited to clathrin structures (Aguet et al., 2013). This analysis al-
lows detection of the enrichment of fluorescence signals within
clathrin structures relative to local background and thus provides
information about the selective recruitment of specific proteins to
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FIGURE 6: Gab1 is enriched within plasma membrane clathrin
structures upon EGF stimulation in ARPE-19 cells. ARPE-19 cells stably
expressing Tag-RFP-T-CLC (RFP-CLC) were transfected with GFP
fused to Gab1 (GFP-Gab1). Cells were then stimulated with 5 ng/ml
EGF for 3 min or left unstimulated (basal) and then fixed and imaged
using TIRFM). (A) Representative micrographs; scale bar, 5 pm.

(B) Micrographs obtained by TIRFM were subjected to automated
detection of clathrin structures as in Aguet et al. (2013; see Materials
and Methods, followed by quantification of GFP-Gab1 and RFP-CLC
in each detected object. (B) Mean GFP-Gab1 fluorescence intensity
detected within all clathrin structures in each image (>10,000
structures from >45 cells from four independent experiments;

*p < 0.05). (C) The 2D histogram of the difference in GFP-Gab1 and
RFP-CLC intensity frequencies between basal and EGF-stimulated
cells; also see Materials and Methods. Bins shown in green indicate
RFP-CLC and GFP-Gab1 fluorescence intensity ranges within detected
clathrin structures that are more frequently detected in EGF-
stimulated cells, and bins shown in red indicate RFP-CLC and
GFP-Gab1 fluorescence intensity ranges more frequently detected in
basal cells.

clathrin structures relative to adjacent areas (Aguet et al., 2013). We
used this method to quantify the recruitment of GFP-Gab1 fluores-
cence to clathrin structures upon EGF stimulation. The mean GFP-
Gab1 fluorescence in automatically detected clathrin structures in-
deed increased by 57% upon treatment with 5 ng/ml EGF (>10,000
clathrin structures detected from >50 cells from five independent
experiments, p < 0.05; Figure 6B). This indicates that GFP-Gab1 is
indeed enriched within clathrin structures at the plasma membrane
upon EGF stimulation.

To gain insight into how Gab1 becomes enriched within clathrin
structures upon EGF stimulation, we quantified how the EGF-stimu-
lated increase in GFP-Gab1 fluorescence within detected structures
scaled with that of clathrin fluorescence. Clathrin structures at
the plasma membrane are heterogeneous in size, as seen by the
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fluorescence intensity of clathrin within these diffraction-limited
objects, as previously reported (Aguet et al., 2013). We generated a
differential two-dimensional (2D) histogram: a plot of the difference
in frequency of structures detected of each specific range of GFP-
Gab1 and RFP-CLC fluorescence intensities between control and
EGF-stimulated cells (Figure 6C). Within this 2D histogram, bins de-
picted in green represent ranges of GFP-Gab1 and RFP-CLC fluo-
rescence intensities of clathrin structures detected at a higher fre-
quency upon EGF stimulation. Red bins represent fluorescence
intensity ranges within structures detected at a lower frequency
upon EGF stimulation. Consistent with the observation that EGF
stimulation increases the mean GFP-Gab1 fluorescence within clath-
rin structures (Figure 6B), EGF stimulation increases the abundance
of clathrin structures containing higher levels of Gab1 while reduc-
ing the abundance of clathrin structures harboring low, near- back-
ground levels of Gab1 intensity (Figure 6C). Of interest, the recruit-
ment of GFP-Gab1 to clathrin structures does not appear to scale
with RFP-CLC fluorescence intensity. This suggests that the enrich-
ment of Gab1 within clathrin structures upon EGF stimulation re-
quires complex interaction(s) and that Gab1 is enriched within both
small and large clathrin structures.

Because EGF-stimulated Gab1 phosphorylation (Figure 5) is in-
hibited upon clathrin perturbation, we next sought to determine
whether phosphorylated Gab1 was also enriched within plasma
membrane clathrin structures. To do so, we performed immunofluo-
rescence labeling of cells expressing RFP-CLC using antibodies that
specifically recognize endogenous Gab1 phosphorylated on Y627
(pGab1), followed by imaging by TIRFM. In unstimulated cells, a
number of pGab1 puncta are observed, but these could not be
readily seen to overlap with clathrin structures (Figure 7A). In con-
trast, upon EGF stimulation, a number of clathrin structures overlap
with pGab1 puncta (Figure 7A, arrows). The enrichment of pGab1
within clathrin structures was quantified similarly to that of GFP-
Gab1 and indicated that EGF stimulation elicited a 2.3-fold increase
in pGab1 signal intensity within clathrin structures (Figure 7B). As
noted earlier, this analysis uses a Gaussian modeling approach to
systematically quantify signal intensity within detected objects; thus
detection of pGab1 within clathrin objects represents enrichment of
pGab1 within clathrin structures relative to adjacent areas of the
TIRFM image. To determine the proportion of pGab1 signal de-
tected within clathrin structures that was due to random overlap of
punctate structures in an image, we generated an image set in
which the pGab1 channel was shifted by at least 20 pixels, thereby
scrambling the positions of the pGab1 signal relative to that of
clathrin. Quantification of pGab1 signal within these pGab1-scram-
bled images revealed similar pGab1 intensity in EGF stimulated
cells to that in basal cells (Figure 7B). This confirms that the EGF-
stimulated enrichment of pGab1 within clathrin structures is specific
and selective and does not occur simply as a result of random over-
lap of dense punctate structures. Further, a differential 2D histogram
of clathrin and pGab1 intensities within clathrin structures revealed
that EGF stimulation elicited an increase in clathrin structures har-
boring high levels of pGab1 (Figure 7C). This suggests that the EGF-
stimulated enrichment of pGab1 within clathrin structures is similar
to or may exceed that of GFP-Gab1.

Because pGab1 and GFP-Gab1 were discernible in only a sub-
set of clathrin structures, we sought to determine whether the local-
ization of pGab1 was restricted to clathrin structures that also con-
tained EGFR. To do so, we performed triple-labeling experiments
in cells stimulated with A555-EGF for 3 min, followed by immuno-
fluorescence labeling of the plasma membrane clathrin adaptor
AP-2 as well as pGab1. These samples were imaged by spinning
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Phosphorylated Gab1 is enriched within plasma
membrane clathrin structures upon EGF stimulation in ARPE-19 cells.
ARPE-19 cells stably expressing Tag-RFP-T-CLC (RFP-CLC) were
stimulated with 5 ng/ml EGF for 3 min or left unstimulated (basal),
fixed, and labeled with antibodies that specifically recognize Gab1
phosphorylated on Y627 (pGab1), followed by imaging using TIRFM.
(A) Representative micrographs; scale bar, 5 pm. (B) Micrographs
obtained by TIRFM were subjected to automated detection of clathrin
structures as in Aguet et al. (2013; see Materials and Methods),
followed by quantification of pGab1 and RFP-CLC in each detected
object. (B) Mean GFP-Gab1 fluorescence intensity detected within all
clathrin structures in each image (actual image), as well as in images in
which the pGab1 signal was randomized (see Materials and Methods)
to determine the amount of pGab1 that occurs as a result of random
overlap of clathrin and pGab1 puncta (>10,000 clathrin structures
from >45 cells from four independent experiments; *p < 0.05). (C) The
2D histogram of the difference in pGab1 and RFP-CLC intensity
frequencies between basal and EGF-stimulated cells; also see
Materials and Methods. Bins shown in green indicate RFP-CLC and
pGab1 fluorescence intensity ranges within detected clathrin
structures that are more frequently detected in EGF-stimulated cells,
and bins shown in red indicate RFP-CLC and pGab1 fluorescence
intensity ranges more frequently detected in basal cells.

disk confocal microscopy. Consistent with results obtained by
TIRFM (Figure 7), pGab1 was again observed in a subset of clathrin
structures (Supplemental Figure S6A). Automated detection of
AP-2 structures in ventral sections (n = 19) allowed classification of
clathrin structures as "EGFR- positive” (42.0 £ 1.8%) or "EGFR-neg-
ative” (58.0 £ 1.8%), followed by quantification of pGab1 signal
intensity within each of these cohorts. The EGFR-positive cohort of
AP-2 structures exhibited a strong (approximately twofold) enrich-
ment of pGab1 relative to those that were EGFR-negative (Supple-
mental Figure S6B).

Although immunofluorescence labeling with the pGab1 anti-
body yielded the expected gain in staining intensity upon EGF
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stimulation, there was significant background labeling observed
in basal cells not expected to have much phosphorylated Gab1
(Supplemental Figure S6C). To determine the proportion of pGab1
signal detected within AP-2 structures that was due to random over-
lap of punctate, background structures in an image, we performed
a similar randomization of the pGab1 image relative to AP2 and
AS555-EGF images as we described in Figure 7B. Of importance, the
pGab1 staining intensity within EGFR-positive AP-2 objects de-
tected within the randomized pGab1 image set was similar to that
of the EGFR-negative AP-2 structures in the actual (nonrandomized)
image sets (Supplemental Figure S6B). Hence the pGab1 staining
detected within EGFR-negative structures represents background,
random overlap between pGab1 and AP-2 signals. Thus, upon EGF
stimulation, pGab1 is specifically enriched in plasma membrane
clathrin structures (detected by AP-2 staining) containing EGFR and
not in structures devoid of this receptor.

ErbB2 expression renders EGF-stimulated Akt
phosphorylation insensitive to clathrin perturbation

As a spontaneously arising cell line without transforming mutations
(Dunn et al., 1996), ARPE-19 cells are useful to study EGFR signal-
ing. Moreover, ARPE-19 cells express EGFR at levels comparable
to HMLE breast cells, a physiological model of breast epithelia
(Supplemental Figure S7A). Of importance, ARPE-19 cells do not
express detectable levels of ErbB2 (Supplemental Figure S7A) or
ErbB3 (Xu and Yu, 2007). ErbB2 coexpression may alter EGFR cell
surface traffic (Hommelgaard et al., 2004) and facilitate distinct sig-
naling as a result of unique engagement of c-Src (Kim et al., 2005;
Marcotte et al., 2009) and c-Cbl (Muthuswamy et al., 1999). Hence,
given these differences in membrane traffic and signaling, coex-
pression of ErbB2 may alter the requirement for clathrin in EGF-
stimulated Akt phosphorylation.

In contrast to ARPE-19 cells, Hela cells express high levels of
ErbB2 (Supplemental Figure S7A). Indeed EGF-stimulated Akt
phosphorylation in Hela cells was largely insensitive to treatment
with 10 pM pitstop2 (Supplemental Figure S7B). MDA-MB-231 cells
express detectable but low levels of ErbB2 and thus may be similar
to ARPE-19 cells in this regard. In MDA-MB-231 cells, EGFR strongly
localizes to clathrin structures upon EGF stimulation, and EGFR in-
ternalization is robustly sensitive to inhibition by dynasore and is
thus fully dynamin dependent (Mutch et al., 2014). Treatment of
MDA-MB-231 cells with 10 uM pitstop2 impaired EGF-stimulated
Akt phosphorylation (Figure 8, A and B). Similar treatment with
the dynamin inhibitor dynasore (80 uM) was without effect on EGF-
stimulated Akt phosphorylation (Figure 8, A and B). These results
indicate that similar to what we observed in ARPE-19 cells (Figure 2),
EGF-stimulated Akt phosphorylation in MDA-MB-231 cells is sensi-
tive to clathrin perturbation by pitstop2 but not to inhibition of
endocytosis by dynasore treatment. We complemented these ex-
periments with siRNA gene silencing of clathrin heavy chain in
MDA-MB-231 cells (Figure 8, C and D). Indeed, cells treated with
siRNA to silence clathrin expression exhibited blunted EGF-stimu-
lated Akt phosphorylation compared with cells treated with control
siRNA. Together these results show that in MDA-MB-231 cells,
which, like ARPE-19 cells, have low ErbB2 expression, EGF-stimu-
lated Akt phosphorylation requires clathrin but not receptor
endocytosis.

To test directly whether ErbB2 coexpression altered the re-
quirement for clathrin in EGF-stimulated Akt phosphorylation, we
generated ARPE-19 cells that stably overexpress ErbB2 (RPE-
ErbB2 cells). EGF-stimulated Akt phosphorylation in RPE-ErbB2
cells was largely insensitive to treatment with 10 uM pitstop2
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FIGURE 8: Expression of ErbB2 renders EGF-stimulated Akt phosphorylation insensitive to
clathrin perturbation. (A-D) MDA-MB-231 cells were treated with 10 uM pitstop2, 80 uM
dynasore, or vehicle control (0.1% [vol/vol] DMSO) for 20 min (A, B) or transfected with siRNA
targeting clathrin heavy chain sequence 1 (clathrin siRNA 1), or nontargeting siRNA (control; C,
D). After siRNA or drug treatment, MDA-MB-231 cells were stimulated with 5 ng/ml EGF for an
additional 5 min in the continued presence of the inhibitors or left unstimulated (basal).
Subsequently whole-cell lysates were immediately prepared and resolved by immunoblotting
and probed with anti-phospho-Akt (S473), total pan-Akt antibodies, anti-actin, or anti-CHC
antibodies. (A, C) Immunoblots representative of at least three independent experiments.

(B, D) Mean + SE of pS473-Akt values (n > 3); *p < 0.05 relative to vehicle control (B) or control
siRNA, EGF-stimulated condition (D). (E, F) ARPE-19 cells stably expressing ErbB2 (RPE-ErbB2)
or parental ARPE-19 cells (RPE-WT), which do not express detectable levels of ErbB2, were
treated with 10 uM pitstop2 or vehicle control (0.1% [vol/vol] DMSO) for 30 min. After drug
treatment, cells were stimulated with 5 ng/ml EGF for an additional 5 min in the continued
presence or absence of the inhibitors or left unstimulated (basal). Whole-cell lysates were then
immediately prepared, resolved by immunoblotting, and probed with anti-phospho-Akt (S473),
total pan-Akt, or anti-ErbB2 antibodies. (E) Immunoblots representative of at least four
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(Figure 8, E and F), whereas identical pit-
stop2 treatment in wild-type parental
ARPE-19 cells (which do not express ErbB2)
resulted in ablation of EGF-stimulated Akt
phosphorylation. This suggests that coex-
pression of ErbB2 in ARPE-19 cells facili-
tates EGF-stimulated Akt phosphorylation
that is largely insensitive to clathrin pertur-
bation. Next we examined whether ErbB2
silencing in Hela cells would render EGF-
stimulated Akt phosphorylation sensitive to
clathrin perturbation. We achieved robust
silencing of ErbB2 in Hela cells (Figure 8G).
Of importance, in ErbB2-silenced Hela
cells, EGF-stimulated Akt phosphorylation
was impaired in cells treated with 10 pM
pitstop2, whereas in Hela cells treated
with control siRNA, EGF-stimulated Akt
phosphorylation was unaffected by this
drug treatment. Taken together, these re-
sults indicate that EGF-stimulated Akt
phosphorylation is sensitive to pitstop2
treatment and thus may require clathrin in
cells exhibiting low expression of ErbB2
but not in cells that express substantial lev-
els of ErbB2.

DISCUSSION

We find that perturbation of clathrin by
three independent methods each inhibits
the early stages of EGF-stimulated Akt
phosphorylation. Because inhibition of
EGFR endocytosis by perturbation of dy-
namin was without effect on EGF-stimu-
lated Akt phosphorylation, these observa-
tions indicate that clathrin has a direct role
in regulating EGFR signaling at the plasma
membrane. Clathrin perturbation inhibits
EGF-stimulated Gab1 phosphorylation but
not that of EGFR, suggesting that Gab1
phosphorylation is the most receptor-prox-
imal signaling event leading to Akt phos-
phorylation that requires clathrin.

independent experiments. (F) Mean * SE of
the EGF-stimulated gain in pS473-Akt values
(n = 4). (G-l) Hela cells were transfected with
siRNA targeting ErbB2 or nontargeting
(control) siRNA. (G) Western blot of Hela
whole-cell lysates probed with either
anti-ErbB2 or anti-Akt (total, as a loading
control) antibodies. (H, I) After

siRNA transfection, Hela cells were treated
with 10 uM pitstop2 or vehicle control

(0.1% [vol/vol] DMSO) for 20 min and then
stimulated with 5 ng/ml EGF for an additional
5 min in the continued presence of the
inhibitors or left unstimulated (basal).

(H) Immunoblots representative of four
independent experiments. (I) Mean + SE of
the EGF-stimulated gain in pS473-Akt values
(n> 3); p < 0.05 relative to the control siRNA,
pitstop2-treated condition.
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Multiple independent methods identify a specific role

for clathrin but not dynamin2 in EGF-stimulated Akt
phosphorylation

Each of the methods used to perturb clathrin may have off-target or
indirect effects that could conceivably alter receptor signaling, yet
the similarity of the findings obtained by each method of clathrin
perturbation with regard to inhibition of EGF-stimulated Akt phos-
phorylation provides strong evidence for a specific signaling role for
clathrin. siRNA gene silencing of clathrin requires inhibition of clath-
rin-mediated endocytosis for a few days and hence may elicit cell-
adaptive effects that cause indirect alteration of cellular functions
such as receptor signaling. However, two distinct siRNA sequences
targeting CHC have similar effects on EGF-stimulated Akt phos-
phorylation, suggesting that it is unlikely that the effect of siRNA
treatment was due to off-target effects. Moreover, four independent
results indicate that the inhibition of EGF-stimulated Akt phosphory-
lation by clathrin perturbation was not the result of alterations in
cell-surface EGFR levels, as CHC silencing was without effect on
1) cell-surface EGFR levels measured by antibody binding to intact
cells (Figure 1, F and G), 2) cell-surface EGFR levels measured
by EGF binding to intact cells (Supplemental Figure S1E), 3) EGF-
stimulated EGFR phosphorylation (Figure 3 and Supplemental
Figure S4A), and 4) EGF-simulated p42/44 MAPK phosphorylation
(Supplemental Figure S4B). This suggests that CHC silencing did
not alter EGF-simulated Akt phosphorylation as a result of changes
in the abundance of EGFR at the cell surface, where it has access to
ligand in the extracellular milieu, but instead was due to a require-
ment for CHC in EGFR signaling subsequent to ligand binding.

Pitstop2 has been reported to have some off-target effects, in
particular at higher concentrations (20-30 uM; Dutta et al., 2012; Wil-
lox et al., 2014) than that used in this study (10 uM). Inhibition of
EGF-stimulated Akt phosphorylation occurs at a dose of pitstop2
similar to that at which the drug inhibits clathrin-mediated endocyto-
sis (Figure 2A and Supplemental Figure S2). Moreover, coexpression
of ErbB2 is sufficient to rescue the inhibition of EGF-stimulated Akt
phosphorylation by pitstop2 (Figure 8). That ErbB2-dependent acti-
vation of PI3K and Akt requires a partly similar Gab1-dependent sig-
naling pathway (Yamasaki et al., 2003) to that used by EGFR homodi-
mers limits the possibility of off-target effects of pitstop2 on
EGF-stimulated Akt activation. Consistent with the interpretation
that treatment with pitstop2 inhibits EGF-stimulated Akt phosphory-
lation in ARPE-19 (Figure 2, E and F) and MDA-MB-231 cells (Figure 8,
A and B) as a result of altering of clathrin-dependent signaling by
EGFR, we found that pitstop2 treatment blocked recruitment of EGF
(and thus EGFR) to plasma membrane clathrin structures (Figure 2, B
and D). Knocksideways silencing of clathrin provides a further com-
plementary strategy to perturb clathrin that is both acute and spe-
cific; this strategy also resulted in inhibition in EGF-stimulated Akt
phosphorylation (Figure 3 and Supplemental Figure S3).

That perturbation of clathrin by three independent methods re-
sults in similar effects on EGF-stimulated Akt phosphorylation sug-
gests that altered Akt phosphorylation in each case was likely due to
specific perturbation of clathrin. We also find that perturbation of
dynamin by two independent approaches (by siRNA or the pharma-
cological inhibitors dynasore or dyngo4a) had no effect on EGF-stim-
ulated Akt phosphorylation, consistent with recent studies showing
that genetic or pharmacological perturbation of dynamin did not af-
fect EGFR signaling (Brankatschk et al., 2012; Omerovic et al., 2012;
Sousa et al., 2012). Collectively our data show that clathrin-depen-
dent internalization of EGFR is dispensable for EGF-simulated activa-
tion of Akt and that clathrin has a role in regulating EGFR signaling
that can be separated from its role in receptor internalization.
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Clathrin structures at the plasma membrane are required
for EGFR signaling

Clathrin assembles into a lattice structure on the inner leaflet of the
plasma membrane to facilitate receptor-mediated endocytosis
(McMahon and Boucrot, 2011). CCPs are 50- to 100-nm membrane
invaginations in which clathrin scaffolds many other proteins and
lipids (including cargo receptors), which may eventually lead to in-
ternalization of clathrin-coated vesicles. This process can take from
20 s to several minutes (Aguet et al., 2013). Clathrin also forms
larger, flat, long-lived structures, but these are largely absent from
ARPE-19 cells (Aguet et al., 2013).

Although EGFR is recruited to CCPs upon ligand binding, lead-
ing to receptor internalization, it is not clear whether the clathrin
structures required for signaling are the same as CCPs that function
in endocytosis, given the large number and heterogeneous nature
(size, curvature, composition) of clathrin structures at the cell sur-
face. It is possible that EGFR signaling leading to Akt activation is
regulated by or within clathrin structures that are at least partly
distinct from CCPs that lead to receptor endocytosis. Consistent
with this possibility, recent studies showed that the majority of
clathrin assemblies at the plasma membrane do not yield intracel-
lular vesicles but instead result in abortive turnover of these clath-
rin structures at the plasma membrane (Loerke et al., 2009, 2011;
Mettlen et al., 2009, 2010; Antonescu et al., 2010, 2011; Aguet
et al., 2013). Whereas so-called abortive clathrin-coated pits may
be seen as failed endocytic events, it is also possible that abortive
clathrin-coated pits might instead be viewed as facilitators of EGFR
signaling leading to Akt phosphorylation. EGFR recruitment into
endocytically abortive clathrin structures would provide the clath-
rin-dependent factor(s) for Akt activation. Indeed, we observe that
GFP-Gab1 and pGab1 are enriched within clathrin structures of all
sizes (Figures 6C and 7C). On the abortive turnover of a clathrin
structure, ligand-bound EGFR is retained at the cell surface and is
subsequently recruited into additional plasma membrane clathrin
structures. The sequential recruitment of EGFR into abortive clath-
rin structures may prolong or potentiate clathrin-dependent EGFR
signaling (e.g., Akt activation) relative to what would be achieved
upon initial EGFR recruitment to a productive CCP that would rap-
idly remove EGFR from the plasma membrane. Hence, whereas
abortive turnover of clathrin structures at the plasma membrane
may delay or prevent receptor internalization, it may potentiate
some facets of receptor signaling.

Regulation of Gab1 phosphorylation and localization

by clathrin

On activation of certain RTKs such as EGFR and MET, Gab1 is re-
cruited to the plasma membrane via interaction with EGFR-bound
Grb2 or directly with MET, followed by the phosphorylation of a
number of tyrosine residues on Gab1 (Gu and Neel, 2003). The
phosphorylation of Y447, YA72, and Y589 on Gab1 provide direct
docking sites for PI3K binding and activation, whereas other sites
recruit other proteins, such as SHP2, Crk, and PLCy1 (Gu and Neel,
2003).

Collectively our findings indicate that Gab1 phosphorylation is
the most receptor-proximal signaling event that is clathrin depen-
dent upon EGF stimulation. Although we did not directly measure
the phosphorylation of all the tyrosine residues involved in direct
PI3K binding, we found that both pitstop2 and clathrin siRNA gene
silencing inhibited EGF-stimulated phosphorylation of Gab1 at
Y307 and Y627 (Figure 5). Indeed the clathrin-dependent regulation
of Gab1 phosphorylation leading to PI3K activation may be com-
plex, as Gab1 pY627 acts as a docking and activation site for the
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tyrosine phosphatase SHP2, a protein that has been reported to
both potentiate and limit PI3K and Akt activation (Wu et al., 2001).
Hence clathrin may be required for phosphorylation of multiple
residues on Gab1, which in turn engage both positive and negative
regulators of EGFR signaling controlling Akt activation.

Using automated methods for quantitative image analysis, we
find that GFP-Gab1 and phosphorylated, endogenous Gab1
(pGab1) are enriched within clathrin structures at the plasma mem-
brane upon EGF stimulation (Figures 6 and 7). Whereas the EGF-
stimulated increase in the mean fluorescence corresponding to
GFP-Gab1 and pGab1 within clathrin structures is modest, this was
determined using unbiased quantification of fluorescence intensity
within thousands of clathrin structures. Considering that GFP-Gab'1
and pGab1 are detected in only a relatively small subset of clathrin
structures, the EGF-stimulated gain in GFP-Gab1 and pGab1 that
we measured within all detected clathrin structures may thus under-
represent Gab1 enrichment therein. Indeed, we find that pGab1
enrichment is largely restricted to clathrin structures that also con-
tain EGFR (Supplemental Figure S6). There is a proportion of pGab'1
immunofluorescence signal that is found outside of clathrin struc-
tures in EGF-stimulated as well as basal cells (Figure 7). Whereas in
basal cells this likely represents nonspecific background staining
(given that little pGab1 was detected in this condition by Western
blotting; Figure 5), there appears to also be specific pGab1 signal
localized outside of clathrin structures in the EGF-stimulated condi-
tion. Because Gab1 has a PH domain that binds PIP3 (Rodrigues
et al., 2000), Gab1 may first require localization to clathrin struc-
tures, allowing subsequent binding of pGab1 to PIP3 throughout
the plasma membrane. That EGF-stimulated phosphorylation of
Gab1 requires clathrin (Figure 5) and pGab1 is specifically enriched
within plasma membrane clathrin structures (Figure 7) supports this
possibility.

We also observed that GFP-Gab1 and pGab1 fluorescence in-
tensity does not scale with that of clathrin in structures at the plasma
membrane (Figures 6C and 7C). This suggests that whereas clathrin
is required for EGF-stimulated phosphorylation of Gab1, the recruit-
ment of Gab1 to clathrin structures does not depend solely on clath-
rin. This is consistent with the lack of evidence of direct interaction
between Gab1 and clathrin. Instead, Gab1 likely becomes enriched
within clathrin structures as a result of interactions with EGFR or
Grb2 (Gu and Neel, 2003).

Mechanism(s) of regulation of EGFR signaling by clathrin
There are several possible mechanisms that may underlie the re-
quirement for plasma membrane clathrin structures in EGF-stimu-
lated Gab1 and Akt phosphorylation, including 1) provision of a
membrane microenvironment enriched in signaling intermediates,
2) provision of a membrane microenvironment depleted in negative
regulators of signaling, and 3) clustering of EGFR to promote
signaling.

Plasma membrane clathrin structures may function as membrane
microdomains enriched in required signaling intermediates, as has
been proposed for delta-opioid receptor signaling (Elenko et al.,
2003). EGF-stimulated Akt phosphorylation is impaired by the Src-
family kinase (SFK) inhibitor PP1 (Kassenbrock et al., 2002), suggest-
ing that clathrin structures could scaffold SFKs or other kinases to
facilitate EGF-stimulated Gab1 phosphorylation. Indeed, clathrin
binds TOM1L1, a signaling adaptor that binds SFKs (Liu et al., 2009).
However, the Src inhibitor PP2, which is very similar in structure to
PP1, impairs clathrin-mediated endocytosis in a SFK-independent
manner (Sorkina et al., 2002). This indicates that off-target effects of
PP1/PP2 must be considered when examining SFK function in EGFR
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signaling. Plasma membrane clathrin structures also harbor addi-
tional kinases, such as Ack1 (Shen et al., 2011), AAK1 (Conner and
Schmid, 2002), and CVAK104 (Conner and Schmid, 2005). Future
studies aimed at resolving the contribution of kinases and scaffolds
enriched within clathrin structures to EGFR signaling will provide
valuable information about the role of clathrin in controlling recep-
tor signaling.

Clathrin structures may also exclude negative regulators of EGFR
signaling such as phosphatases acting on Gab or other signaling
intermediates. A related phenomenon might be the ability of CCPs
to cluster receptors such as EGFR (Liu et al., 2010) that might poten-
tiate receptor signaling by lateral propagation of phosphorylation to
unliganded receptors (Ichinose et al., 2004). Indeed, the localized
production of reactive oxygen species inhibits protein tyrosine
phosphatases and potentiates EGFR signaling (Reynolds et al.,
2003). Hence localized clustering of EGFR within plasma membrane
clathrin structures may be sufficient to maximally activate Akt with-
out also requiring enrichment of signaling intermediates within
these structures.

Sigismund et al. (2008) showed that silencing of clathrin resulted
in a reduction of EGF-stimulated activation of Akt and p42/44
MAPK, suggesting that clathrin-mediated endocytosis of EGFR is
required for sustained signaling upon EGF stimulation. Their study
focused on the role of clathrin in prolonged EGFR signaling
(>30 min after ligand addition), whereas we focused on receptor-
proximal signaling events (5-10 min of ligand addition). In addition,
Sigismund et al. (2008) did not compare the effects of clathrin per-
turbation to that of dynamin perturbation under conditions in
which EGFR internalization is entirely clathrin dependent. Our find-
ings lead us to conclude a direct role for clathrin at the plasma
membrane required for EGF-stimulated Akt phosphorylation.
Clathrin may also have additional roles in regulating EGFR signal-
ing subsequent to internalization by directing EGFR to specialized
endosomes from which EGFR remains competent for prolonged
signaling (Sigismund et al., 2008).

Reis et al. (2015) recently showed the existence of a signaling
pathway involving Akt-dependent phosphorylation and inactivation
of GSK3p, which leads to enhancement of endocytosis by regula-
tion of dynamin 1. Our study adds to this by showing that initiation
of EGFR signaling leading to Gab1 and Akt phosphorylation does
not require endocytosis but is instead controlled by clathrin at the
plasma membrane. Taken together, these studies indicate the exis-
tence of an extensive multicompartment positive feedback regula-
tion cycle beginning with clathrin-dependent phosphorylation of
Gab1 and Akt at the plasma membrane upon EGF stimulation and
leading to Akt and GSK3pB-dependent regulation of clathrin dynam-
ics and enhancement of clathrin-mediated endocytosis, perhaps
further potentiating certain signaling events.

ErbB2 expression relieves the direct requirement

for clathrin in EGF-stimulated Akt phosphorylation

ARPE-19 cells are a spontaneously arising cell line that expresses
EGFR but lacks expression of ErbB2. ARPE-19 cells and MDA-
MB-231 cells (which, like ARPE-19 cells, express relatively low levels
of ErbB2) both exhibited perturbation of EGF-stimulated Akt phos-
phorylation upon perturbation of clathrin but not upon perturbation
of endocytosis by perturbation of dynamin. That ErbB2 expression
is a critical determinant for the requirement for clathrin in EGFR
signaling is further and specifically shown by the observation that
1) stable expression of ErbB2 in ARPE-19 cells rendered EGF-stimu-
lated Akt phosphorylation largely insensitive to pitstop2 treatment,
and 2) Hela cells, which express relatively high levels of ErbB2,
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exhibited pitstop2-insensitive EGF-stimulated Akt phosphorylation,
which became sensitive to pitstop2 treatment upon ErbB2 silencing.
Hence ErbB2 expression shifts the mechanism of activation of Akt
upon EGF stimulation from a clathrin-dependent one to a clathrin-
independent one.

This notion is consistent with the observations from previous
studies that ErbB2 expression prevents EGFR from being recruited
to CCPs (Hommelgaard et al., 2004). However, in several cell lines
that express ErbB2, such as Hela cells, ligand-stimulated EGFR in-
ternalization via clathrin-coated pits is rapid and efficient (e.g.,
Sigismund et al., 2008). This suggests that alterations in EGFR re-
cruitment to clathrin structures upon ErbB2 coexpression may not
fully explain the difference in sensitivity to pitstop2 between paren-
tal ARPE-19 cells and ARPE-19 cells stably coexpressing ErbB2.

ErbB2 is unique among the ErbB tyrosine kinases (including
EGFR) in its ability to bind and activate c-Src directly (Marcotte et al.,
2009). Because SFKs may contribute to the phosphorylation of
Gab1 (Gu and Neel, 2003), it is possible that EroB2-EGFR heterodi-
mers can directly activate SFK to elicit Gab1 phosphorylation. In
contrast, EGFR homodimers may require clathrin to scaffold a non-
receptor tyrosine kinase for Gab1 phosphorylation. Because ErbB2-
EGFR heterodimers form preferentially over EGFR homodimers, the
requirement for clathrin for EGF stimulation may reflect the ratio of
EGFR to ErbB2 expression.

Both EGFR and ErbB2 are important oncogenes and drug tar-
gets for the treatment of cancer, yet the relative expression of these
and other RTKs in tumors (as in healthy tissues) is heterogeneous.
Only 20-25% of breast tumors have amplification of ErbB2
(Mungamuri et al., 2013). In particular, basal-like or triple-negative
breast cancers are largely ErbB2-negative yet frequently overex-
press EGFR (Nielsen et al., 2004) and may be effectively treated with
drugs targeting EGFR signaling (Siziopikou and Cobleigh, 2007).
Hence understanding the role of clathrin in controlling EGFR signal-
ing may lead to novel strategies for treatment of certain tumors,
such as basal-like breast carcinomas.

In summary, we provide evidence using three independent
methods for a novel function for the protein clathrin at the plasma
membrane in facilitating EGFR signaling and leading to Akt phos-
phorylation in cells that exhibit low expression of ErbB2. This func-
tion of clathrin is directly required at the plasma membrane and can
be separated from the role of clathrin in facilitating vesicle forma-
tion. Regulation of signal organization within clathrin-coated mem-
brane microdomains may thus contribute to context-specific signal-
ing of certain receptor tyrosine kinases. This novel role for clathrin in
regulating the phosphorylation of Gab1 and Akt upon activation of
EGFR extends the repertoire of known receptor tyrosine kinase sig-
naling regulators to clathrin and regulators of clathrin assembly and
function.

MATERIALS AND METHODS

Materials

Antibodies used were as follows: anti-phospho-EGFR (pY1068,
1086, 1045, 845, 1173), anti-phospho-Gab1 (pY 307, 627), anti-
phospho-Akt (pT308), and ErbB2 antibodies were from Cell Sig-
naling Technology (Danvers, MA); anti-phospho-Akt (pS473) anti-
bodies and Alexa 555- conjugated EGF (A555-EGF) were from
Life Technologies (Carlsbad, CA); anti-EGF antibodies (used in
EGF uptake assay) were from Upstate Biotechnologies (Millipore,
Etobicoke, Canada), and Tfn antibodies (used in Tfn uptake assay)
were from the Scottish Antibody Production Unit (Carluke, Scot-
land); anti-actin and anti-—clathrin heavy chain (TD.1) used for im-
munoblotting were from Santa Cruz Biotechnology (Santa Cruz,
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CA). Fluorophore-conjugated or horseradish peroxidase (HRP)
secondary antibodies were from Jackson ImmunoResearch (West
Grove, PA).

Cell lines and cell culture

Hela cells, wild-type human retinal pigment epithelial cells
(ARPE-19; RPE cells here), and ARPE-19 cells stably expressing
clathrin light chain fused to enhanced GFP (RPE-GFP-CLC) or fused
to TagRFP-T (RPE-RFP-CLC) were previously described (Antonescu
et al., 2010; Aguet et al., 2013). Cells were cultured in DMEM/F12
(Life Technologies) supplemented with 10% fetal bovine serum
(Life Technologies), 100 U/ml penicillin, and 100 pg/ml streptomy-
cin (Life Technologies) at 37°C and 5% CO,. ARPE-19 cells stably
expressing ErbB2 were generated by transfecting parental ARPE-
19 cells with an ErbB2 (human) pBABEpuro expression plasmid.
Stable ErbB2 transfected cells were obtained by selection in me-
dium supplemented with 3 pg/ml puromycin (initial selection), fol-
lowed by stable maintenance in medium supplemented with 1 ug/
ml puromycin.

cDNA constructs

cDNA encoding GFP-Gab1 was kindly provided by M. Park (McGill
University, Montreal, Canada). cDNA constructs for knocksideways
silencing, pMito-mCherry-FRB (henceforth, MitoTrap), and GFP-
FKBP-CLCa (Cheeseman et al., 2013) were kindly provided by S.
Royle (University of Warwick, Coventry, United Kingdom). A cDNA
construct for expression of human ErbB2 pBABEpuro (plasmid
40978, Addgene, Cambridge, MA) was kindly provided by Matthew
Meyerson (Dana-Farber Harvard Cancer Center, Boston, MA,;
Greulich et al., 2012).

Transfections
cDNA transfections were performed using FUGENE HD (Promega,
Madison, WI) as per manufacturer’s instructions. Briefly, cells were
washed once in 1x phosphate-buffered saline (PBS) and replaced
with fresh growth medium. FUGENE reagent and cDNA were mixed
in sterile H,O at a 3:1 ratio and incubated at room temperature for
20 min before pipetting cDNA mixture dropwise onto cell medium.
Cells were incubated in transfection solution for 4 h, which was sub-
sequently replaced with fresh medium. Experiments were per-
formed 18-24 h after transfection.

siRNA transfections were performed using custom-synthesized
siRNAs using RNAIMAX transfection reagent (Life Technologies) as
per manufacturer’s instructions. Briefly, each siRNA was transfected
at a concentration of 220 pmol/| with transfection reagent in Opti-
MEM medium (Life Technologies). Cells were incubated with the
siRNA complexes for 4 h, after which cells were washed and re-
placed in regular growth medium. siRNA transfections were per-
formed twice (72 and 48 h) before each experiment. Sequences
used were as follows (sense): CHC sequence 1, GGAAGGAAAUG-
CAGAAGAAUU; CHC sequence 2, GGGAAUAGUUUCAAUGUUU;
dynamin2, GGGCAGGCCUUCUAUAAGUUU; ErbB2, GGGAGA-
GAGUUCUGAGGAUUU; and nontargeting control siRNA, CGUA-
CUGCUUGCGAUACGGUU (Dharmacon, Lafayette, CO).

Cell treatment with inhibitors

All cells were serum deprived for 1 h before experimental assays
unless otherwise stated. Cells were treated with pitstop2 (10 uM
unless otherwise indicated in Supplemental Figure S2), 30 pM
dyngodA, or 80 uM dynasore (all inhibitors obtained from Abcam,
Cambridge, MA) or a corresponding volume of dimethyl sulfoxide
(DMSQ; vehicle control) for 20 min before stimulation with EGF
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(human; Life Technologies) or other experiments, as indicated. All
inhibitor treatments were performed during the 1-h serum depriva-
tion before addition of EGF.

EGF and Tfn internalization assays

EGF and Tfn internalization assays were performed as previously
described (Antonescu et al., 2010). Briefly, ARPE-19 cells grown on
12-well plates were transfected or treated with inhibitors as indi-
cated for 20 min at 37°C. Cells were then incubated with either
10 pg/ml biotinylated transferrin or 5 ng/ml biotinylated EGF
(Invitrogen) for the indicated times at 37°C, after which they were
immediately placed on ice and washed 3x in ice-cold PBS?* (PBS
supplemented with T mM CaCl, and 1 mM MgCly) to remove ex-
cess (unbound) ligand and arrest membrane traffic. Uninternalized
(surface-exposed) biotin-Tfn or biotin-EGF was quenched by se-
quential incubation with free avidin (3.1 pg/ml) and biocytin
(5 pg/ml). Cells were then solubilized in blocking buffer (0.05%
Triton X-100 and 0.05% SDS in Superblock solution; ThermoFisher,
Rockford, IL), and cell lysates were plated onto enzyme-linked im-
munosorbent assay plates coated with anti-Tfn or anti-EGF anti-
bodies and assayed for detectable (internalized) biotin-Tfn or bio-
tin-EGF using HRP-conjugated streptavidin as previously described
(Antonescu et al., 2010). Internalized biotin-Tfn or biotin-EGF was
normalized to the total level of cell surface ligand binding, mea-
sured at 4°C, and not subjected to quenching with avidin, per-
formed in parallel.

Whole-cell lysates and Western blotting

After transfection, treatment with inhibitors, and/or stimulation with
EGF, whole-cell lysates were prepared using in Laemmli sample
buffer (LSB; 0.5 M Tris, pH 6.8, glycerol, 10% SDS, 10%
B-mercaptoethanol, and 5% bromophenol blue; all from BioShop,
Burlington, Canada) supplemented with a protease and phospha-
tase cocktail (1 mM sodium orthovanadate, 10 nM okadaic acid, and
20 nM Protease Inhibitor Cocktail [BioShop]). Lysates were then
heated at 65°C for 15 min and passed through a 27.5-gauge sy-
ringe. Proteins were resolved by glycine-Tris SDS-PAGE followed by
transfer onto a polyvinylidene fluoride membrane; they were
washed, blocked, and incubated with antibodies as previously de-
scribed (Antonescu et al., 2011). Western blot signals to detect the
intensity corresponding to phosphorylated proteins (e.g., pAkt)
were obtained as previously described (Antonescu et al., 2005) by
signal integration in an area corresponding to the appropriate lane
and band for each condition. This measurement is then normalized
to the loading control (e.g., actin) signal, and subsequently normal-
ized to the total Akt signal, obtained either following blot stripping
or reblotting. In each experiment, the resulting normalized pAkt/
total Akt signal in each condition was expressed as a fraction of the
normalized pAkt/total Akt measurement in the control condition
stimulated with EGF for 5 min. In some experiments (Figure 8, F and
), the gain in phospho-Akt signal upon EGF stimulation in pitstop2-
treated cells was expressed as percentage of the gain in this signal
in control cells as follows: [(PAktegF.stim) — (PAKtbasallpitstop-treated’
[(PAkteGF-stim) — (PAKtpasallvehicle-treated-

Immunofluorescence staining

Immunofluorescence staining for detecting proteins in permeabi-
lized cells was performed as previously described (Antonescu et al.,
2008). Briefly, after fixation in 4% paraformaldehyde, quenching of
fixative in 100 mM glycine, and cell permeabilization in 0.1% Triton
X-100 (all solutions in PBS), cells were stained with primary antibod-
ies as indicated: anti-EGFR (mAb108, collected in-house from a
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hybridoma cell line from the American Type Culture Collection,
Manassas, VA), anti-Akt pS473 (Life Technologies), anti-EGFR
pY1068 (Cell Signaling), or anti-Gab1 pY627 (Applied Biological
Materials, Richmond, Canada). Subsequently, cells were stained
with the appropriate fluorescently conjugated secondary antibodies
and then mounted on glass slides in fluorescence mounting me-
dium (Dako, Carpinteria, CA) or retained within aqueous medium
for imaging by TIRFM. Immunofluorescence staining of cell-surface
EGFR (as in Figure 1, F and G) was performed by first labeling intact
cells at 4°C with anti-EGFR antibodies, followed by fixation, quench-
ing, and secondary antibody staining.

Knocksideways silencing and detection of Akt
phosphorylation

Parental ARPE-19 cells (cells not stably expressing any exogenous
fluorescent proteins) were transfected with cDNAs encoding pMito-
mCherry-FRB (MitoTrap) or GFP-FKBP-CLCa. On the day of the
experiment, these cells were treated with 1 pM rapamycin for 10 min
and then either stimulated with 5 ng/ml EGF for 5 min or left un-
stimulated (basal). Cells were then immediately fixed and processed
as described in Immunofluorescence staining.

Fluorescence microscopy

Wide-field epifluorescence microscopy experiments presented in
Figure 5 and Supplemental Figure S4 were obtained using a 63x
(numerical aperture [NA] 1.49) oil objective on a Leica DM5000 B
epifluorescence microscope using a DFC350FX camera (Leica
Microsystems, Wetzlar, Germany). Wide-field epifluorescence mi-
croscopy experiments presented in Figure 3 and Supplemental
Figure S3B were obtained using a 60x (NA 1.4) oil immersion
objective on a Zeiss Axiovert 200M epifluorescence microscope
using an ORCA-Flash 4.0 camera (Hamamatsu Corporation,
Bridgewater, NJ).

Spinning disk confocal microscopy experiments presented in
Supplemental Figures S3A and Sé were obtained using a Nikon
Olympus 1X81 equipped with a Yokogawa CSU X1 scanhead and a
100x (NA 1.4) oil objective using a Hamamatsu C9100-13 electron-
multiplying charge-coupled device (EM-CCD) camera. Excitation
light was provided by 488- (100 mV), 561- (50 mW), and 639-nm
(40 mV) laser illumination, and emitted light was collected after pas-
sage through 525/50, 595/60, and 700/75 emission filters, as
appropriate.

TIRFM experiments presented in Figures 6 and 7 and Supple-
mental Figure S6C were performed using a 150x (NA 1.45) objec-
tive on an Olympus IX81 instrument equipped with CellTIRF mod-
ules (Olympus Canada, Richmond Hill, Canada) using 491- (50 mW)
and 561-nm (50 mW) laser illumination and 520/30 and 624/50
emission filters. Images were acquired using a C9100-13 EM-CCD
camera.

Fluorescence microscopy image analysis
Fluorescence intensity of EGF-stimulated Akt phosphorylation and
EGFR phosphorylation was determined using ImageJ software
(National Institutes of Health, Bethesda, MD; Schneider et al., 2012)
as previously described (Antonescu et al., 2007). The EGF-stimu-
lated gain in pAkt and pEGFR (as shown in Figures 3 and 4C and
Supplemental Figure S3, B and C) was calculated as the difference
in mean fluorescence (of pAkt or pEGFR) between EGF-stimulated
cells and basal (unstimulated cells) of the same condition.
Diffraction-limited clathrin-coated structures, AP-2, structures
and GFP-p85 puncta were detected and quantified (as shown in
Figures 2, B-D, 5C, 6, and 7 and Supplemental Figure S6) as
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previously described using custom software developed in Matlab
(MathWorks, Natick, MA), as described in Aguet et al. (2013).
Briefly, diffraction-limited fluorescent structures in ARPE-19 cells
were detected using a Gaussian-based model method to approxi-
mate the point-spread function. Fluorescence intensity corre-
sponding to the enrichment of a specific protein marker (CLC,
GFP-p85, pGab1, A555-EGF, or a-adaptin, as indicated) within
these detected objects was determined by the amplitude of the
Gaussian model for each structure (Aguet et al., 2013). The mea-
surements of fluorescence intensity of various proteins within
clathrin structures represent enrichment of these proteins relative
to the local background fluorescence in the vicinity of the detected
object. The 2D intensity histograms were generated in Matlab, us-
ing 35 intensity bins for each fluorescent channel. The 2D plots of
the difference in GFP and RFP intensity frequencies between dif-
ferent conditions cells (as in Figures 6C and 7C) were generated by
subtraction of the matrices of the 2D intensity histograms.

For analysis of three-channel spinning disk confocal images (Sup-
plemental Figure Sé), identification of plasma membrane clathrin
structures was performed by detection of diffraction-limited AP-2
puncta similarly as described for TIRF images. Detected objects
were sorted as EGFR-positive or EGFR-negative based on the de-
tection of A555-EGF within these objects. pGab1 signaling intensity
within each detected AP-2 object was determined by the amplitude
of the Gaussian model of pGab1 fluorescence within each structure
(Aguet et al., 2013).

Randomized pGab1 signal within selected image sets as shown
in Figure 7B and Supplemental Figure Sé image sets was generated
by shifting the corresponding pGab1 channel in each image series
image relative to fixed AP-2 and A555-EGF images by at least
20 pixels.
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