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Selective regulation of clathrin-mediated 
epidermal growth factor receptor signaling and 
endocytosis by phospholipase C and calcium

ABSTRACT Clathrin-mediated endocytosis is a major regulator of cell-surface protein inter-
nalization. Clathrin and other proteins assemble into small invaginating structures at the plas-
ma membrane termed clathrin-coated pits (CCPs) that mediate vesicle formation. In addition, 
epidermal growth factor receptor (EGFR) signaling is regulated by its accumulation within 
CCPs. Given the diversity of proteins regulated by clathrin-mediated endocytosis, how this 
process may distinctly regulate specific receptors is a key question. We examined the selec-
tive regulation of clathrin-dependent EGFR signaling and endocytosis. We find that perturba-
tions of phospholipase Cγ1 (PLCγ1), Ca2+, or protein kinase C (PKC) impair clathrin-mediated 
endocytosis of EGFR, the formation of CCPs harboring EGFR, and EGFR signaling. Each of 
these manipulations was without effect on the clathrin-mediated endocytosis of transferrin 
receptor (TfR). EGFR and TfR were recruited to largely distinct clathrin structures. In addition 
to control of initiation and assembly of CCPs, EGF stimulation also elicited a Ca2+- and PKC-
dependent reduction in synaptojanin1 recruitment to clathrin structures, indicating broad 
control of CCP assembly by Ca2+ signals. Hence EGFR elicits PLCγ1-calcium signals to facilitate 
formation of a subset of CCPs, thus modulating its own signaling and endocytosis. This pro-
vides evidence for the versatility of CCPs to control diverse cellular processes.

INTRODUCTION
Clathrin-mediated endocytosis is the principal mechanism of inter-
nalization of receptor-bound macromolecules and integral mem-
brane proteins (termed cargo) from the cell surface. As a result, 
clathrin is a key regulator of the cell-surface proteome and controls 
the interaction of eukaryotic cells with their environment. Clathrin, 
AP2, and many other proteins assemble into clathrin-coated pits 
(CCPs), small invaginating regions of the plasma membrane. CCPs 
lead to the formation of intracellular vesicles following scission from 
the plasma membrane by the GTPase dynamin2. For some recep-
tors, clathrin-mediated endocytosis is a necessary part of nutrient 
uptake (e.g., of iron by transferrin receptor [TfR]) (Antonescu et al., 
2014). For signaling receptors such as the epidermal growth factor 
receptor (EGFR), internalization can lead to eventual signal termina-
tion by lysosomal degradation (Goh and Sorkin, 2013).

The formation of CCPs spans several stages, including nucle-
ation of clathrin-labeled structures (CLSs), followed by CCP initia-
tion, assembly, maturation, and eventual scission (McMahon and 
Boucrot, 2011; Aguet et al., 2013; Mettlen and Danuser, 2014; 
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complex and can occur via binding to tyrosine-phosphorylated 
EGFR at pY992 (Rotin et al., 1992) or indirectly, for example, via 
binding to the phosphorylated EGFR adaptor Gab1 (Gual et al., 
2000). Once bound to a receptor complex, PLCγ1 is phosphorylated 
(Kadamur and Ross, 2013), thus increasing phosphodiesterase activ-
ity specific for PIP2, resulting in production of inositol trisphosphate 
(IP3) and diacylglycerol (Kadamur and Ross, 2013). By binding to the 
IP3 receptor on the endoplasmic reticulum, IP3 leads to an increase 
in cytosolic Ca2+.

In presynaptic neurons, exocytosis triggers rapid and robust exo-
cytosis of synaptic vesicles, which is coupled to enhanced clathrin-
mediated endocytosis. Several mechanisms contribute to the latter, 
including an increase in intracellular Ca2+, triggering the activation 
of the phosphatase calcineurin (Cousin, 2000; Cousin and Robinson, 
2001; Saheki and De Camilli, 2012). In turn, calcineurin dephosphor-
ylates a number of proteins, including dynamin1, Sjn1, amphiphysin 
1 and 2, AP180, Epsin, and Eps15, which increases the pool of avail-
able endocytic proteins to enhance clathrin-mediated endocytosis 
(Liu et al., 1994; Bauerfeind et al., 1997; Slepnev et al., 1998; Chen 
et al., 1999; Cousin and Robinson, 2001; Cousin et al., 2001; Saheki 
and De Camilli, 2012). However, neurons express many unique iso-
forms or elevated levels of certain endocytic proteins and thus have 
specialized clathrin-mediated endocytosis (Morris and Schmid, 
1995; Saheki and De Camilli, 2012).

The role of Ca2+ in controlling clathrin in nonneuronal cells re-
mains poorly understood. Earlier studies showed that EGFR endo-
cytosis is largely unimpaired in PLCγ1−/− mouse embryonic fibro-
blasts (MEFs) (Ji et al., 1998) and that EGF-dependent Ca2+ 
mobilization is not required for EGFR internalization (Chang et al., 
1991). In contrast, other studies suggested Ca2+ signals may regu-
late EGFR endocytosis (Korc et al., 1984). EGFR is capable of endo-
cytosis by both clathrin-dependent and nonclathrin mechanisms 
(Sigismund et al., 2008). Thus study of how PLCγ1-Ca2+ signals may 
control the clathrin-mediated endocytosis of EGFR requires exami-
nation of this phenomenon in cells in which EGFR endocytosis is 
very largely clathrin-dependent and the use of highly sensitive as-
says that can monitor the impact of PLCγ1-Ca2+ signals on EGFR 
endocytosis and CCP dynamics.

By activating PLCγ1, EGFR may thus regulate clathrin-dependent 
signaling and endocytosis by consuming PIP2 or by generating sec-
ondary IP3-dependent Ca2+ signaling. Here we examine how sig-
nals triggered by PLCγ1 regulate clathrin-mediated endocytosis by 
monitoring receptor internalization and by employing highly sensi-
tive microscopy assays to resolve the impact of PLCγ1-Ca2+ signals 
on receptor endocytosis and CCP dynamics. We use these ap-
proaches to probe how PLCγ1 signals may selectively control dis-
crete subsets of CCPs (e.g., harboring EGFR) but not others (e.g., 
involved in constitutive endocytosis of TfR).

RESULTS
PLCγ1 selectively controls clathrin-mediated endocytosis 
of EGFR
EGF stimulation of retinal pigment epithelial (ARPE-19, henceforth 
RPE) cells elicits phosphorylation and thus activation of PLCγ1, de-
tectable as early as 1 min after ligand addition (Supplemental Figure 
1A). To determine whether PLCγ1 signaling contributes to EGFR or 
TfR clathrin-mediated endocytosis, we used small interfering RNA 
(siRNA)-mediated silencing of PLCγ1 in RPE cells, which resulted in 
an 85.6 ± 6.4% reduction (p < 0.05, n = 3) in PLCγ1 expression (Sup-
plemental Figure 1B), and monitored internalization of the respec-
tive receptor ligands EGF and transferrin (Tfn). PLCγ1 silencing im-
paired the internalization of EGF (Figure 1A) but had no effect on 

Kadlecova et al., 2017). In addition to clathrin, adaptor protein 2 
(AP2), and dynamin, CCP formation is regulated by many other en-
docytic accessory proteins that are recruited to CCPs through inter-
action with clathrin, AP2, or other proteins (Schmid and McMahon, 
2007; Mettlen et al., 2009; McMahon and Boucrot, 2011; Taylor 
et al., 2011). These include proteins that can sense or generate 
membrane curvature and enzymes such as synaptojanin1 (Sjn1), 
which controls the turnover of phosphatidylinositol-4,5-bisphos-
phate (PIP2). Indeed, PIP2 acts as a membrane ligand for many en-
docytic proteins, and ablation of PIP2 impairs formation of CCPs 
and clathrin-mediated endocytosis (Jost et al., 1998; Varnai et al., 
2006; Zoncu et al., 2007). Specifically, PIP2 synthesis by phosphati-
dylinositol-5-kinases and turnover by lipid phosphatases such as 
Sjn1 regulates CCP initiation, assembly, size, and lifetime (Antonescu 
et al., 2011). Collectively CCPs are regulated by PIP2 and require 
the coordinated assembly of many proteins within CCPs to mediate 
efficient formation of clathrin-coated vesicles and thus internaliza-
tion of receptor cargo.

Further to the well-described role of clathrin in endocytosis, re-
cent studies have also uncovered a direct role for clathrin and CCPs 
in regulating and organizing receptor signaling at the plasma mem-
brane. Activation of phosphatidylinositol-3-kinase (PI3K)-Akt signal-
ing upon ligand binding by the EGFR requires clathrin but not re-
ceptor endocytosis (Garay et al., 2015; Lucarelli et al., 2016), 
indicating the requirement for enrichment of EGFR signals within 
CCPs at the cell surface. Further, β1-adrenergic receptor (β1-AR) 
agonist stimulation elicits enrichment of β-arrestin2 but not β1-AR 
within cell-surface clathrin structures (Eichel et al., 2016), supporting 
the notion that CCPs function as signaling hubs.

Given the diversity of roles of clathrin at the cell surface, a funda-
mental question emerges: How can clathrin function be uniquely 
and specifically tailored to appropriately regulate the many distinct 
receptors at the cell surface? CCPs are heterogeneous in size, life-
time, and protein composition (Puthenveedu and von Zastrow, 
2006; Liu et al., 2009, 2010, Loerke et al., 2009, 2011, Mettlen et al., 
2009, 2010; Antonescu et al., 2010, 2011; Nunez et al., 2011; Taylor 
et al., 2011; Aguet et al., 2013). Several lines of evidence indicate 
that CCP heterogeneity reflects in part distinct cargo protein con-
tent. First, CCPs harboring specific proteins exhibit distinct size 
(e.g., larger CCPs form upon recruitment of low-density lipoprotein 
receptor (LDLR) and dab2/ARH; Mettlen et al., 2010) or longer life-
times (e.g., upon recruitment of certain G-protein–coupled receptors 
[GPCRs]; Puthenveedu and von Zastrow, 2006). Second, the clath-
rin-mediated endocytosis of different cargo receptors has distinct 
functional requirements: EGFR but not TfR endocytosis is regulated 
by phosphatidic acid (Antonescu et al., 2010), while gene silencing 
or sequestration of AP2 strongly impairs TfR endocytosis but not 
that of EGFR in some cells (Conner and Schmid, 2003; Motley et al., 
2003; Johannessen et al., 2006). In addition to having mechanisti-
cally distinct requirements for AP2 during clathrin-mediated endo-
cytosis (Johannessen et al., 2006), it has been proposed that EGFR 
and TfR may be localized largely to distinct CCPs (Tosoni et al., 
2005; Johannessen et al., 2006).

That CCPs can be functionally specialized for internalization of 
different receptors raises the important possibility that subsets of 
CCPs can be uniquely regulated, in turn regulating specific subset(s) 
of cargo receptors. Identifying signals that selectively regulate CCPs 
harboring specific cargoes would provide important understanding 
of how clathrin can distinctly regulate the diverse proteins at the cell 
surface.

Phospholipase Cγ1 (PLCγ1) is one of the many signals activated 
by EGFR and other receptor tyrosine kinases. Activation of PLCγ1 is 
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that of Tfn (Figure 1B). Strikingly, the lack of 
effect of PLCγ1 silencing on the endocytosis 
of Tfn was observed even in the presence of 
EGF stimulation (Figure 1C), ruling out a 
broad effect of PLCγ1 on clathrin-mediated 
endocytosis (e.g., of TfR) only in EGF-stimu-
lated cells.

In some cells, EGFR may undergo clath-
rin-independent endocytosis upon stimula-
tion with high levels of EGF (>20 ng/ml) 
(Sigismund et al., 2008). Importantly, for all 
experiments, we monitored EGFR internal-
ization at low doses of EGF stimulation (5 ng/
ml) to favor receptor internalization by clath-
rin-mediated endocytosis (Sigismund et al., 
2008). Indeed, we have previously character-
ized that in RPE cells, this results in EGFR in-
ternalization occurring very largely by clath-
rin-mediated endocytosis (Garay et al., 
2015). Moreover, even at saturating levels of 
EGF stimulation (100 ng/ml EGF), the inter-
nalization of EGFR is predominantly clathrin 
dependent in RPE cells (Supplemental Figure 
2A). This indicates that, in RPE cells, EGFR 
may be largely restricted to internalization by 
clathrin-mediated endocytosis. We conclude 
that PLCγ1 selectively controls the clathrin-
dependent endocytosis of EGFR.

PLCγ1-derived intracellular calcium is 
selectively required for clathrin-
mediated endocytosis of EGFR
PLCγ1 may control EGFR endocytosis by 
consumption of PIP2 or by generation of sec-
ondary signaling intermediates such as intra-
cellular Ca2+. PLCγ1 has also been proposed 
to regulate endocytosis by acting as a guanyl 
exchange factor for dynamin1 in neuronal 
cells (Choi et al., 2004), and dynamin1 selec-
tively regulates the clathrin-mediated endo-
cytosis of tumor necrosis factor–related 
apoptosis-inducing ligand (TRAIL)-death re-
ceptor (DR) (Reis et al., 2017). However, 
silencing of dynamin1 in RPE cells had no 
effect on EGF internalization (Supplemental 
Figure 3, A and B), indicating that PLCγ1-
regulated EGFR clathrin-mediated endocyto-
sis is dynamin1-independent. Notably, EGFR 
internalization in RPE cells requires dynamin2 
(Garay et al., 2015), which has not been re-
ported to be directly controlled by PLCγ1.

Further, under these conditions, EGF 
stimulation did not appreciably decrease 
PIP2 levels, as detected by biochemical mea-
surement of PIP2 levels at low (5 ng/ml) or 
higher (20 ng/ml) EGF doses (Figure 2A). 
Consistent with this result, monitoring PIP2 
availability using a genetically encoded fluo-
rescent PIP2 probe coupled to total internal 
reflection fluorescence microscopy (TIRF-M) 
indicated that EGF stimulation did not 
appreciably decrease the fluorescence levels 

FIGURE 1: PLCγ1 is required for EGF but not Tfn internalization. RPE cells were treated with 
siRNA targeting PLCγ1 or nontargeting siRNA, followed by measurement of EGF (A), Tfn (B), or 
Tfn internalization in EGF-stimulated cells (C). Shown are the means ± SE for n > 3 independent 
experiments; *, p < 0.05.

0 2 4 6 8 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2

EG
F 

in
te

rn
al

iz
at

io
n

(fx
n 

to
ta

l b
ou

nd
) control siRNA

PLCγ1 siRNA

time of intern. (min)

A B CEGF internalization Tfn internalization
Tfn internalization
in EGF-stim. cells

control siRNA
PLCγ1 siRNA

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Tf
n 

in
te

rn
al

iz
at

io
n

(fx
n 

to
ta

l b
ou

nd
)

0 2 4 6 8 10
time of intern. (min)

control siRNA
PLCγ1 siRNA

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Tf
n 

in
te

rn
al

iz
at

io
n

(fx
n 

to
ta

l b
ou

nd
)

0 2 4 6 8 10
time of intern. (min)

*

*

FIGURE 2: EGF stimulation elicits a PLCγ1-dependent increase in cytosolic Ca2+. (A) Biochemical 
PIP2 measurement (means ± SE) in cells treated with EGF (5 or 20 ng/ml, 5 min) or ionomycin 
(10 μM, 20 min) as indicated. n = 3; *, p < 0.05. (B) RPE cells transfected with cDNA encoding 
the wild-type PH domain of PLCδ1 fused to mCherry (mCh-PH WT) or a similar fusion with a 
K32A/W36A mutant PH domain (unable to bind PIP2; Antonescu et al., 2011). Shown are 
representative micrographs obtained by wide-field epifluorescence or TIRF microscopy, as 
indicated and the means ± SE of the TIRF/epifluorescence ratio of the mCherry signal, indicative 
of membrane binding by the PH probe. (C–G) RPE cells were treated with siRNA targeting 
PLCγ1 or nontargeting siRNA, or treated with 3 μM XeC for 20 min or left untreated (control). 
RPE cells were then treated with Fluo4-AM for 30 min. Shown in C and E are representative 
images obtained by wide-field epifluorescence of Fluo4 obtained before further treatments 
(basal), after stimulation with 5 ng/ml EGF for 5 min, and then again after subsequent treatment 
with 10 μM ionomycin for 5 min, as indicated. Scale bars: 20 μm. Also shown are the EGF-
stimulated (D, F) or ionomycin triggered (G) gains (means ± SE) in Fluo4-AM fluorescence within 
cells in the various conditions examined. n > 3, *, p < 0.05.
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whether this recapitulated the neuronal control of endocytosis by 
calcium-activated calcineurin. Strikingly, the calcineurin inhibitor 
cyclosporin A (CsA) was without effect on EGF internalization 
(Figure 4A), while under similar conditions, CsA effectively im-
paired the calcineurin-dependent nuclear translocation of nuclear 
factor of activated T-cells (NFAT; Supplemental Figure 3, C and D). 
These results indicate that the mechanism of regulation of EGFR 
endocytosis in RPE cells is at least partly distinct from that of en-
hanced clathrin-mediated endocytosis elicited by Ca2+ signaling in 
neurons.

Ca2+ signaling activates several signals, including conven-
tional protein kinase C (PKC) isoforms. To determine whether 
Ca2+-dependent PKC activation contributes to EGFR endocyto-
sis, we employed the pan-PKC inhibitor bisindolylmaleimide I 
(BIM). EGF internalization was impaired in cells treated with 
BIM (Figure 4B), while BIM treatment was without effect on Tfn 
internalization, measured either in the absence (Figure 4C) or 
presence (Figure 4D) of EGF stimulation. Hence PKC selectively 

of this probe in the TIRF field (Figure 2B), a 
reflection of the PIP2-dependent membrane 
association of the probe. As this probe is 
largely associated with the plasma mem-
brane in resting (basal) cells, this method 
likely does not allow detection of possible 
increases in PIP2 compared with control cells. 
Nonetheless, these experiments indicate that 
the impact of PLCγ1 on EGFR endocytosis is 
not due to robust, broad PIP2 depletion.

In contrast, and as expected (Fu et al., 
1994; Bryant et al., 2004), EGF stimulation 
increased cytosolic [Ca2+], as detected by a 
gain in fluorescence of the Ca2+ probe 
Fluo4-AM (Figure 2C). Importantly, the EGF-
stimulated gain in Fluo4-AM fluorescence 
was ablated by PLCγ1 silencing (Figure 2, C 
and D) or by treatment with the IP3 receptor 
inhibitor Xestospongin C (XeC) (Oka et al., 
2002) (Figure 2, E and F). In each of these 
PLCγ1- or IP3 receptor–perturbing condi-
tions, subsequent treatment with the cal-
cium ionophore ionomycin elicited a robust 
increase in intracellular Ca2+ (Figure 2G), in-
dicating that these treatments did not alter 
Fluo4-AM uptake. Hence PLCγ1 and the IP3 
receptor are required for the EGF-stimu-
lated gain in cytosolic Ca2+.

The selective requirement for PLCγ1 in EGFR internalization may 
thus reflect a selective requirement for IP3-derived Ca2+ signaling 
elicited by EGF stimulation. Indeed, treatment with XeC abrogated 
EGF internalization (Figure 3A), again without affecting Tfn 
internalization either in the absence (Figure 3B) or presence (Figure 
3C) of EGF stimulation. Identical results were obtained using BAPTA-
AM (1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 
tetrakis(acetoxymethyl ester)) to chelate intracellular calcium (Figure 
3, D–F). BAPTA-AM treatment did not impact the total amount of 
cell-associated EGF when the assay was repeated without distin-
guishing internalized from surface-associated EGF (Supplemental 
Figure 2B). This indicates that BAPTA-AM treatment did not impact 
EGF internalization as a result of alteration of EGF:EGFR association 
but instead decreased the rate of EGF:EGFR internalization. Hence 
IP3-stimulated Ca2+ release from the endoplasmic reticulum is selec-
tively required for the clathrin-dependent internalization of EGFR.

To examine how PLCγ1-derived Ca2+ signals may selectively 
control EGFR clathrin-mediated endocytosis, we first examined 

FIGURE 3: IP3 receptor and cytosolic Ca2+ are required for EGF but not Tfn internalization. RPE 
cells were treated with 3 μM XeC for 30 min, 10 μM BAPTA-AM for 15min, or left untreated (control) 
as indicated, followed by measurement of EGF (A, D), Tfn (B, E) or Tfn internalization in EGF-
stimulated cells (C, F). Shown are the means ± SE for n > 3 independent experiments; *, p < 0.05.
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including PKC. This is consistent with the 
distinct requirements for clathrin-depen-
dent EGFR and TfR internalization for AP2 
(Conner and Schmid, 2003; Motley et al., 
2003), phosphatidic acid (Antonescu et al., 
2010), or TTP (Tosoni et al., 2005). These re-
sults lead to the hypothesis that EGFR and 
TfR reside within distinct subpopulations of 
clathrin structures (Tosoni et al., 2005; Leon-
ard et al., 2008), each with distinct functional 
requirements. To directly and systematically 
probe this possibility, we performed simul-
taneous labeling of RPE cells stably express-
ing clathrin light chain fused to enhanced 
green fluorescent protein (eGFP) (eGFP-
CLCa) with the fluorescently conjugated li-
gands of TfR and EGFR, rhodamine-EGF 
and A647-Tfn (ligands added for 5 min, fol-
lowed by fixation), respectively (Figure 5). 
This labeling approach was coupled to 
TIRF-M, allowing observation of diffraction-
limited clathrin structures and their respec-
tive receptor content (Figure 5A). Here we 
use the term clathrin-labeled structures 
(CLSs) for clathrin structures observed or de-
tected within single images (frames); identi-
fication of bona fide CCPs requires addi-
tional analysis of CLS behavior over time 
that is possible only when examining live-
cell images (Aguet et al., 2013; Kadlecova 
et al., 2017). The set of CLSs includes CCPs 
as well as other clathrin structures such as 
subthreshold CLSs (sCLSs), of which the lat-
ter do not give rise to bona fide CCPs 
(Aguet et al., 2013; Mettlen and Danuser, 
2014; Kadlecova et al., 2017). In these im-
ages (Figure 5A), CLSs harboring either 
EGFR (white circles) or TfR (purple circles) 
can be readily observed, while CLSs harbor-
ing both receptors are more rare.

To obtain quantitative analysis of the re-
lationship between EGFR-positive and TfR-
positive CLSs, we subjected these TIRF-M 
images to automated detection and analy-
sis of CLSs (Jaqaman et al., 2008; Loerke 
et al., 2009; Mettlen et al., 2009, 2010, 
Antonescu et al., 2010, 2011; Liu et al., 
2010; Aguet et al., 2013; Garay et al., 2015). 
Importantly, this strategy allows unbiased 
and systematic identification of CLSs, as 
well as measurement of the levels of fluores-
cent receptors contained therein (Aguet 
et al., 2013; Garay et al., 2015; Lucarelli 
et al., 2016). To represent these data, we 
first plotted the distribution of fluorescent 
EGF and Tfn within all identified CLSs in a 

two-dimensional histogram (Figure 5B). Importantly, this approach 
reveals an apparently mutually exclusive relationship between the 
content of EGF and Tfn within CLSs. To directly quantify the propor-
tion of CLSs that contain EGFR (EGF+), TfR (Tfn+), or both receptors 
(EGF+/Tfn+), we sorted CLSs into cohorts by receptor content, us-
ing a systematic cutoff for classification of CLSs as positive for EGFR 

regulates the clathrin-dependent internalization of EGFR in a 
manner similar to PLCγ1- and ER-derived cytosolic Ca2+.

EGFR and TfR localize largely to distinct CLSs
Our results indicate that the clathrin-mediated endocytosis of EGFR 
and TfR has distinct requirements for PLCγ1-derived Ca2+ signals, 

FIGURE 5: EGF and Tfn are recruited to largely distinct CLSs. RPE cells stably expressing 
clathrin light chain fused to eGFP (eGFP-CLCa) were treated with 20 ng/ml rhodamine-EGF 
(rho-EGF) and 10 μg/ml A647-Tfn for 5 min or the indicated time, followed by immediate 
fixation. (A) Shown are representative micrographs obtained by TIRF-M. Scale bars: 10 μm (top 
row); 5 μm (bottom row, corresponding to enlarged images of the region shown in the merged 
image of the top row). White circles depict CLSs that are positive for EGF but devoid of Tfn, and 
purple circles depict CLSs that are positive for Tfn but not EGF. (B, C) CLSs were subjected to 
automated detection and analysis as described in Materials and Methods. Shown in B is a 
two-dimensional histogram of the normalized EGF and Tfn fluorescence intensities in each CLS 
cohort. Shown in C are median (bar) and 25th/75th percentiles (boxes) of the proportions of 
CLSs that are positive for EGF (but not Tfn), Tfn (but not EGF), or both EGF and Tfn. The 
number of CLSs and cells analyzed, respectively, for each condition are as follows: 10 ng/ml 
rhodamine-EGF and 10 μg/ml A647-Tfn: 70,124 and 57; and 10 ng/ml rhodamine-EGF and 
10 μg/ml A647-Tfn: 46,240 and 37; from a minimum of three independent experiments in each 
condition. (D–F) Images obtained by spinning-disk confocal microscopy, corresponding to 
ventral, middle, and top z-sections of cells (see Supplemental Figure 5 for representative images) 
were subjected to automated detection and analysis as described in Materials and Methods. 
Shown are median (bar) and 25th/75th percentiles (boxes) of the proportions of CLSs in the 
ventral (D), middle (E), and top (F) z-sections that are positive for EGF (but not Tfn), Tfn (but not 
EGF), or both EGF and Tfn. The number of CLSs analyzed and cells for each condition (from 
three independent experiments) are provided in the legend for Supplemental Figure 5.
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for Ca2+-signaling for EGFR clathrin-mediated endocytosis may re-
flect a role for Ca2+ in EGFR recruitment to CLSs or a role for Ca2+ 
signaling in CCP nucleation, initiation, assembly, maturation, or scis-
sion subsequent to receptor recruitment therein (Antonescu et al., 
2010, 2011; Aguet et al., 2013; Mettlen and Danuser, 2014; Garay 
et al., 2015; Kadlecova et al., 2017).

To determine whether Ca2+ signaling was required for EGFR re-
cruitment to CLSs, we treated cells with a pulse (5 min) of fluores-
cent EGF coupled to imaging by TIRF-M and automated detection 
and analysis of CLSs (Aguet et al., 2013; Garay et al., 2015). We 
performed parallel experiments with fluorescent EGF (A555-EGF, 
Figure 6, A, C, and D, and Supplemental Figure 7) and Tfn (A555-
Tfn, Figure 6, B, E, and F, and Supplemental Figure 7). Cells treated 
with XeC, BAPTA-AM, or BIM exhibited an increase in EGF fluores-
cence within CLSs (Figure 6C), indicating that EGFR was efficiently 
recruited to and accumulates in CLSs under these conditions. Thus 
Ca2+-PKC signaling was required for a stage of clathrin-mediated 
endocytosis subsequent to EGFR recruitment to CLSs. Importantly, 
and consistent with ligand-uptake experiments (Figures 3 and 4), 
XeC, BAPTA-AM, and BIM treatments did not impact Tfn recruit-
ment to CLSs (Figure 6E), showing that the effect of Ca2+-PKC sig-
naling is selective for EGFR localization to CLSs. Notably, the fluo-
rescence intensity of clathrin within EGF+ CLSs (Figure 6D) but not 
that of Tfn+ CLSs (Figure 6F) was reduced upon treatment with ei-
ther XeC, BAPTA-AM, or BIM, suggesting that Ca2+-PKC signaling 
regulates a process of CCP formation or assembly other than EGFR 
recruitment.

To resolve how Ca2+ signals may regulate the nucleation, initia-
tion, assembly, maturation, or scission of CCPs harboring EGFR, we 
used established approaches that couple time-lapse TIRF-M imag-
ing of cells and automated and unbiased detection, tracking, and 
analysis of CLSs (Aguet et al., 2013; Mettlen and Danuser, 2014; 
Kadlecova et al., 2017). Using these approaches, we examined RPE 
cells stably expressing GFP-CLC, treated (or not) with BAPTA-AM 
and imaged in the presence of either rhodamine-EGF or A647-Tfn 
(the latter in the presence of unlabeled EGF to trigger Ca2+ signal-
ing) (Figure 7, A and B). Notably, these computational tools allow 
the identification of clathrin structures harboring specific receptors 
in two-color time lapse–image series, based on the presence of a 
secondary signal within these structures (Aguet et al., 2013). As 
such, this method allows the selective analysis of EGF+ or Tfn+ CLSs 
in these time lapse–image series. Furthermore, this method allows 
further resolution of each CLS as either a bona fide CCP or an sCLS, 
as previously described (Aguet et al., 2013; Mettlen and Danuser, 
2014; Kadlecova et al., 2017). sCLSs are quantitatively and system-
atically distinguished from CCPs by the fact that sCLSs fail to meet a 
minimum clathrin-intensity threshold within the early stages of for-
mation and likely represent either stochastic assembly of clathrin at 
the plasma membrane or early nucleation events that fail to proceed 
to formation of bona fide CCPs (Aguet et al., 2013; Mettlen and 
Danuser, 2014; Kadlecova et al., 2017). In contrast, bona fide CCPs 
represent CLSs that stabilize, assemble, mature, and, in some cases, 
undergo scission from the plasma membrane to produce vesicles.

Using this analysis strategy, we found that BAPTA-AM treat-
ment significantly increased the rate of initiation of sCLSs contain-
ing EGF+ (Figure 7C) (Aguet et al., 2013; Mettlen and Danuser, 
2014; Kadlecova et al., 2017). Importantly, BAPTA-AM substan-
tially and significantly impaired the initiation of bona fide EGF+ 
CCPs (Figure 7D). This suggests that Ca2+ signals control the tran-
sition from early nucleation to initiation of bona fide CCPs that 
contain EGFR. Furthermore, BAPTA-AM treatment decreased the 
size of bona fide CCPs containing EGF (EGF+ CCPs), shown by the 

or Tfn (Garay et al., 2015). Importantly, this approach revealed that 
CLSs harboring either EGF or Tfn (but not both ligands) were ap-
proximately threefold more abundant than CLSs harboring both 
receptors (Figure 5C). Using higher concentrations of rhodamine-
EGF (50 ng/ml) increased the percentage of EGF+ CLSs, without 
altering the percentage of EGF+/Tfn+ CLSs (Figure 5C). Quantifica-
tion of the ligand content of each cohort of CLSs (EGF+, Tfn+, 
EGF+/Tfn+) highlights the validity of the automated sorting of CLSs 
by cargo content (Supplemental Figure 4). These results indicate 
that EGFR and TfR are found largely in distinct CLSs and thus may 
internalize largely through distinct CCPs.

While we observed both EGFR+ and TfR+ CLSs on the ventral 
cell surface (as imaged by TIRF-M), others have reported that TfR 
internalization occurs largely on the ventral cell surface and that of 
EGFR occurs largely on the dorsal cell surface (Grossier et al., 2014). 
As such, it is possible that CLSs harboring both EGFR and TfR may 
predominate on the dorsal cell surface, given the possible enrich-
ment of EGFR internalization events in this region. Furthermore, 
while TfR undergoes constitutive endocytosis, EGFR internalization 
is triggered by ligand binding, suggesting that the recruitment of 
EGFR and TfR to distinct or overlapping CLSs may depend on the 
time of addition of ligands. To probe these possibilities, we repeated 
these experiments using a similar labeling strategy to detect EGFR 
and Tfn, followed by imaging by spinning-disk confocal microscopy. 
This approach allows a similar systematic, unbiased analysis of ligand 
recruitment to CLSs (detected via AP2 staining) in various z-sections 
of cells, including the ventral section (which is analogous to the anal-
ysis performed by TIRF-M) and two dorsal sections (corresponding 
to the middle and top of the cell). As virtually all cell-surface CCPs 
have AP2 (Keyel et al., 2006), we also refer to these AP2 structures as 
CLSs (Supplemental Figure 10). As observed by TIRF-M, CLSs har-
boring either EGFR (white circles) or TfR (purple circles) can be read-
ily observed in these sections, while CLSs harboring both receptors 
are less frequently observed (Supplemental Figure 5).

Following automated detection, analysis, and sorting of CLSs 
into cohorts by ligand (EGF+, Tfn+ and EGF+/Tfn+), we again ob-
served that CLSs harboring either EGF or Tfn (but not both ligands) 
were approximately threefold more abundant than CLSs harboring 
both receptors in the images corresponding to the ventral section of 
cells (Figure 5D). Consistent with previous reports showing the 
abundance of EGFR on the dorsal surface of cells, we observed a 
substantial number of EGF+ CCPs on the middle and top sections of 
cells, while Tfn+ CCPs were less abundant, and CLSs harboring both 
EGF and Tfn were virtually absent in these dorsal cell sections (Figure 
5, E and F). Notably, while the frequency of detection of EGF+ CLSs 
(and EGF+/Tfn+ CLSs) was lower at 1 min of ligand addition, the 
approximately threefold higher abundance of EGF+ versus EGF+/
Tfn+ CLSs is similar at all time points following ligand addition ex-
amined. Quantification of the ligand content of each cohort of CLSs 
(EGF+, Tfn+, EGF+/Tfn+) highlights the validity of the automated 
sorting of CLSs by cargo content (Supplemental Figure 6).

Collectively these systematic analyses of the recruitment of Tfn 
and EGF ligands to CLSs indicates that TfR and EGFR reside largely 
in distinct CLSs. This phenomenon is not dependent on the time of 
EGF or Tfn addition and occurs throughout the plasma membrane 
(i.e., in both the ventral and the dorsal surfaces of cells). These results 
suggest that EGFR and TfR internalize largely through distinct CCPs.

EGFR-derived Ca2+ signals regulate CCP initiation 
and assembly
We next examined how CCPs harboring EGFR or TfR may be dis-
tinctly regulated by PLCγ1-derived Ca2+ signals. The requirement 
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The initiation, assembly, maturation, and 
scission of CCPs require the recruitment and 
function of multiple endocytic accessory 
proteins that interact with clathrin heavy 
chain, AP2, or PIP2 (Schmid and McMahon, 
2007; McMahon and Boucrot, 2011; Mettlen 
et al., 2009; Taylor et al., 2011). Manipula-
tions that impact PIP2 synthesis and turn-
over by lipid kinases and CCP-localized 
phosphatases (Antonescu et al., 2011) or 
that specifically alter the interactions of AP2 
with PIP2 (Kadlecova et al., 2017) impact 
CCP initiation and assembly. While system-
atic profiling of the recruitment of many 
such proteins is beyond the scope of this 
study, given the similarities of the impact of 
disruption of CCP-localized PIP2 dynamics 
or binding and disruption of Ca2+ signals, 
we next examined the regulation of the re-
cruitment of Sjn1 by Ca2+ signals. Sjn1 ef-
fects localized PIP2 turnover within CCPs 
and thus negatively regulates the early 
stages of CCP formation (Antonescu et al., 
2011). We transfected cells with mCherry-
tagged Sjn1 (mCh-Sjn1) and subjected 
these cells to imaging by TIRF-M (Figure 8A 
and Supplemental Figure 10) followed by 
systematic image analysis to quantify mCh-
Sjn1 abundance within CLSs (Figure 8B). 
Strikingly, EGF stimulation resulted in a re-
duction of mCh-Sjn1 abundance within 
CLSs (Figure 8A and quantification in Figure 
8B). Importantly, treatment with BAPTA-AM 
or BIM impaired the reduction of mCh-Sjn1 
within CLSs elicited by EGF stimulation 
(Figure 8B). We obtained similar results by 
examination of endogenous Sjn1 labeled 
with anti-Sjn1 antibodies (Supplemental 
Figure 11). In addition, BAPTA-AM and 
BIM treatment also further increased Sjn1 
labeling in CLSs beyond that in control, un-
stimulated cells in some conditions (Supple-
mental Figure 11), suggesting that the re-

cruitment of endogenous Sjn1 may be further modulated by Ca2+ 
cues. These results are consistent with the observation that Ca2+-
derived signals are required for clathrin assembly within CCPs har-
boring EGFR and indicate that the Ca2+-derived signals elicited by 
EGF stimulation more broadly remodel the assembly of CCPs, thus 
selectively regulating the clathrin-mediated endocytosis of specific 
cargo receptors such as EGFR.

PLCγ1 is required for clathrin-dependent EGFR signaling
We recently reported that clathrin structures have a role separate 
from endocytosis in facilitating EGF-stimulated phosphorylation of 
Gab1 and Akt at the plasma membrane (Garay et al., 2015). The role 
for clathrin structures in regulating signaling is selective, as clathrin 
is not required for EGF-stimulated phosphorylation of EGFR or Erk 
(Garay et al., 2015). Given the role of PLCγ1-derived Ca2+ signals in 
controlling formation of EGFR-positive CCPs, we examined whether 
PLCγ1 controls EGFR signaling to Akt. PLCγ1 silencing impaired 
EGF-simulated Gab1 and Akt phosphorylation (Figure 9A) but not 
that of EGFR and Erk (Figure 9B). Similarly, selective effects on EGFR 

mean fluorescence of clathrin within CCPs, grouped by lifetime 
cohorts (Figure 7E). In contrast to the effects on EGF+ CLSs, 
BAPTA-AM treatment did not affect initiation rate of Tfn+ sCLSs or 
CCPs (Figure 7, F and G). BAPTA-AM also did not appreciably alter 
the size of Tfn+ CCPs (Figure 7H). As expected for CCPs giving rise 
to endocytic vesicles, the EGF or Tfn fluorescence decays from the 
detected objects largely concomitantly with clathrin (Supplemen-
tal Figures 8, A and B, and 9, A and B), in particular for CCPs hav-
ing lifetimes <80s that represent the majority structures (Supple-
mental Figures 8C and 9C).

These results indicate that Ca2+ signals are selectively required to 
regulate the initiation and assembly of CCPs harboring EGFR follow-
ing clathrin structure nucleation, while these Ca2+ signals are dispens-
able for the initiation and assembly of CCPs harboring TfR. Taken 
together with the observation that perturbation of Ca2+ signals en-
hances the abundance of EGFR within all CLSs (Figure 6C), these re-
sults indicate that Ca2+ signals do not impact recruitment of EGFR to 
clathrin structures, but are required for initiation and assembly of 
bona fide CCPs containing EGFR from nascent clathrin structures.

FIGURE 6: Cytosolic Ca2+ and PKC regulate CLSs containing EGFR but not those harboring TfR. 
RPE cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa), treated with various 
inhibitors as in Figures 3 and 4: 3 μM XeC for 30 min, 10 μM BAPTA-AM (BA) for 15 min, 1 μM 
BIM for 30 min, or left untreated (control), and then treated with A555-EGF (A) or A555-Tfn (B) for 
5 min. Shown are representative micrographs obtained by TIRF-M. Scale bar: 5 μm. Full image 
panels are shown in Supplemental Figure 7. (C–F) TIRF-M images were subjected to automated 
detection of CLSs, followed by quantification of mean A555-conjugated ligand fluorescence 
intensity therein (C, E). CLSs were sorted into A555-EGF-enriched or A555-Tfn-enriched cohorts, 
followed by quantification of the mean eGFP-CLC within each CLS cohort (D, F). For C–F, the 
overall median of the cellular means (bar) and 25th/75th percentiles (boxes) are shown. The 
number of CLSs and cells analyzed, respectively, for each condition are as follows: EGF control: 
14,114 and 114; EGF XeC: 11,322 and 98; EGF BAPTA-AM: 15,786 and 104; EGF BIM: 3860 and 
46, Tfn control: 16,983 and 117; Tfn XeC: 10,838 and 98; Tfn BAPTA-AM: 8868 and 64; Tfn BIM: 
3718 and 44; from a minimum of three independent experiments in each condition.
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EGFR/HER2 heterodimers (Garay et al., 
2015). Importantly, RPE-HER2 cells undergo 
EGF-stimulated Akt phosphorylation that is 
clathrin independent (Garay et al., 2015).

We next examined EGF-stimulated 
signaling by EGFR/HER2 heterodimers in 
RPE-HER2 cells to determine whether 
PLCγ1-Ca2+ cues control EGFR signaling by 
control of CCPs. If so, PLCγ1-Ca2+ cues 
would not be expected to impact signaling 
in RPE-HER2 cells (which signal in a clath-
rin-independent manner from EGFR/HER2 
heterodimers). Indeed, silencing of PLCγ1 
in RPE-HER2 cells did not impact EGF-stim-
ulated Akt phosphorylation (Figure 9C). 
This suggests that, in cells lacking HER2 
expression, PLCγ1-Ca2+ cues control EGF-
simulated Akt phosphorylation by control 
of CCPs. These results indicate that 
PLCγ1-Ca2+ signaling controls the assembly 
of clathrin and other proteins into EGFR+ 
CCPs that may thus impart upon these 
structures the role of signaling hubs, in ad-
dition to controlling EGFR endocytosis.

DISCUSSION
Clathrin-mediated endocytosis controls the 
cell-surface abundance and initiates intra-
cellular membrane traffic of many proteins, 
and thus has key roles in the control of nutri-
ent and ion transport, cell adhesion, and 
receptor signaling (McMahon and Boucrot, 
2011; Antonescu et al., 2014). Clathrin-me-
diated endocytosis controls the internaliza-
tion of many different membrane proteins, 
each which may require unique regulation. It 
is thus important to resolve how the clathrin-
mediated endocytosis of different mem-
brane proteins can be distinctly controlled.

Using multiple independent approaches, 
including siRNA silencing of PLCγ1, pharma-
cological antagonism of IP3R, and chelation 
of cytosolic Ca2+, we identified that PLCγ1-
derived, IP3-dependent Ca2+ signaling is 
required for the clathrin-mediated endocy-
tosis of EGFR but not of other receptors 
such as TfR. While it is possible that each of 
these approaches has off-target effects, the 
strikingly similar phenotype of each pertur-
bation to selectively impair the clathrin-me-

diated internalization of EGFR strongly indicates that the effect of 
each is specific to perturbation of PLCγ1-derived IP3-dependent 
Ca2+ signaling. Consistent with the distinct control of the clathrin-
mediated endocytosis of EGFR (but not that of TfR) by these Ca2+ 
signals, we found that EGFR and TfR reside largely in distinct clathrin 
structures at the cell surface. Perturbation of intracellular Ca2+ selec-
tively impaired the earliest stages of initiation and assembly of CCPs 
harboring EGFR. Notably, Ca2+ signaling controlled the recruitment 
of certain proteins, such as Sjn1 and clathrin, to CCPs. Finally, per-
turbation of PLCγ1 and Ca2+ impaired the clathrin-dependent acti-
vation of Akt signaling by EGFR, suggesting that Ca2+ signals con-
trol both clathrin-dependent EGFR signaling and endocytosis.

signaling to Akt phosphorylation were observed upon perturbations 
of cytosolic calcium (Supplemental Figure 12). The attenuation of 
EGFR signaling to Gab1-Akt upon perturbation of PLCγ1-calcium is 
consistent with the abrogated initiation and assembly of EGFR+ 
CCPs under these conditions (Figure 7, D and E).

EGFR is a member of the ErbB (HER) family of receptor tyrosine 
kinases and can heterodimerize with other members of this family 
when coexpressed, in particular HER2 (Alroy and Yarden, 1997). RPE 
cells do not detectably express HER2 levels, and thus EGF stimula-
tion of these cells results in activation of EGFR homodimers (Garay 
et al., 2015). We have previously reported RPE cells engineered to 
stably express HER2 (RPE-HER2), which thus signal largely from 

FIGURE 7: Cytosolic Ca2+ selectively controls initiation and assembly of CCPs harboring EGFR. 
RPE cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa) were pretreated with 
10 μM BAPTA-AM for 15 min, and then treated with either 20 ng/ml rhodamine-EGF (Rho-EGF) 
or treated with A647-Tfn during time-lapse imaging by TIRF-M. (A, B) Single-frame representa-
tive fluorescence micrographs. Scale bar: 5 μm. Time-lapse TIRF-M image series of cells treated 
with Rho-EGF (C–E) or A647-Tfn (F–H) were subjected to automated detection, tracking, and 
analysis of CLSs as described in Materials and Methods, allowing identification of sCLSs and 
bona fide CCPs as EGF+ or Tfn+, as appropriate. (C–D, F–G) Median, 25th/75th percentiles 
(boxes) and Tukey range (whiskers) for the initiation rate of ligand-positive sCLSs (C, F) or 
ligand-positive CCPs (D, G) are shown. (E, H) Mean eGFP-CLCa fluorescence intensity grouped 
into CCP lifetime cohorts; error bars reflect cell-to-cell variation. The number of total CLS 
trajectories, CCP trajectories, and cells for each condition are (respectively): rho-EGF treated 
(control, DMSO): 24,737, 16,621, and 18; rho-EGF treated (BAPTA-AM treated): 33,604, 14,731, 
and 24; A647-Tfn (control, DMSO) 32,693, 22,008, and 24; A647-Tfn (BAPTA-AM) 35,287, 
20,862, and 25. The breakdown of ligand-positive sCLSs and CCPs is as follows: 5.0 ± 0.7% 
(control) and 8.5 ± 0.5% (BAPTA-treated) of sCLSs are EGF+; 13.2 ± 0.9% (control) and 10.9 ± 
0.9% (BAPTA-treated) of CCPs are EGF+; 3.1 ± 0.4% (control) and 4.0 ± 0.7% (BAPTA-treated) 
of sCLSs are Tfn+; 13.6 ± 1.9% (control) and 13.2 ± 1.9% (BAPTA-AM) of CCPs are Tfn+.
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Regulation of CCPs and clathrin-mediated endocytosis by 
intracellular calcium
The regulation of clathrin-mediated endocytosis by Ca2+ has been 
appreciated for some time in presynaptic neurons. Membrane de-
polarization triggers robust Ca2+-dependent exocytosis of synaptic 
vesicles, which is coupled to enhanced clathrin-mediated endocyto-
sis (Saheki and De Camilli, 2012). This increase in intracellular Ca2+ 
during depolarization is thought to contribute to enhanced clathrin-
mediated endocytosis in neurons, at least in part due to calcineurin-
dependent dephosphorylation of Sjn1, dynamin1, amphiphysins, 
Eps15, and endophilin (Liu et al., 1994; Bauerfeind et al., 1997; 
Slepnev et al., 1998; Chen et al., 1999; Cousin et al., 2001).

Here we reveal that Ca2+ signals also control clathrin-mediated 
endocytosis in nonneuronal cells and that these signals are selec-
tively required for EGFR endocytosis. Moreover, calcineurin and 
dynamin1 were dispensable for the internalization of EGFR (Figure 
4A and Supplemental Figure 3, A and B), suggesting that Ca2+-
dependent control of clathrin-mediated endocytosis in RPE cells 
does not rely on acute dephosphorylation of endocytic proteins 
such as dynamin1 by calcineurin, a phenomenon that regulates the 
clathrin-mediated endocytosis of TRAIL/DR (Reis et al., 2017). 
Given that the control of endocytosis by Ca2+ in RPE cells is at least 
partly distinct from that thought to occur in neurons, how may cal-
cium signals control clathrin-mediated endocytosis of EGFR in non-
neuronal cells?

The regulation of clathrin-mediated endocytosis of EGFR by 
Ca2+-derived signals does not prevent the nucleation of EGFR+ 
clathrin structures, as observed with the increase in EGF+ sCLSs 
(Figure 7C), yet impacts the subsequent initiation and assembly of 
bona fide CCPs harboring EGFR (Figure 7D). Both sCLSs and CCPs 
represent nucleation of clathrin structures (Aguet et al., 2013; 
Mettlen and Danuser, 2014; Kadlecova et al., 2017). Interestingly, 
mutation of the cargo-binding motifs of AP2 reduces the initiation 
rate of both sCLSs and bona fide CCPs, measured by methods simi-
lar to those used here (Kadlecova et al., 2017), indicating that cargo 
recruitment to clathrin structures contributes to clathrin-structure 
nucleation. Indeed, perturbation of Ca2+ signals does not impair the 
total recruitment of EGFR to CLSs (Figure 6C), of which a large frac-
tion are sCLSs that do not give rise to bona fide CCPs (Aguet et al., 
2013). This suggests that Ca2+ signals do not control EGFR activa-
tion or recruitment to nascent clathrin nucleations. Instead, Ca2+ 
signals control the subsequent initiation of bona fide CCPs harbor-
ing EGFR from nascent clathrin nucleations (Figure 7D) and the re-
cruitment of clathrin (Figure 7E), Sjn1 (Figure 8 and Supplemental 
Figure 11), and perhaps other proteins.

Sjn1 recruitment to CCPs is regulated by Ca2+ signals and PKC 
(Figure 8 and Supplemental Figures 10 and 11). Sjn1 has two 

FIGURE 8: mCherry-Sjn1 is depleted from CLSs upon EGF 
stimulation in a Ca2+- and PKC-dependent manner. RPE cells stably 
expressing GFP-CLCa were transfected with mCherry-tagged Sjn1 
(mCh-Sjn1, 170-kDa isoform), and then treated with 10 μM BAPTA-AM 
for 15 min, 1 μM BIM for 30 min, or left untreated (control), followed 
in some samples by stimulation with 5 ng/ml EGF, as indicated, then 
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by immediate fixation. (A) Shown are representative micrographs 
obtained by TIRF-M. Scale bars: 10 μm. Full-image panels, including 
corresponding epifluorescence images, are shown in Supplemental 
Figure 10. (B) TIRF-M images were subjected to automated detection 
of CLSs, followed by quantification of the mean mCh-Sjn1 
fluorescence intensity therein (normalized to total mCh-Sjn1 
expression determined from epifluorescence images). Shown in 
B are median (bar) and 25th/75th percentiles (boxes) of mCh-Sjn1 
fluorescence intensity within CLSs in each condition. The number of 
CLSs and cells analyzed, respectively, for each condition are as 
follows: basal, control (no drug): 43,047 and 50; basal, BAPTA-AM: 
38,919 and 44; basal, BIM: 35,556 and 46; EGF, control (no drug): 
55,482 and 55; EGF, BAPTA-AM: 28,644 and 43; EGF, BIM: 29,637 and 
38; from three independent experiments.
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depletion of Sjn1 from the majority of visible 
CCPs (Figure 8A and Supplemental Figure 
11A), suggesting that depletion of Sjn1 is 
not restricted to EGF+ clathrin structures. As 
Sjn1 silencing impacted CCP dynamics but 
not Tfn internalization (Antonescu et al., 
2011), we conclude that clathrin structures 
harboring EGFR are more sensitive to the 
regulation of Sjn1 recruitment than those 
harboring TfR.

EGF stimulation may reduce Sjn1 recruit-
ment to CCPs by direct regulation of Sjn1 or 
by broader reprogramming of CCP assem-
bly. Consistent with the former, Sjn1 can un-
dergo tyrosine phosphorylation by the EphB 
receptor (Irie et al., 2005) or serine phos-
phorylation by CDK5 (Lee et al., 2004), 
modifications that each control the inter-
action of Sjn1 with endophilin and/or its 
phosphatase activity. Notably, PKC may also 
mediate Sjn1 phosphorylation in nerve ter-
minals (Cousin et al., 2001).

Ca2+ and PKC may also more broadly 
control CCP assembly and clathrin-medi-
ated endocytsis. Ca2+ may control endocy-
tosis by direct binding to clathrin light chain 
(Mooibroek et al., 1987; Nathke et al., 1990) 
or by regulation of annexin 2 and 6, which 
control AP2 recruitment to membranes 
(Creutz and Snyder, 2005; Cornely et al., 
2011). The control of endocytosis by cal-
cium may also occur in yeast, as the N-BAR 
domain protein Rvs167 is regulated by 
calmodulin, impacting release of vesicles 
from the membrane (Myers et al., 2016). 
Our findings that Ca2+ signals control the as-
sembly and size of certain CCPs is consis-
tent with the glucose-induced enhanced 
endocytosis in INS-1 cells (MacDonald et al., 
2005). While clathrin assembly or clathrin-
mediated endocytosis was not directly ex-
amined, the glucose-induced Ca2+ signals in 

INS-1 cells enhance endocytosis and control the size of endocytic 
vesicles. While we show here that PKC is required for regulation of 
clathrin-mediated endocytosis of EGFR, a previous study concluded 
that PKC regulated EGFR recycling but not internalization (Bao 
et al., 2000). This study examined the effect of treatment of cells 
with phorbol 12-myristate 13-acetate (PMA, which results in broad 
activation of PKC), which did not impact EGF internalization. Our 
observations indicate that EGF-elicited Ca2+ signals are sufficient to 
activate PKC to regulate EGFR internalization in the absence of 
PMA treatment.

Given the complexity and heterogeneity of CCPs, including their 
lifetime and composition, dissecting the mechanism by which Ca2+ 
and PKC signals control CCP assembly, maturation, and scission 
from the cell surface is beyond the scope of this study and repre-
sents an important area of investigation for future research. Impor-
tantly, we establish that PLCγ1-derived Ca2+ and PKC signals control 
the clathrin-mediated endocytosis of EGFR as a result of regulation 
of initiation and assembly of bona fide EGFR+ CCPs.

Interestingly, while this article was under review, Sigismund 
and colleagues reported that PLC-derived Ca2+ signals control 

isoforms, a neuronal-enriched 145-kDa isoform and a ubiquitous 
170-kDa isoform (McPherson et al., 1996; Ramjaun and McPherson, 
1996). Both Sjn1-145 and -170 have NPF and PRD domains that in-
teract with Eps15 and endophilin, while Sjn1-170 also interacts with 
AP2 and clathrin (Perera et al., 2006). While both isoforms are re-
cruited to CCPs, Sjn1-145 is largely recruited near the end of the 
lifetime of a CCP, while Sjn1-170 is recruited along with clathrin and 
AP2 and is present throughout the lifetime of CCPs (Perera et al., 
2006; Antonescu et al., 2011). Sjn1 has 5-phosphatase and Sac1 do-
mains important for the conversion of PIP2 to phosphatidylinositol-
4-phosphate and phosphatidylinositol, a process critical for uncoat-
ing of clathrin-coated vesicles once internalized (Cremona et al., 
1999). Further, due to recruitment at early stages of clathrin-struc-
ture formation, Sjn1 also negatively regulates the stabilization of 
nascent clathrin structures in a manner that requires the 5-phospha-
tase domain (Antonescu et al., 2011). Hence the turnover of PIP2 by 
Sjn1 within nascent CCPs impairs CCP formation. As such, the EGF-
stimulated reduction in Sjn1 recruitment to CCPs may increase CCP 
initiation and efficiency of CCP internalization, thus promoting EGFR 
endocytosis. Notably, it appears that EGF stimulation elicits a broad 

FIGURE 9: PLCγ1 is required for clathrin-dependent EGFR signaling. RPE cells or RPE cells 
stably expressing HER2 (RPE-HER2 cells) were subjected to siRNA silencing of PLCγ1and treated 
with 5 ng/ml EGF for 5 min as indicated, followed by Western blotting of whole-cell lysates with 
antibodies to detect phosphorylated proteins. Shown are representative immunoblots and the 
mean ± SE signal intensity for (A) pAkt and pGab1 in RPE cells (not expressing HER2), (B) pEGFR 
and pErk in RPE cells (not expressing HER2), and (C) pAkt in RPE-HER2 cells. *, p < 0.05.
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specific for each receptor and immunoelectron microscopy revealed 
that these receptors were far more frequently detected within dis-
tinct CCPs than in the same CCPs (Tosoni et al., 2005). And consis-
tently, while CCPs were not being examined directly, fluorescent 
EGF and Tfn were shown to exhibit reduced overlap in the initial 
stages of internalization (Leonard et al., 2008). These studies sup-
port our conclusion, based on systematic and unbiased analysis of 
CCPs, that EGFR and TfR are largely found in distinct CCPs.

The recruitment of EGFR and TfR to largely distinct CCPs may 
occur as a result of stochastic recruitment of receptors to preformed 
early clathrin structures that are intrinsically capable of interaction 
with and subsequent internalization of diverse cargo receptors. Al-
ternatively, the selective incorporation of EGFR into CCPs that have 
unique properties compared with CCPs harboring TfR suggests that 
a deterministic cargo-selection mechanism may gate the early 
stages of clathrin-structure nucleation, initiation, and assembly. 
Consistent with this interpretation, EGF stimulation of AP2 silenced 
cells resulted in the formation of CCPs that contained EGF, EGFR, 
and clathrin but not TfR (Johannessen et al., 2006). If the stochastic 
segregation of receptors into largely distinct CCPs predominates, 
then this phenomenon may be subject to cell context–specific pa-
rameters, such as receptor expression levels.

Regardless, EGFR and TfR reside largely within distinct clathrin 
structures in RPE cells. This cargo segregation is likely not restricted 
to RPE cells, as similar findings were observed in HeLa cells (Tosoni 
et al., 2005). Notably, the incorporation of cargo within specific CCPs 
alters the properties of those CCPs, as shown for low-density lipopro-
tein receptor (Mettlen et al., 2010) and certain GPCRs (Puthenveedu 
and von Zastrow, 2006). These studies suggest that the recruitment 
of each receptor to particular clathrin structures may be coupled to 
unique engagement of endocytic accessory proteins that impact 
CCP formation, assembly, maturation, and scission. As such, CCPs 
harboring EGFR are dependent on contributions from PLCγ1-derived 
Ca2+ signals for CCP initiation and assembly and eventual productive 
formation of intracellular vesicles. In contrast, CCPs harboring TfR are 
not regulated by PLCγ1-derived Ca2+ signals.

Regulation of EGF-stimulated Akt phosphorylation by 
PLCγ1-derived signals
We recently uncovered that clathrin structures, but not receptor 
endocytosis, are required for EGFR signaling leading to Gab1 and 
Akt phosphorylation (Delos Santos et al., 2015; Garay et al., 2015; 
Lucarelli et al., 2016). Perturbations of clathrin selectively impaired 
EGF-stimulated phosphorylation of Gab1 and Akt, but were without 
effect on phosphorylation of EGFR or of other signaling pathways 
such as mitogen-activated protein kinase (MAPK). Importantly, per-
turbations of dynamin2, which allowed formation of CCPs and re-
cruitment of EGFR therein, but not receptor internalization into 
vesicles, did not impair EGF-stimulated Akt phosphorylation. We 
proposed that in addition to forming endocytic portals, a subset of 
clathrin structures also function as signaling microdomains, required 
for the enrichment of specific receptor signals. Consistent with this, 
we observed the enrichment of phosphorylated Gab1 within CCPs 
upon stimulation with ligands of EGFR or Met (Garay et al., 2015; 
Lucarelli et al., 2016).

Here we find that PLCγ1 and intracellular Ca2+ are required for 
EGF-stimulated activation of clathrin-dependent signals (phosphor-
ylation of Gab1 and Akt) but not clathrin-independent signals (phos-
phorylation of EGFR and MAPK). Given that PLCγ1 and intracellular 
Ca2+ control assembly of CCPs harboring EGFR, we propose that 
these signals are also required to prime clathrin structures to func-
tion as signaling microdomains required for Akt activation.

nonclathrin endocytosis (NCE) of EGFR (Caldieri et al., 2017), which 
occurs in some cells upon stimulation with high doses of EGF (>20–
50 ng/ml) (Sigismund et al., 2008). Nonetheless, our work estab-
lishes that PLCγ1 and Ca2+ control clathrin-mediated endocytosis of 
EGFR as 1) EGF internalization is very largely clathrin dependent in 
RPE cells (Garay et al., 2015), even at high (100 ng/ml) doses of 
EGFR (Supplemental Figure 2A); 2) direct observation of clathrin 
structures and CCP dynamics resolves the question of whether Ca2+ 
signals control CCP initiation and assembly (Figures 6 and 7); and 3) 
Ca2+ signals are shown to control the recruitment of specific proteins 
(Sjn1) into CCPs (Figure 8 and Supplemental Figures 10 and 11). 
Taken together, these studies suggest that Ca2+ signals may repre-
sent a broad, common regulator of EGFR internalization through 
multiple endocytic pathways.

Distinct regulation of clathrin-mediated endocytosis of 
EGFR versus TfR
Several lines of evidence support the internalization of EGFR and 
TfR through largely distinct CCPs. Silencing of AP2 subunit compo-
nents (Motley et al., 2003) or sequestration of AP2 by overexpres-
sion of AAK1 (Conner and Schmid, 2003) results in near-complete 
impairment of TfR endocytosis, with minimal effect on clathrin-medi-
ated endocytosis of EGFR. However, others have reported complete 
inhibition of both TfR and EGFR endocytosis upon AP2 silencing 
(Huang et al., 2004; Rappoport and Simon, 2009), and AP2 is found 
in virtually all CCPs (Keyel et al., 2006). Taken together, these studies 
suggest that AP2 may be required for internalization of both TfR and 
EGFR but that the endocytosis of each receptor may use AP2 in a 
functionally distinct manner under some contexts. Furthermore, 
phosphatidic acid controls CCP dynamics but impacts only the clath-
rin-mediated endocytosis of EGFR, not TfR (Antonescu et al., 2010).

Here we employed labeling of TfR and EGFR using fluorescently 
conjugated ligands coupled to automated and unbiased image 
analysis to resolve that these two receptors are localized largely 
within distinct CCPs (Figure 5). We find that CCPs harboring either 
significant levels of EGFR or TfR (but not both) are detected approxi-
mately three times as frequently as CCPs that harbor both recep-
tors. This relationship was not altered by increasing the levels of 
fluorescently labeled EGF used for stimulation in this experiment 
(Figure 5C). Thus incomplete labeling of TfR or EGFR by labeling 
with their respective fluorescent ligands does not readily explain the 
observed enrichment of EGFR and TfR into largely distinct CCPs. 
Instead, these observations suggest that EGFR and TfR, and not just 
their ligands, are recruited to largely separate sets of CCPs.

Most CCPs that are positive for TfR contain multiple copies of 
this receptor, including when labeled using an exofacial synthetic li-
gand that is comparable in size to fluorescent Tfn (and thus also 
much larger than fluorescent EGF) (Tosoni et al., 2005; Liu et al., 
2010). Thus it is very unlikely that our observation of fluorescent EGF 
and Tfn enrichment within distinct CCPs is due to steric constraints 
limiting the inclusion of multiple ligands into the same clathrin struc-
ture. Indeed examination of the EGF and Tfn intensity distribution in 
CCPs (Figure 5B) reveals that a range of ligand fluorescence intensi-
ties within CCPs exists for each receptor ligand, indicating that many 
CCPs have more than one of their respective ligands (EGF or Tfn).

The recruitment of EGFR and TfR to largely distinct CCPs is con-
sistent with some previous studies. These two ligands were ob-
served in largely distinct CCPs with methods similar to those we 
employed here relying on fluorescently conjugated Tfn and EGF 
coupled to TIRF-M, (Tosoni et al., 2005). While CCPs harboring both 
EGF and TfR can indeed be detected by electron microscopy 
(Lamaze et al., 1993), labeling of EGFR and TfR using antibodies 
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cDNA constructs encoding the wild-type pleckstrin homology 
(PH) domain of PLCδ1 fused to mCherry (mCherry-PH WT) or of the 
PH domain harboring K32A W36A mutations to abolish binding to 
PIP2 similarly fused to mCherry were previously described (Antonescu 
et al., 2011). cDNA encoding Sjn1 (170-kDa isoform) fused to mCherry 
was previously described (Antonescu et al., 2011). Hemagglutinin 
(HA)-NFAT1(4-460)-GFP was a gift from Anjana Rao, Harvard Medical 
School (Addgene plasmid #11107) (Aramburu et al., 1999). siRNA 
sequences used were as follows (sense): dynamin1, 5′-GGCUUA-
CAUGAACACCAACCACGAA (Reis et al., 2015); clathrin heavy 
chain (CHC), GGAAGGAAAUGCAGAAGAAUU (Garay et al., 2015); 
PLCγ1, GAGCAGUGCCUUUGAAGAAUU; or nontargeting control 
siRNA, CGUACUGCUUGCGAUACGGUU; and were obtained from 
Dharmacon (Lafayette, CO) or Sigma-Aldrich (St. Louis, MO).

Cell culture, transfection, and drug treatments
Wild-type ARPE-19 (RPE herein) human retinal pigment epithelial 
cells (RPE-WT) and derivative lines stably expressing clathrin light 
chain fused to eGFP (RPE eGFP-CLC) or Tag-RFP-T (RPE RFP-CLC) 
were used as previously described (Antonescu et al., 2011; Aguet 
et al., 2013). Cells were cultured in DMEM/F12 supplemented with 
10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C 
and 5% CO2. RPE cells engineered to stably express HER2 (RPE-
HER2) were previously described, and cultured similarly as RPE-WT 
cells, with the addition of 1 μg/ml puromycin to growth medium 
(Garay et al., 2015).

cDNA and siRNA transfection
cDNA transfection (as per Figures 2 and 8 and Supplemental Figures 
3 and 10) was performed using Lipofectamine 2000 (Life Technolo-
gies, Carlsbad, CA), as per the manufacturer’s instructions and as 
previously described (Garay et al., 2015; Bone et al., 2017). Briefly, 
for each well of a six-well plate, 2.5 μg of cDNA was precomplexed 
with 5 μl of transfection reagent in Opti-MEM. Cells were subse-
quently incubated with DNA-reagent complexes for 4 h, followed 
by washing and incubation of cells in regular growth medium for 
18–24 h before the start of the experiment.

siRNA gene silencing (as per Figures 1, 2, and 9 and Supplemen-
tal Figures 1–3) was performed using Lipofectamine RNAiMAX (Life 
Technologies, Carlsbad, CA), as per the manufacturer’s instructions 
and as previously described (Garay et al., 2015; Ross et al., 2015). 
Briefly, each siRNA construct was transfected at 220 pmol/l precom-
plexed to the transfection reagent in Opti-MEM for 4 h, after which 
cells were washed and replaced in regular growth medium. siRNA 
transfections were performed twice (72 h and 48 h) before each 
experiment.

Inhibitor treatment and EGF stimulation
For all experiments, cells were subjected to serum starvation for 1 h 
before the start of the assay. Following serum starvation, cells were 
treated with small-molecule pharmacological inhibitors as follows: 
1 μM BIM for 30 min (Wijesekara et al., 2006), 3 μM XeC for 30 min 
(Miyamoto et al., 2000), 10 μM CsA for 30 min, or 10 μM BAPTA-AM 
for 15 min, or treated in media containing a corresponding volume 
of vehicle (dimethyl sulfoxide [DMSO], in each case <0.1%, control 
condition).

All experiments were performed with EGF stimulation at 5 ng/ml 
unless otherwise stated.

TIRF-M measurement of cell-surface PIP2 abundance
RPE cells were seeded onto glass coverslips and transfected with 
nontargeting siRNA, then with cDNA encoding either the wild-type 

The requirement for PLCγ1 for EGF-stimulated Akt phosphoryla-
tion may reflect the requirement for PLCγ1 and Ca2+ in the initiation 
and assembly of EGFR+ clathrin structures, which are required for 
signaling leading to Akt activation, or other mechanism(s). We ob-
served that EGF-stimulated Akt phosphorylation in RPE cells engi-
neered to stably express HER2 (which signal largely from EGFR/
HER2 heterodimers) does not require PLCγ1 for EGF-stimulated Akt 
phosphorylation (Figure 9C). Because clathrin is dispensable for 
EGF-simulated Akt phosphorylation in RPE-HER2 cells (Garay et al., 
2015), the requirement for PLCγ1 for activation of Akt by EGFR may 
be limited to cellular contexts in which EGFR signaling is clathrin 
dependent. This result strengthens our conclusion that PLCγ1 and 
Ca2+-dependent signals regulate clathrin-mediated endocytosis of 
EGFR, as well as clathrin-dependent EGFR signaling. The largely 
unaltered EGF-stimulated Akt phosphorylation observed in PLCγ1−/− 
MEFs (Ji et al., 1998) may thus reflect a different cellular context 
(e.g., HER2 coexpression) in which EGF-stimulated Akt phosphory-
lation occurs in a clathrin-independent manner or another long-term 
adaptation to PLCγ1 genetic knockout.

We thus conclude that the regulation of signaling and endocyto-
sis of EGFR is reciprocal, as the regulation of CCP initiation and as-
sembly by EGF-stimulated PLCγ1-Ca2+ signals in turn control EGF-
stimulated Akt signaling. Elucidating the mechanisms by which 
clathrin structures may integrate a number of intracellular cues, 
which in turn regulate signaling by EGFR and other cell-surface re-
ceptors, should be the subject of future research in the function and 
regulation of CCPs.

In summary, we reveal an unprecedented dimension by which 
functionally distinct subsets of CCPs can be differently regulated by 
diffusible signals (e.g., Ca2+) (Supplemental Figure 13). The specific 
and distinct regulation of subsets of CCPs by cellular signals pro-
vides the basis for how the versatile assembly of CCPs can be modu-
lated to accomplish distinct regulation of the diverse proteins of the 
cell-surface proteome.

MATERIALS AND METHODS
Materials
DMEM/F12, fetal bovine serum (FBS), penicillin/streptomycin 
solution, insulin-Tfn-selenium-ethanolamine solution, and sterile 
HEPES buffer were obtained from Life Technologies (Carlsbad, CA). 
l-Glutamine was obtained from Sigma-Aldrich (St. Louis, MO). Human 
EGF (unlabeled), EGF (complexed to Alexa Fluor 555 [A555-EGF] or 
rhodamine [rhodamine-EGF]), Tfn (complexed to Alexa Fluor 555 
[A555-Tfn] or Alexa Fluor 647 [A647-Tfn]), biotin-xx-EGF, and biotin-
xx-Tfn were obtained from Life Technologies (Carlsbad, CA). Anti-
EGF antibodies (used in EGF uptake assay) were from Upstate Bio-
technologies (Millipore, Etobicoke, ON, Canada), and Tfn-antibodies 
(used in Tfn uptake assay) were from Bethyl Laboratories (Montgom-
ery, TX). Avidin and o-phenylenediamine hydrochloride reagent were 
obtained from Biobasic (Markham, ON, Canada), and biocytin was 
obtained from Santa Cruz Biotechnology (Dallas, TX). Superblock 
blocking buffer was obtained from Thermo Fisher (Rockford, IL).

BIM and CsA were obtained from Cell Signaling (Danvers, MA), 
XeC was obtained from Abcam (Cambridge, MA), and BAPTA-AM 
was obtained from Santa Cruz Biotechnology (Dallas, TX).

Antibodies used for immunofluorescence to detect Sjn1 were 
from Synaptic Systems (Goettingen, Germany), and anti-AP2 
(Abcam) and antibodies used for Western blotting were obtained as 
follows: for detection of phospho-Akt (pS473) from Life Technologies 
(Carlsbad, CA), and for total Akt, phospho-Erk, total Erk, phospho-
EGFR, phospho-PLCγ1, total PLCγ1, and actin from Cell Signaling 
(Danvers, MA).
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PH domain of PLCδ1 fused to mCherry (mCherry-PH WT) or of the 
PH domain harboring K32A and W36A mutations to abolish binding 
to PIP2 similarly fused to mCherry (mCherry-PH K32A, W36A). On 
the day of the experiment, cells were serum starved for 1 h, then 
treated with 5 ng/ml EGF for 5 min, followed by immediate fixation 
in 4% paraformaldehyde (PFA). Cells were then imaged using se-
quential TIRF-M and wide-field epifluorescence microscopy using 
a 150×/1.45 NA objective on an Olympus IX81 instrument 
equipped with CellTIRF modules (Olympus Canada, Richmond Hill, 
ON, Canada) using 561-nm (50 mW) laser illumination and an 
624/50 emission filter. Images were acquired using a C9100-13 EM-
CCD camera (Hamamatsu, Bridgewater, NJ).

Images were analyzed using ImageJ (Schneider et al., 2012) 
by manually delineating a region of interest corresponding to the 
cell outline, followed by measurement of the mean pixel inten-
sity within this region (Ross et al., 2015) for each of the TIRF-M 
and epifluorescence channels for each cell. To obtain the relative 
cell-surface localization index for the mCherry-PH probes under 
various conditions, we determined the ratio of TIRF/epifluores-
cence for each cell. Measurements were subjected to analysis of 
variance (ANOVA) followed by Tukey’s posttest, with a threshold 
of p < 0.05 for statistically significant differences between condi-
tions (Figure 2B).

Biochemical measurement of phosphoinositide levels
RPE cells were incubated for 24 h in inositol-free DMEM (MP Bio-
medicals, Santa Ana, CA) with 10 Ci/ml myo-[2-3 H(N)] inositol 
(PerkinElmer Life Sciences, Waltham, MA), 10% FBS, 4 mM l-gluta-
mine, 1× insulin-Tfn-selenium-ethanolamine 20 mM HEPES, and 1× 
penicillin/streptomycin. On the day of the experiment, cells were 
serum starved for 1 h and then stimulated with 5 or 20 ng/ml EGF 
for 5 min or with 10 μM ionomycin for 20 min, as indicated. Cells 
were then treated with 600 μl of 4.5% perchloric acid (vol/vol) on 
ice for 15 min, scraped, and pelleted at 12,000 × g for 10 min. Pel-
lets were washed with 1 ml ice-cold 0.1 M EDTA and resuspended 
in 50 μl of water. Phospholipids were deacylated with 500 μl of a 
solution of methanol/40% methylamine/1-butanol (45.7% metha-
nol:10.7% methylamine:11.4% 1-butanol [vol/vol]) for 50 min at 
53°C. Samples were vacuum-dried and washed twice with water. 
The dried samples were then resuspended in water, extracted with 
a solution of 1-butanol/ethyl ether/ethyl formate (20:4:1), vortexed 
for 5 min, and centrifuged at 12,000 × g for 2 min. The bottom 
aqueous layer was collected and extracted twice more. The aque-
ous layer was vacuum-dried and resuspended in 50 μl of water. 
Equal counts of 3H were separated by high-performance liquid 
chromatography (Agilent Technologies, Santa Clara, CA) through 
an anion exchange 4.6 × 250 mm column (Phenomenex, Torrance, 
CA) with a flow rate of 1 ml/min and subjected to a gradient of 
water (buffer A) and 1 M (NH4)2HPO4, pH 3.8 (buffer B) as follows: 
0% B for 5 min, 0–2% B for 15 min, 2% B for 80 min, 2–10% B for 
20 min, 10% B for 30 min, 10–80% B for 10 min, 80% B for 5 min, 
and 80–0% B for 5 min. The radiolabeled eluate was detected by 
β-RAM 4 (LabLogic, Brandon, FL) with a 1:25 ratio of eluate to scin-
tillant (LabLogic) and analyzed using Laura 4 software. Each of the 
phosphoinositides was normalized against the parent phosphati-
dylinositol peak. Samples were subjected to ANOVA followed by 
Tukey’s posttest, with a threshold of p < 0.05 for statistically signifi-
cant differences between conditions (Figure 2A).

EGF and Tfn ligand internalization assays
All internalization assays were performed on RPE-WT cells grown on 
12-well plates as previously described (Garay et al., 2015). Following 

siRNA gene silencing (Figure 1 and Supplemental Figures 2 and 3) 
or drug treatments (Figures 2 and 3), cells were then incubated with 
either biotin-xx-EGF (5 ng/ml for EGF internalization) or biotin-xx-
Tfn (1 μg/ml for Tfn internalization) for 0, 2, 5, or 10 min at 37°C. 
Following ligand internalization, cells were immediately placed on 
ice and washed three times in ice-cold PBS2+ (phosphate-buffered 
saline [PBS] supplemented with 1 mM CaCl2 and 1 mM MgCl2) to 
remove unbound ligand and arrest membrane traffic. Bound, unin-
ternalized ligands were subsequently quenched by sequential incu-
bation with free avidin for 30 min on ice (for EGF internalization at 
5 μg/ml avidin, and for Tfn internalization at 28.6 μg/ml) and biocy-
tin for 15 min on ice (for EGF internalization with 7.69 μg/ml biocy-
tin, and for Tfn internalization with 27.3 μg/ml). Subsequently cells 
were washed repeatedly with ice-cold PBS2+ and solubilized by in-
cubation in a buffer composed of 0.01% Triton X-100 and 0.01% 
SDS in Superblock. Cell lysates were then plated onto enzyme-
linked immunosorbent assay (ELISA) plates coated with either anti-
EGF or anti-Tfn antibodies, followed by detection of biotin-xx-EGF 
or biotin-xx-Tfn (free, unbound to avidin) by incubation with strepta-
vidin conjugated to horseradish peroxidase (POD), and detection of 
bound POD by o-phenylenediamine assay. Absorbance readings 
corresponding to internalized biotin-xx-EGF or biotin-xx-Tfn read-
ings were then normalized to the total levels of surface-ligand bind-
ing measured at 4°C and not subjected to avidin-biocytin quench-
ing, performed in parallel for each condition.

To resolve whether any differences in EGF internalization ob-
served using the above assay might be due to changes in EGF:EGFR 
binding (instead of EGF:EGFR internalization rate), we performed a 
control experiment to measure cell-associated biotin-xx-EGF (reflect-
ing EGF:EGFR binding) in which the quenching by avidin and biocy-
tin was omitted (Supplemental Figure 2B). This assay was performed 
identically to the above EGF internalization assay, with the exception 
that, following ligand internalization (at 37°C), placement of cell on 
ice, and extensive washing in ice-cold PBS2+ to remove unbound li-
gand, cells were directly solubilized by incubation 0.01% Triton 
X-100 and 0.01% SDS in Superblock buffer. Cell-associated biotin-
xx-EGF was detected on EGF-coated ELISA plates, as described 
above, and normalized to total biotin-xx-EGF bound (at 4°C).

Measurement of biotin-xx-Tfn internalization during EGF stimu-
lation was performed similarly as Tfn internalization described 
above, but was preceded by the addition of 5 ng/ml EGF (unla-
beled) 1 min before addition of Tfn-xx-biotin in each sample. Mea-
surement of Tfn-xx-biotin was performed in the continued presence 
of unlabeled EGF.

In all EGF or Tfn internalization experiments, the results were 
subjected to two-way ANOVA followed by Bonferroni’s multiple 
comparison posttest, with a threshold of p < 0.05 for significant dif-
ference between treatment conditions.

Measurement of cytosolic [Ca2+] with Fluo4-AM
RPE-WT cells were seeded onto glass coverslips and then subjected 
to siRNA silencing as described earlier. At the time of the experi-
ment, cells were loaded with 8 μM Fluo-4 AM for 15 min at 37°C and 
5% CO2; this was followed by washing to remove excess Fluo-4 AM 
and a further 30 min incubation at 37°C and 5% CO2, during which 
time some cells were treated with XeC, as indicated. Spinning-disk 
confocal microscopy of living cells was performed at 37°C and 5% 
CO2 throughout image acquisition using an Olympus IX81 equipped 
with a Yokogawa CSU X1 scanhead and a 60×/1.35 NA oil objective 
using a Hamamatsu C9100-13 EM-CCD camera. Excitation light was 
provided by 488 nm (100 mV) laser illumination, and emitted light 
was collected following passage through a 525/50 emission filter.
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Images of multiple fields of view of unstimulated cells (basal) 
were obtained, followed by addition of 5 ng/ml EGF for 5 min and 
acquisition of images of multiple fields of view of the EGF-stimu-
lated condition. For testing the maximum intensity of Fluo4-AM 
fluorescence, subsequent to EGF stimulation, cells were treated 
with 10 μM ionomycin for 5 min at 37°C in the presence of 5% CO2, 
followed by acquisition of images of multiple fields of view of the 
ionomycin-treated condition. All images were analyzed using Im-
ageJ, measuring the total intensity of Fluo4-AM per cell in each 
condition (before EGF, after EGF, and after ionomycin). Shown in 
Figure 2, D, F, and G, are the differences in the mean Fluo4-AM fluo-
rescence between the EGF-stimulated and basal conditions and the 
differences in the mean Fluo4-AM fluorescence between the iono-
mycin-treated and EGF-stimulated conditions. The results were sub-
jected to one-way ANOVA followed by Tukey’s posttest, with a 
threshold of p < 0.05 for statistically significant differences between 
conditions

TIRF and spinning-disk confocal microscopy and automated 
image analysis of CLSs (fixed cells)
Fixed sample preparation for CLS detection and analysis by 
TIRF-M. RPE cells stably expressing eGFP-CLC were seeded onto 
glass coverslips the day before the experiment, and in some cases 
transfected with cDNA encoding mCherry-Sjn1-170 (Figure 8 and 
Supplemental Figure 10). Following 1-h serum starvation and drug 
treatment as indicated, cells were treated with 20 ng/ml rhodamine 
EGF and 10 μg/ml A657-Tfn (alone or in combination) (Figure 5), 
either 5 ng/ml A555-EGF or 5 μg/ml A555-Tfn for 3 min (Figure 6), 
or unlabeled EGF (Figure 8 and Supplemental Figure 10) followed 
by immediate fixation in 4% PFA. For experiments shown in Supple-
mental Figure 11, endogenous Sjn1 was labeled by immunofluores-
cence staining as previously described (Garay et al., 2015), using 
anti-Sjn1 antibodies.

Fixed sample preparation for CCP detection and analysis by 
spinning-disk confocal microscopy. Parental RPE cells (not ex-
pressing any fluorescent protein) were treated with 20 ng/ml rhoda-
mine EGF and 10 μg/ml A657-Tfn (alone or in combination), fol-
lowed by immediate fixation in 4% PFA and immunostaining with 
anti-AP2 specific antibodies.

Image acquisition by TIRF-M and spinning-disk confocal 
microscopy. For experiments shown in Figure 6 and Supplemental 
Figures 7 and 11, samples were imaged by TIRF-M using a 150×/1.45 
NA objective on an Olympus IX81 instrument equipped with 
CellTIRF modules (Olympus Canada, Richmond Hill, ON, Canada) 
using 491- and 561-nm laser illumination and 520/30 and 624/50 
emission filters. Images were acquired using a C9100-13 EM-CCD 
camera (Hamamatsu, Bridgewater, NJ).

For experiments shown in Figures 5, A–C, and 8 and Supplemen-
tal Figure 10, samples were imaged using a Quorum (Guelph, ON, 
Canada) Diskovery TIRF-M, comprising a Leica DMi8 microscope 
equipped with a 63×/1.49 NA TIRF objective with a 1.8× camera 
relay (total magnification 108×). Imaging was done using 488-, 561-, 
and 637-nm laser illumination and 527/30, 630/75, and 700/75 
emission filters and acquired using a Zyla 4.2Plus sCMOS camera 
(Hamamatsu). For experiments shown in Figure 5, D–F, and Supple-
mental Figure 5, samples were imaged using the same Quorum Dis-
kovery microscope operating in spinning-disk confocal mode.

CLS detection and quantification of protein fluorescence inten-
sity within CLSs. CLSs were detected and quantified (Figures 5, 6, 

and 8 and Supplemental Figure 11) using custom software devel-
oped in Matlab (MathWorks, Natick, MA), as previously described 
(Aguet et al., 2013; Garay et al., 2015). Briefly, diffraction-limited 
clathrin structures were detected using a Gaussian-based model 
method to approximate the point-spread function of eGFP-CLCa, 
RFP-T-CLCa, or AP2 puncta. The fluorescence intensity correspond-
ing to ligand (A555-EGF, rhodamine-EGF, A555-Tfn, or A647-Tfn) or 
cytosolic protein (mCh-Sjn1 or endogenous Sjn1) localization within 
CLSs was determined by the amplitude of the Gaussian model for 
the appropriate fluorescent channel for each structure. As such, the 
measurements of fluorescent ligand within CLSs represent enrich-
ment of the corresponding receptors (EGFR or TfR) relative to the 
local background fluorescence in the vicinity of the detected CLS.

Measurement of mean fluorescence of ligand or Sjn1 within 
CLSs. Measurements of mean A555-EGF (Figure 6C), A555-Tfn 
(Figure 6E), mCh-Sjn1 (Figure 8B), and endogenous Sjn1 (Supple-
mental Figure 11) enrichment within CCPs for each cell were sub-
jected to ANOVA followed by Tukey’s posttest, with a threshold of 
p < 0.05 for statistically significant differences between conditions.

Generation of two-dimensional histogram of EGF and Tfn 
fluorescence within CLSs. Measurements of EGF and Tfn fluores-
cence intensities within CLSs were plotted using a two-dimensional 
histogram, with 50 bins per channel (Figure 5B). For normalization of 
differences in EGF and Tfn binding between cells, the fluorescence 
intensities of EGF or Tfn within CLSs were rescaled by normalization 
to a value n = μ + 0.75σ, where μ and σ are the mean and SD of the 
EGF or Tfn intensity within CLSs in each image.

Identification of EGF- and Tfn-enriched CLSs. To measure the 
properties of the subsets of CLSs enriched in fluorescently conju-
gated EGF or Tfn (and thus the corresponding receptors, EGFR or 
TfR, respectively; Figures 5, C–F, and 6, D and F), we established a 
threshold of the ∼85th percentile of ligand fluorescence intensity 
within CLSs in the control (no inhibitor) condition in each experiment 
(Garay et al., 2015). Note that for the analysis presented in Figure 5, 
D–G (time course of treatment with EGF and Tfn, images acquired 
at various z-planes), a common threshold for each experiment was 
used for all planes and time points within each experiment (corre-
sponding to ventral plane, 3 min of ligand stimulation). Using this 
threshold, we defined subsets of CLSs enriched in either fluorescent 
EGF and/or Tfn for each condition as those with ligand fluorescence 
intensity above this threshold. To validate that this method of sort-
ing CLSs with this arbitrary but systematic threshold effectively 
produced cohorts of CLSs with the expected enrichment in ligand 
(and thus receptors), we integrated the ligand signals within each 
CLS cohort, within each cell, for either TIRF images (Supplemental 
Figure 4) or spinning-disk confocal images (Supplemental Figure 6). 
This analysis indicates that the method of delineating CLSs as 
enriched in specific ligands (e.g., EGF+) effectively produces sorting 
of CLSs into cohorts based on the presence or absence of specific 
ligands.

For the experiments in Figure 5, C–F, within each condition, the 
CLSs were sorted into cohorts that are either positive for only rhoda-
mine-EGF or A647-Tfn or for both. The fraction of CLSs in each co-
hort (shown as a fraction of CCPs in that specific z-plane for Figure 
5, D–F) is reported. For the experiments in Figure 6, D and F, within 
each condition, the A555-EGF– or A555-Tfn–enriched CLS popula-
tion was used to measure mean eGFP-CLC fluorescence per CLS in 
each cell. Measurements (mean eGFP-CLC within the specified CLS 
subset for each cell) were subjected to ANOVA followed by Tukey’s 
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posttest, with a threshold of p < 0.05 for statistically significant dif-
ferences between conditions.

TIRF-M and automated image analysis of CCP properties 
(time-lapse imaging)
Time-lapse imaging by TIRF-M was performed as previously de-
scribed (Aguet et al., 2013; Mettlen and Danuser, 2014; Kadlecova 
et al., 2017). Briefly, RPE cells stably expressing eGFP-CLCa were 
pretreated with 10 μM BAPTA-AM for 15 min (or DMSO vehicle con-
trol) and then treated with either 20 ng/ml rhodamine-EGF or 100 
ng/ml A647-Tfn (in the presence of 20 ng/ml unlabeled EGF) at the 
time of imaging. Starting 1 min after ligand addition, time lapse–im-
age series were acquired at a frame rate of 1/s and an exposure time 
of 80–150 ms using a Quorum Diskovery TIRF-M comprising a Leica 
DMi8 microscope equipped with a 63×/1.49 NA TIRF objective with 
a 1.8× camera relay (total magnification 108×). Imaging was done 
using 488-, 561-, and/or 637-nm laser illumination and 527/30, 
630/75, and 700/75 emission filters and acquired using a Zyla 
4.2Plus sCMOS camera (Hamamatsu).

The detection, tracking, and analysis of clathrin objects, which 
allow detection of sCLSs and CCPs, was done as previously de-
scribed using the cmeAnalysis software package (Aguet et al., 
2013; Kadlecova et al., 2017). Briefly, diffraction-limited clathrin 
structures were detected using a Gaussian-based model method to 
approximate the point-spread function (Aguet et al., 2013), and tra-
jectories were determined from clathrin-structure detections using 
u-track software (Jaqaman et al., 2008). sCLSs were distinguished 
from bona fide CCPs as previously described, based on the quanti-
tative and unbiased analysis of clathrin intensity progression in the 
early stages of structure formation (Aguet et al., 2013; Kadlecova 
et al., 2017). Both sCLSs and CCPs represent nucleation events, but 
only bona fide CCPs represent structures that undergo stabilization, 
maturation, and in some cases, scission to produce intracellular 
vesicles (Aguet et al., 2013; Kadlecova et al., 2017). We report the 
rate of sCLS and CCP formation (Figure 7, C, D, F, and G) and the 
distribution of CCP lifetimes (Supplemental Figures 8C and 9C), 
and these measurements were subjected to Student’s t test, with a 
threshold of p < 0.05 for statistically significant differences between 
conditions.

Because CCPs are diffraction-limited objects, the amplitude of the 
Gaussian model of the fluorescence intensity of eGFP-CLCa indicates 
CCP size (Figure 7, E and H). In addition, the fluorescence intensity of 
receptor ligands (rho-EGF or A647-Tfn) indicates the recruitment of 
the corresponding receptor (Supplemental Figures 8, A and B, and 9, 
A and B). Given the heterogeneity of CCP lifetimes, for eGFP-CLCa 
and ligand fluorescence intensity measurements of CCP size and re-
ceptor recruitment, objects were separated into lifetime cohorts.

Whole-cell lysates and Western blotting
Following transfection, serum starvation, and/or treatment with in-
hibitors as indicated, cells were stimulated with 5 ng/ml EGF for 5 
min (unless otherwise indicated) or left unstimulated (basal). Whole-
cell lysates were prepared using Laemmli sample buffer (0.5M Tris, 
pH 6.8, glycerol, 10% SDS, 10% β-mercaptoethanol, and 5% bro-
mophenol blue) supplemented with a protease and phosphatase 
inhibitor cocktail (1 mM sodium orthovanadate, 10 nM okadaic acid, 
and 20 nM Protease Inhibitor Cocktail [BioShop, Burlington, ON, 
Canada]). Lysates were then heated at 65°C for 15 min and passed 
five times through a 27.5-gauge syringe. Proteins were resolved by 
glycine-Tris SDS–PAGE followed by transfer onto polyvinylidene 
fluoride membranes, which were washed, blocked, and incubated 
with antibodies as previously described (Garay et al., 2015).

The levels of phosphorylated protein in each condition were 
quantified as previously described (Antonescu et al., 2005). This was 
done by signal integration in an area corresponding to the appropri-
ate lane and band for each condition. The measurement corre-
sponding to the levels of a phosphorylated form of a specific pro-
tein was then normalized to the loading control (e.g., actin) signal 
and subsequently normalized to the measurement of total protein 
signal, obtained by a similar method either following blot stripping 
or reblotting. In each experiment, the resulting normalized phos-
pho/total protein (e.g., phospho-Akt/total Akt) signal in each condi-
tion is expressed as a fraction of the normalized pAkt/total Akt mea-
surement in the control condition stimulated with EGF for 5 min. 
Samples were subjected to ANOVA followed by Tukey’s posttest, 
with a threshold of p < 0.05 for statistically significant differences 
between conditions (Figure 9 and Supplemental Figure 12).
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