
ARTICLE

Fyn and TOM1L1 are recruited to clathrin-coated pits
and regulate Akt signaling
Rebecca Cabral-Dias1,2*, Stefanie Lucarelli1,2*, Karolina Zak1,2, Sadia Rahmani1,2, Gurjeet Judge1,2, John Abousawan1,2, Laura F. DiGiovanni3,4,
Dafne Vural1,2, Karen E. Anderson5, Michael G. Sugiyama1, Gizem Genc1, Wanjin Hong6, Roberto J. Botelho1,2, Gregory D. Fairn7, Peter K. Kim3,4,
and Costin N. Antonescu1,2,8

The epidermal growth factor (EGF) receptor (EGFR) controls many aspects of cell physiology. EGF binding to EGFR elicits the
membrane recruitment and activation of phosphatidylinositol-3-kinase, leading to Akt phosphorylation and activation.
Concomitantly, EGFR is recruited to clathrin-coated pits (CCPs), eventually leading to receptor endocytosis. Previous work
uncovered that clathrin, but not receptor endocytosis, is required for EGF-stimulated Akt activation, and that some EGFR
signals are enriched in CCPs. Here, we examine how CCPs control EGFR signaling. The signaling adaptor TOM1L1 and the Src-
family kinase Fyn are enriched within a subset of CCPs with unique lifetimes and protein composition. Perturbation of
TOM1L1 or Fyn impairs EGF-stimulated phosphorylation of Akt2 but not Akt1. EGF stimulation also triggered the TOM1L1- and
Fyn-dependent recruitment of the phosphoinositide 5-phosphatase SHIP2 to CCPs. Thus, the recruitment of TOM1L1 and Fyn to
a subset of CCPs underlies a role for these structures in the support of EGFR signaling leading to Akt activation.

Introduction
The epidermal growth factor (EGF) receptor (EGFR) is a receptor
tyrosine kinase that controls many aspects of development and
adult physiology, which at the cellular level involves enhance-
ment of survival, growth, and proliferation (Avraham and
Yarden, 2011; Pareja et al., 2015). EGFR must be tightly regu-
lated, and dysregulation of this receptor has important roles
in driving the growth and progression of certain cancers
(Sigismund et al., 2018).

A major signaling intermediate phosphorylated and activated
by EGFR to accomplish these outcomes is Akt (Vivanco and
Sawyers, 2002; Cantley, 2002). Ligand binding to EGFR pro-
motes EGFR dimerization and autophosphorylation, leading to
activation of many intracellular signals (Lemmon et al., 2014;
Freed et al., 2017; Bessman et al., 2014). Akt activation by EGFR
requires binding of growth factor receptor-bound protein 2 (Grb2)
to a motif containing phosphorylated Y1068 on EGFR, followed by
recruitment of Grb2-associated binder 1 (Gab1; Lock et al., 2000).
EGF-stimulated Gab1 phosphorylation (Kiyatkin et al., 2006) on a
number of residues allows recruitment of several signals including
class 1 phosphatidylinositol-3-kinase (PI3K), either directly
(Holgado-Madruga et al., 1996; Mattoon et al., 2004) or via

interaction with Gab1-bound SHP2 (Wu et al., 2001). PI3K
recruitment to Gab1 results in production of phosphatidylinositol-
3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P2; Rodrigues et al., 2000; Mattoon
et al., 2004), which allows Akt membrane recruitment and phos-
phorylation on T308 and S473 by PDK1 and mTORC2, respectively,
resulting in Akt activation (Matheny and Adamo, 2009).

There are three isoforms of Akt that exhibit similarities but
that differ in their mechanism of activation by phosphoinosi-
tides (Liu et al., 2018). PIP3 directly recruits and activates Akt1
and Akt3, while Akt2 is recruited and activated by binding to
phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P2; Liu et al.,
2018), which can be produced by the lipid phosphatase SHIP2
from PIP3 (Goulden et al., 2018; Liu et al., 2018). Hence, there are
several critical control points for activation of Akt signaling,
including the recruitment and activation of PI3K (Mattoon et al.,
2004) as well as the possible regulation of SHIP2 by EGFR.

Concomitantly with activation of this and other signaling
pathways, EGFR is recruited to clathrin-coated pits (CCPs),
which in some cases leads to receptor internalization through
clathrin-mediated endocytosis. CCPs are dynamic 50–200 nm
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structures that form on the inner leaflet of the plasma mem-
brane by the assembly of clathrin, the adaptor protein AP2, and
>50 other proteins (Mettlen et al., 2009; Schmid and McMahon,
2007; McMahon and Boucrot, 2011; Taylor et al., 2011). The
formation of CCPs spans several stages, including nucleation,
followed by CCP initiation, assembly, maturation, and eventual
scission (Mettlen and Danuser, 2014; Kadlecova et al., 2017;
Aguet et al., 2013; Delos Santos et al., 2017; McMahon and
Boucrot, 2011).

In addition to the well-established role of CCPs in mediating
internalization of various receptors, these structures may also
modulate receptor signaling. Clathrin, but not EGFR endocytosis,
regulates EGF-stimulated phosphorylation of Gab1 and Akt
(Garay et al., 2015), and AP2 ablation impaired EGF-stimulated
Akt phosphorylation (Pascolutti et al., 2019). Phosphorylated
Gab1 (Lucarelli et al., 2016; Garay et al., 2015) and Akt (Rosselli-
Murai et al., 2018) are enriched within CCPs, as is phosphatase
and tensin homolog(PTEN) that elicits hydrolysis of PIP3 into
PtdIns(4,5)P2 and thus negatively regulates EGFR signaling
(Rosselli-Murai et al., 2018). SHIP2 is also localized to CCPs
when overexpressed (Nakatsu et al., 2010), although it is not
clear whether the endogenous protein is enriched in CCPs and
whether EGFR signaling may control SHIP2 recruitment to
CCPs. Hence, some CCPsmay function as signaling nanodomains
by dynamically scaffolding key signaling intermediates, leading
to Akt activation. How CCPs may be uniquely equipped with
specific proteins to promote activation of Akt signaling remains
poorly understood.

Src family kinases regulate some aspects of EGFR signaling.
While use of inhibitors PP1 or PP2 suggest a role for Src-family
kinases in EGF-stimulated Gab1 phosphorylation (Furcht et al.,
2015; Daub et al., 1997), PP2 impairs clathrin-mediated endocy-
tosis in cells lacking the three ubiquitously expressed Src-family
kinases c-Src, Fyn, and Yes (Sorkina et al., 2002). This suggests
that PP2 and perhaps other Src-family kinase inhibitors may
have effects on CCP dynamics independent of inhibition of Src
family kinases.

That Src-family kinases may be candidates for clathrin-
dependent signaling regulation suggests the need for adaptor
proteins for enrichment of one or more of these kinases to
clathrin structures. Target of Myb-1 like protein 1 (TOM1L1) is a
signaling adaptor (Puertollano, 2005; Puertollano et al., 2001;
Yamakami et al., 2003) that can directly bind clathrin heavy
chain (Collin et al., 2007; Liu et al., 2009b) in addition to binding
and activation of Src-family kinases, in particular Fyn (Seykora
et al., 2002; Li et al., 2005). Phosphorylation of Y460 on TOM1L1
allows binding to Fyn via its SH2 domain (Seykora et al., 2002),
leading to localized Fyn activation (Li et al., 2005). TOM1L1 di-
rectly interacts with a unique region within the C-terminus of
clathrin heavy chain via a 447FDPL450 motif, such that mutation
of this motif abolishes interaction with clathrin (Liu et al.,
2009b). Whether TOM1L1 is recruited to CCPs at the plasma
membrane and how it may regulate Fyn therein to participate in
EGFR signaling remains poorly understood.

CCPs exhibit significant heterogeneity with respect to size,
lifetime and protein composition (Liu et al., 2009a; Antonescu
et al., 2010; Mettlen et al., 2010; Liu et al., 2010; Loerke et al.,

2011; Nunez et al., 2011; Loerke et al., 2009; Antonescu et al.,
2011; Puthenveedu and von Zastrow, 2006; Taylor et al., 2011;
Mettlen et al., 2009; Aguet et al., 2013) in a manner related to
the cargo receptor recruited therein (Mettlen et al., 2010;
Puthenveedu and von Zastrow, 2006; Delos Santos et al., 2017).
Molecularly distinct CCP subpopulations defined by the pres-
ence of AP2 or the endocytic accessory protein Epsin each have
unique contributions to EGFR signaling (Pascolutti et al., 2019).
This suggests that unique subpopulations of CCPs demarked by
certain protein compositions may have specific functions, some
of which may regulate specific aspects of EGFR signaling.

Here, we examine the recruitment of Fyn and TOM1L1 to
plasma membrane clathrin structures, and how these proteins
participate in EGFR signaling leading to the activation of specific
Akt isoforms. We use perturbations of Fyn or TOM1L1, in con-
junction with detection of the activation of EGFR signals and
their localization vis-à-vis plasma membrane clathrin struc-
tures, to determine how TOM1L1 and Fyn participate in EGFR
signaling. We also examine the properties of clathrin structures
harboring Fyn or TOM1L1, finding that these signaling-capable
clathrin structures have unique properties.

Results
Fyn and TOM1L1 regulate EGF-stimulated Akt phosphorylation
To determine how Fyn may contribute to EGF-stimulated Akt
phosphorylation, we first detected Y420 phosphorylated Fyn
(which corresponds to Y416 on c-Src). Unless otherwise indi-
cated, we examine ARPE-19 cells, in which we previously found
a role for clathrin, but not EGFR endocytosis, in EGF-stimulated
Akt phosphorylation (Garay et al., 2015). The levels of the
phosphorylated Src-family kinase were enhanced by EGF stim-
ulation, which was impaired upon Fyn silencing (Fig. 1 A). This
supports a previous study that found that this antibody prefer-
entially detects phosphorylated Fyn (pY420; Githaka et al., 2016)
and indicates that EGF stimulation leads to Fyn phosphorylation.

To determine how Fyn may control EGFR signaling, we ex-
amined the effect of Fyn siRNA silencing. Fyn silencing sub-
stantially impaired EGF-stimulated Gab1 (Y627) and Akt (S473)
phosphorylation (Fig. 1 B). In contrast, Fyn silencing was with-
out effect on the cell surface levels of EGFR (Fig. 1 C) or EGF-
stimulated EGFR phosphorylation (Fig. 1 D), indicating that
defects in EGF-stimulated Gab1 and Akt phosphorylation upon
Fyn silencing do not result from alterations in receptor avail-
ability for extracellular ligand and/or receptor activation.
Hence, EGF stimulation results in Fyn phosphorylation, and Fyn
contributes to EGF-stimulated Gab1 and Akt phosphorylation,
but not EGFR phosphorylation.

As Fyn silencing has a phenotype similar to that of clathrin
with regard to EGFR signaling (Garay et al., 2015), and as
TOM1L1 binds both clathrin and Fyn, we next sought to deter-
mine the contribution of TOM1L1 to EGFR signaling. Silencing of
TOM1L1 significantly impaired EGF-stimulated Akt phospho-
rylation (Fig. 2 A), similarly to the perturbation of Fyn (Fig. 1 B)
and clathrin (Garay et al., 2015). TOM1L1 silencing slightly but
significantly increased cell surface EGFR levels (Fig. 2 B), and
TOM1L1 silencing did not impair EGF-stimulated Gab1, EGFR, or
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Erk phosphorylation (Figs. S1 A and 2 C). This indicates that,
similarly to Fyn silencing, TOM1L1 silencing selectively impairs
EGF-stimulated Akt phosphorylation, without impairing EGFR
ligand binding or receptor autophosphorylation. Gab1 phos-
phorylation on Y627 is distinct from that required for PI3K
binding and activation (Rocchi et al., 1998). That silencing
TOM1L1 did not impact EGF-stimulated Gab1 Y627 phosphoryl-
ation suggests that Fyn has additional functions in signaling, and
that TOM1L1 and Fyn regulate EGF-stimulated Akt phosphoryl-
ation downstream of Gab1. Silencing TOM1L1 or Fyn also im-
paired EGF-stimulated Akt phosphorylation in MCF10A cells
(Fig. 2 D), likewise mirroring the requirement for clathrin in
these cells (Rosselli-Murai et al., 2018). Taken together, these
data indicate that Fyn and TOM1L1 regulate EGF-stimulated Akt
phosphorylation at a stage subsequent to EGF binding and EGFR
autophosphorylation. Moreover, that Fyn or TOM1L1 perturba-
tions are similar to those of clathrin suggests that these proteins
may be working in concert within clathrin structures to control
EGFR signaling to Akt.

Fyn and TOM1L1 recruitment to plasma membrane clathrin
structures is required for modulation of EGF-stimulated Akt
phosphorylation
To determine whether Fyn is recruited to plasma membrane
clathrin structures after EGF stimulation, we first used trans-
fection of superfolder (sf)GFP-tagged Fyn (Fyn-GFP henceforth)
at the lowest detectable levels in RPE cells stably expressing Tag-
RFP-T–tagged clathrin light chain (RPE-RFP-CLC), followed by
imaging using total internal reflection fluorescence microscopy
(TIRFM) to selectively image the cell surface. Fyn-GFP exhibited
little recruitment to cell surface clathrin structures in the basal
state (Fig. 3 A). Notably, stimulation with 20 ng/ml EGF for
5 min caused a noticeable recruitment of Fyn-GFP within some
clathrin structures, although Fyn-GFP could also be detected
outside of clathrin structures. Automated detection and analysis
of clathrin-labeled structures (CLSs) using a Gaussian-based
modeling approach (Aguet et al., 2013), as we have used previ-
ously to detect specific proteins within CLSs (Delos Santos et al.,
2017; Garay et al., 2015; Lucarelli et al., 2016), revealed a sta-
tistically significant increase in Fyn-GFP recruitment to CLSs
upon EGF stimulation (Fig. 3 A, right). We use the term CLS to
denote clathrin structures detected in fixed samples, since
identification of bona fide CCPs from short-lived subthreshold
clathrin structures requires live-cell analysis (Aguet et al., 2013;

Figure 1. Fyn regulates EGF-stimulated Gab1 and Akt phosphorylation.
ARPE-19 cells were transfected with siRNA targeting Fyn or nontargeting
siRNA (control), followed by stimulation with 5 ng/ml EGF for the time in-
dicated. (A) Western blotting of whole-cell lysates probed with anti-phos-
pho-Src-family kinase (corresponding to pY420 on Fyn). (B)Western blotting

using anti-phospho-Gab1 (pY627) or anti-phospho-Akt (pY473, pan isoform).
Also shown are the mean ± SEM phospho-Gab1 or phospho-Akt with points
representing individual experiment measurements; n = 5–6; *, P < 0.05 relative
to the control siRNA-treated EGF-stimulated conditions at each time point.
(C) After siRNA transfection, intact cells were subjected to immunofluorescence
microscopy with antibodies that selectively recognize the EGFR ectodomain
(Alexa Fluor 488 labeling). Representative fluorescence microscopy micrographs
of cell surface EGFR immunostaining are shown. Scale = 10 µm. Also shown are
mean fluorescence intensity of cell-surface EGFR ± SEM with points represent-
ing individual experiment measurements; n = 3. (D)Western blotting using anti-
phospho-EGFR (pY1068); also shown are the mean ± SEM phospho-EGFR with
points representing individual experiment measurements; n = 5. Source data are
available for this figure: SourceData F1.
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Kadlecova et al., 2017). The results of the measurement of Fyn-
GFP within CLSs is shown as measurements of individual cells
within a single experiment (Fig. 3 A, middle), as well as the
results of the average of multiple independent experiments
(Fig. 3 A, right).

To determine if TOM1L1 is also enriched within CLSs after
EGF stimulation, we again used transfection to obtain the lowest
detectable expression of eGFP-tagged TOM1L1 in RPE-RFP-CLC
cells and subjected these cells to imaging by TIRFM followed by
automated detection and analysis of CLSs (Garay et al., 2015).
TOM1L1 could be observed and detected within plasma

membrane CLSs in both the basal and EGF-stimulated conditions
(Fig. 3 B, left, and red plots and bars). Scrambling the position of
the eGFP-TOM1L1 fluorescence channel relative to the clathrin
channel greatly reduced the eGFP-TOM1L1 detected within CLSs
(Fig. 3 B, right), indicating that the recruitment of eGFP-TOM1L1
to CLSs was specific. This indicates that EGF stimulation elicits a
gain in Fyn-GFP recruitment into CLS, while eGFP-TOM1L1 is
present in some CLS before EGF stimulation.

To complement these experiments, we performed structured
illumination microscopy (SIM) to observe the localization of
Fyn-GFP and CLSs at higher resolution. We observed that

Figure 2. TOM1L1 regulates EGF-stimulated Akt phosphorylation. (A–D) ARPE-19 (A–C) or MCF10A (D) cells were transfected with siRNA targeting Fyn,
TOM1L1, or nontargeting siRNA (control), as indicated, followed by stimulation with 5 ng/ml EGF for the time indicated. (A) Western blotting using anti-
phospho-Akt (pY473, pan isoform). Also shown are the mean ± SEM phospho-Akt with points representing individual experiment measurements; n = 4; *, P <
0.05, relative to the control siRNA-treated EGF-stimulated condition at each time point. (B) After siRNA transfection, intact cells were subjected to immu-
nofluorescence microscopy with antibodies that selectively recognize the EGFR ectodomain (Alexa Fluor 488 labeling). Representative fluorescence mi-
croscopy micrographs of cell surface EGFR immunostaining are shown. Scale = 10 µm. Also shown are mean fluorescence intensity of cell-surface EGFR ± SEM
with points representing individual experiment measurements; n = 3. con., control. *, P < 0.05 relative to EGF-stimulated, control siRNA condition. (C)Western
blotting using anti-phospho-EGFR (pY1068) or anti-phospho-Erk; also shown are the mean ± SEM phospho-EGFR or phospho-Erk levels with points repre-
senting individual experiment measurements; n = 5. (D) MCF10A cells: Western blotting using anti-phospho-Akt (pY473, pan isoform), as well as TOM1L1 or
Fyn. Also shown are the mean ± SEM phospho-Akt at 3 min of EGF stimulation with points representing individual experiment measurements; n = 3; *, P < 0.05,
relative to the control siRNA-treated EGF-stimulated conditions at each time point. Source data are available for this figure: SourceData F2.
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clathrin structures again demonstrated partial overlapwith Fyn-
GFP (Figs. 3 C and S1 D). Notably, a linescan analysis of indi-
vidual clathrin and Fyn structures revealed similar intensity
profiles with similar centers (Figs. 3 C and S1 E), further sup-
porting the specific recruitment of Fyn-GFP to some clathrin

structures that we observed by systematic analysis of TIRFM
images (Fig. 3 A).

To determine the possible relationship between recruitment
of TOM1L1 and that of Fyn to plasma membrane clathrin
structures, we used a knockdown-rescue approach using siRNA-

Figure 3. Fyn and TOM1L1 are recruited to a subset of plasma membrane clathrin structures. RPE cells stably expressing Tag-RFP-T-CLC were
transfected with a plasmid encoding sfGFP fused to Fyn (Fyn-GFP) or eGFP fused to TOM1L1 (GFP-TOM1L1), as indicated. (A and B) Cells were stimulated with
20 ng/ml EGF for 5 min or left unstimulated (basal [bas.]), and then fixed and imaged using TIRFM. Shown (left) are representative micrographs depicting Fyn-
positive clathrin structures (circles), identified manually. Scale = 5 µm. Full-size image panels obtained by TIRFM are available in Fig. S1. Micrographs obtained
by TIRFM were subjected to automated detection and analysis of CLSs, allowing quantification of Fyn-GFP and RFP-CLC in each detected object. Shown
(middle) are the measurements of Fyn-GFP or eGFP-TOM1L1 fluorescence intensity within CLSs, showing the distribution of the mean value of individual cells
(each cell value determined from >300 CLSs) depicted as a violin plot, as well as median (long dashed line) and 25th/75th percentiles (short dashed line). Also
shown (right) are the levels of eGFP-TOM1L1 or Fyn-GFP detected with CLSs in independent experiments (each experiment value determined from >15 cells
per condition, depicted as points) as mean ± SEM; *, P < 0.05, relative to basal. In B, we also report measurements performed in the same image pairs in which
one of the channels was rotated 180° to randomize the position of TOM1L1 structures relative to clathrin structures (rando). The number of CLSs and cells
analyzed for each condition are as follows: Fyn-GFP expression, basal (44 cells, 6,641 CLSs) and EGF-stimulated (31 cells, 6,300 CLSs); eGFP-TOM1L1 ex-
pression, basal (31 cells, 6,574 CLSs) and EGF-stimulated (37 cells, 8,064 CLSs). (C) RPE cells transfected to express Fyn-GFP were subject to SIM. Shown are
representative micrographs (top) and linescan analysis of AP2 and Fyn-GFP in individual clathrin structures (bottom). Scale = 1 μm (top); width of enlarged
image (bottom) is 0.26 μm. Full-size image panels obtained by SIM are available in Fig. S1. A.U., arbitrary unit; R.U., relative unit.
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resistant mutants of TOM1L1 (fused to eGFP) that are defective
in either clathrin-binding (clathrin-binding mutant, CBM:
447FDPL450 to 447AAAA450) or Fyn-binding (Y460F; Liu et al.,
2009b). We expressed these eGFP-TOM1L1 constructs by gener-
ating ARPE-19 stable cells using the Sleeping Beauty transposon
system (Kowarz et al., 2015); this allowed doxycycline-inducible
expression of TOM1L1 at low, near-endogenous levels (Fig. S2 B).
We first performed TIRFM on these knockdown-rescue cells after
EGF stimulation and immunostaining of endogenous Fyn (Fig. S2
A) or clathrin. As expected, WT eGFP-TOM1L1 could be observed
within CLSs, while eGFP-TOM1L1 CBM appeared less enriched in
clathrin structures (Fig. 4 A). After automated detection of CLSs,
eGFP-TOM1L1 CBM was significantly less detected in CLSs than
WT eGFP-TOM1L1 or the Y460F mutant that retains an intact
clathrin-binding motif (Fig. 4 B). These results show that eGFP-
TOM1L1 is recruited to plasma membrane clathrin structures
through the 447FDPL450 clathrin-binding motif.

We next examined the contribution of TOM1L1 to Fyn re-
cruitment to CLSs in this knockdown-rescue experiment. First,
in cells treated with control siRNA, we observed an increase in
Fyn detected within CLSs upon EGF stimulation (Fig. 4 C, white
bars). This shows that endogenous Fyn behaves similarly to Fyn-

GFP expressed at low levels (Fig. 3 A). Silencing TOM1L1 in the
absence of rescue significantly reduced Fyn detected within
CLSs (Fig. 4 C, gray bars). Importantly, expression of the WT,
but not the CBM or Fyn-binding mutant of eGFP-TOM1L1, res-
cued the loss of Fyn within CLSs in TOM1L1-silenced cells (Fig. 4
C, green bars). These experiments suggest that Fyn recruitment
to CLSs is dependent on both the interaction of TOM1L1 with
clathrin via its 447FDPL450 clathrin-binding motif, and the motif
containing Y460 on TOM1L1 that is required for association
with Fyn.

To determine if the recruitment of TOM1L1 and Fyn to CLSs
regulates EGF-stimulated phosphorylation of Akt, we again used
knockdown-rescue of TOM1L1. Because ∼50–60% of cells ex-
pressed detectable eGFP-TOM1L1, we detected Akt phosphoryl-
ation in individual cells where we could ascertain eGFP-TOM1L1
expression. As observed by Western blotting in Fig. 2, this im-
munofluorescence detection of pAkt revealed that in the absence
of eGFP-TOM1L1 rescue, EGF stimulation triggered an increase
in Akt phosphorylation, which was suppressed in TOM1L1-
silenced cells (Fig. 5 A, white and gray bars). Expression of the
WT, but not the CBM or Fyn-binding mutant of eGFP-TOM1L1,
rescued the loss of Akt phosphorylation in EGF-stimulated cells

Figure 4. TOM1L1 recruits Fyn to clathrin structures.
ARPE-19 cells were engineered using the Sleeping Beauty
transposon system to allow doxycycline-inducible ex-
pression of eGFP-TOM1L1 constructs as follows: WT,
clathrin binding mutant (CBM: 447FDPL450 to 447AAAA450),
or Fyn-binding mutant (Y460F). Each cell type was
transfected with siRNA targeting TOM1L1 or nontargeting
siRNA (control), followed by expression of eGFP-TOM1L1
using 150 ng/ml doxycycline, which resulted in levels of
expression of eGFP-TOM1L1 comparable to endogenous;
see Fig. S2 B. Cells were then stimulated with 5 ng/ml EGF
for 5 min, fixed, subjected to antibody staining to fluo-
rescently label clathrin (Alexa Fluor 647) and Fyn (Cy3),
and imaged using TIRFM; see Fig. S2 A for specificity of Fyn
antibody. (A) Shown are representative micrographs, scale
bar = 5 µm. (B and C) Micrographs obtained by TIRFM
were subjected to automated detection and analysis of
clathrin structures, allowing quantification of eGFP-
TOM1L1 (B) and endogenous Fyn (C) within RFP-CLC in
each detected object. Shown are the levels of eGFP-
TOM1L1 or Fyn-GFP detected with CLSs in individual
experiments (each independent experiment value deter-
mined from >15 cells per condition, depicted as points) as
mean ± SEM; *, P < 0.05. Gray bars represent cells sub-
jected to TOM1L1 silencing with no rescue (resc.); green
bars depict conditions in which siRNA silencing of en-
dogenous TOM1L1 was rescued by doxycycline-induction
of eGFP-TOM1L1 constructs, as indicated. The number of
CLSs and cells analyzed in three independent experiments
for each condition are as follows: control siRNA, basal (112
cells, 71,151 CLSs) and EGF-stimulated (102 cells, 59,551
CLSs); TOM1L1 siRNA, no rescue, EGF-stimulated (99 cells,
52,675 CLSs), TOM1L1 siRNA, eGFP-TOM1L1 WT res-
cue, EGF-stimulated (146 cells, 48,193 CLSs), TOM1L1
siRNA, eGFP-TOM1L1 CBM rescue, EGF-stimulated (113 cells,
44,141 CLSs), and TOM1L1 siRNA, eGFP-TOM1L1 Y460F
rescue, EGF-stimulated (78 cells, 30,081 CLSs). R.U.,
relative unit.
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observed upon silencing of endogenous TOM1L1 (Fig. 5 A, green
bars). These results indicate that Akt phosphorylation triggered
by EGF stimulation is regulated by the clathrin-interacting
447FDPL450 and Fyn-interacting Y460 motifs on TOM1L1. In
turn, this suggests that recruitment of TOM1L1 and Fyn to
clathrin structures at the plasmamembrane contributes to EGFR
signaling leading to Akt phosphorylation.

Because expression of WT eGFP-TOM1L1 rescued the loss of
EGF-stimulated Akt phosphorylation observed upon TOM1L1
knockdown, these experiments also indicate that the impair-
ment of EGFR signaling by this knockdown (Fig. 2) was specific
to loss of TOM1L1. We used a similar knockdown-rescue strategy
for Fyn to determine if inducible expression of iRFP713-tagged
Fyn (Fyn-iRFP713; Fig. S2 C) in stable cells could rescue the effect
of Fyn silencing, which was indeed the case (Fig. 5 B). In the
absence of inducible expression of Fyn-iRFP713, EGF stimulation
led to an increase in Akt phosphorylation, which was suppressed
in Fyn-silenced cells (Fig. 5 B, white and gray bars). Expression
of Fyn-iRFP713 rescued the impairment of Akt phosphorylation
in EGF-stimulated cells observed upon silencing of endogenous
Fyn (Fig. 5 B, green bars).

These results indicate that Fyn recruitment to CLSs is de-
pendent on TOM1L1 and that recruitment of TOM1L1 and Fyn to
CLSs regulates EGF-simulated Akt phosphorylation.

Fyn is recruited to a distinct subset of plasma membrane
clathrin structures
Fyn recruitment to CLSs may have some preference for CLSs
with specific signaling receptors as cargo, such as EGFR, which
are distinct from CLSs harboring transferrin receptor (Delos
Santos et al., 2017). To examine this possibility, we used tran-
sient transfection of the lowest detectable levels of Fyn-GFP
followed by stimulation with Rhodamine-conjugated EGF
(Rho-EGF) to selectively label CLSs harboring ligand-bound
EGFR, and finally detection of CLSs by immunofluorescence
staining of AP2 (Fig. 6 A).When examining all CLSs regardless of
EGFR recruitment, the distribution of Fyn-GFP intensities de-
tected within CLSs shows that the majority of CLSs had little or
no Fyn-GFP enrichment (seen by the large number of CLSs with
near-zero levels of Fyn); however, a long “tail” of elevated Fyn-
GFP intensities within CCPs shows that Fyn is detected in a
subset of CLSs (Fig. 6 B). As the levels of Fyn-GFP detection

Figure 5. Clathrin- and Fyn-interacting motifs within TOM1L1 are required for regulation of EGF-stimulated Akt phosphorylation. (A and B) ARPE-19
cells were engineered using the Sleeping Beauty transposon system to allow doxycycline-inducible expression of eGFP-TOM1L1 constructs as follows: WT,
clathrin binding mutant (CBM: 447FDPL450 to 447AAAA450), or Fyn-binding mutant (Y460F; A) or Fyn-iRFP713 (WT; B). Cells were transfected with siRNA
targeting TOM1L1, Fyn, or nontargeting siRNA (control), followed by expression of eGFP-TOM1L1 or Fyn-iRFP713 using 150 ng/ml doxycycline, which resulted
in levels of expression of eGFP-TOM1L1 or Fyn comparable to endogenous; see Fig. S2, B and C. Cells were stimulated with 5 ng/ml EGF as indicated, and then
fixed and subjected to detection of phospho-Akt (S473, pan-isoform, labeled with Cy3) by immunostaining. Shown (left) are representative images obtained by
wide-field epifluorescence microscopy showing DAPI, eGFP-TOM1L1, Fyn-iRFP713, or pAkt, as indicated. Scale = 10 µm. Also shown (right) are the levels of
pAkt detected per cell in individual experiments (each experiment value determined from >15 cells per condition, depicted as points) as mean ± SEM; n = 3–5
independent experiments; *, P < 0.05. Gray bars represent cells subjected to TOM1L1 or Fyn silencing with no rescue (resc); green bars depict conditions in
which siRNA silencing of endogenous TOM1L1 or Fyn was rescued by doxycycline-induction of eGFP-TOM1L1 or Fyn-iRFP713 constructs, as indicated. R.U.,
relative unit.
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within CLSs was determined by the amplitude of a Gaussian
model at the position of detection of AP2 for each structure,
negative values for Fyn-GFP localizationwithin a CLS represents
depletion of Fyn-GFP relative to local background in that
structure. The distribution of Fyn-GFP detected within EGF+

CLSs appears elevated compared with EGF− CLSs (Fig. 6 B),
suggesting that EGF stimulation triggers a recruitment of Fyn-
GFP only to a subset of CLSs.

To determine whether Fyn-GFP recruitment occurs prefer-
entially to the subset of CLSs that also contain EGFR, we sorted
CLSs into Fyn+ and Fyn− cohorts based on an arbitrary but
systematic threshold for Fyn-GFP, as we have done previously
for other CLS components (Lucarelli et al., 2017; Delos Santos
et al., 2017). As expected, we observed that EGF stimulation
significantly increased the percentage of Fyn-GFP–positive CLSs

(Fig. 6 C, left). Further, a significantly higher percentage of EGF+

CLSs were also Fyn+ compared with the percentage of all CLSs
that were Fyn+ (not sorted by EGF status; Fig. 6 C, right), indi-
cating that Fyn recruitment occurs preferentially, but not ex-
clusively, to the subset of CLSs that also contain EGFR.

A recent study revealed the existence of AP2-independent
CCPs, which were dependent instead on other clathrin adaptor
proteins such as Epsin1 (Pascolutti et al., 2019). Interestingly,
loss of AP2 but not that of Epsin proteins impaired EGF-
stimulated Akt phosphorylation, suggesting the existence of
subpopulations of CCPs defined by Epsin1 versus AP2 composi-
tion, with the latter contributing to regulation of EGFR signaling.
To determine whether Fyn may be preferentially detected in
Epsin1- versus AP2-positive plasma membrane structures, we
examined the localization of endogenous Epsin1 (Fig. S2 D) and

Figure 6. Fyn is recruited to a distinct subset of
clathrin structures at the plasma membrane.
(A–D) ARPE-19 cells were transfected with a plas-
mid encoding Fyn-GFP, stimulated with 20 ng/ml
Rho-EGF for 5 min, and then subjected to immuno-
fluorescence staining to detect AP2 (A–C) or AP2 and
Epsin1 (D), followed by imaging by TIRFM. (A) AP2
was labeled with DyLight 680. Representative
TIRFM images, scale bar = 10 μm (top) or 5 μm
(bottom). Images obtained by TIRFM were subjected
to automated detection and analysis of AP2 struc-
tures, allowing quantification of Fyn-GFP or Rho-EGF
in each detected object. (B) Shown is the distribu-
tion of Fyn-GFP in individual AP2 structures within
an experiment. These data are shown for all de-
tected AP2 structures or in AP2 structures (structs.)
sorted by Rho-EGF content therein (EGF+ or EGF−;
see Materials and methods), as indicated. *, P < 0.05,
relative to all AP2 structures in non–EGF-stimulated
(stim.) condition. (C) AP2-labeled structures were
sorted by Fyn-GFP content and/or Rho-EGF levels
therein (see Materials and methods). Shown are the
measurements of the percentage of AP2 structures
positive for Fyn-GFP (left) or AP2 structures positive
for Fyn-GFP sorted by Rho-EGF content (right). In
each case, the data shown represent the mean ±
SEM of Fyn-GFP- or EGF-positive AP2 structures
determined in individual experiments (each inde-
pendent experiment value determined from >12 cells
per condition, depicted as points). The total number
of AP2-labeled structures and cells analyzed were
10,474 and 44 (total from three independent ex-
periments). *, P < 0.05. (D) AP2 was labeled with
Alexa Fluor 405 and Epsin1 with Cy3. Representative
TIRFM images; scale bar = 5 μm. Images obtained by
TIRFM were subjected to automated detection and
analysis of AP2 or Epsin1 structures, allowing
quantification of Fyn-GFP in each detected object.
Shown (middle) is the distribution of Fyn-GFP in
individual AP2 or Epin1 structures within an experi-
ment. Also shown (right) is mean ± SEM of Fyn-
GFP–positive AP2 or Epsin1 structures determined
in individual experiments (each independent exper-
iment value determined from >12 cells per condition,
depicted as points). *, P < 0.05. The total number of
structures and cells analyzed were 21,110 AP2-
labeled structures and 40 cells in three indepen-
dent experiments.
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AP2 in Fyn-GFP–expressing cells (Fig. 6 D). Automated detection
of AP2 or Epsin1 puncta, followed by measurement of Fyn-GFP
recruitment in each, showed that Fyn-GFP is significantly more
enriched in AP2 versus Epsin1 puncta, both at the level of in-
dividual structures (Fig. 6 D, middle) and when considering the
mean level of Fyn-GFP in each type of structure obtained from
independent experiments (Fig. 6 D, right). These results support
the model that EGF stimulation triggers Fyn-GFP recruitment
selectively to a unique subset of CCPs.

We next examined how TOM1L1 or Fyn was recruited to
distinct CCP subpopulations based on CCP dynamics. We first
used time-lapse imaging of EGF-stimulated RPE-RFP-CLC cells
expressing the lowest detectable levels of Fyn-GFP. As in ex-
periments in fixed cells, this strategy allowed ready observation
of Fyn-GFP–positive CLSs (Fig. 7 A). These time-lapse image
series were subjected to automated detection, tracking, and
analysis, which allowed identification of Fyn+ and Fyn− CCPs
(Aguet et al., 2013). This method was previously described and
validated for classification of CCPs by recruitment of many
different types of proteins including dynamin2 (Aguet et al.,
2013) and receptor ligands transferrin and EGF (Delos Santos
et al., 2017). Using this approach in cells also stimulated with
unlabeled EGF, 15.6% ± 1.1% of CCPs were Fyn+, consistent
with our analysis of fixed cells (Fig. 6 C). Individual CCP in-
tensity traces revealed that many Fyn+ CCPs exhibited Fyn
recruitment throughout the lifetime of the structure (Fig. 7 B),
while others exhibited more transient detection of Fyn re-
cruitment for a subset of the CCP lifetime (Fig. S3 A), although
the apparent transient localization of Fyn to CCPs could be due
to low signal of Fyn-GFP. Expression of Fyn-GFP at lowest
detectable levels did not alter CCP dynamics relative to un-
transfected cells (Fig. S3, E and F). Using a similar live-cell
imaging approach, we observed that eGFP-TOM1L1 was sim-
ilarly recruited to a subset (8.4 ± 0.6%) of CCPs (Figs. 7, C and
D; and Fig. S3 B).

To further understand how Fyn or TOM1L1 may be recruited
to unique clathrin structures that may be specialized for sig-
naling regulation, we first examined the lifetime and size of Fyn+

versus Fyn− structures. CCPs exhibit substantial heterogeneity
in lifetimes and size (Aguet et al., 2013; Mettlen and Danuser,
2014; Kadlecova et al., 2017). Whereas Fyn was detected in
CCPs over a broad range of lifetimes, the lifetime distribution
of Fyn+ CCPs is skewed towards longer lifetimes compared
with that of Fyn− CCPs (Fig. 7 E); a similar observation was
made when examining TOM1L1+ CCPs versus those devoid of
TOM1L1 (Fig. 7 G). CCPs positive for Fyn-GFP or eGFP-TOM1L1
also had significantly more RFP-clathrin intensity (Fig. S3, C
and D). Fyn-positive CLSs had similar ratios of AP2 intensity
in corresponding pairs of TIRFM and epifluorescence images
(Fig. S4, A and B), indicating that the observed difference in
clathrin intensity in CCPs by TIRF-M in Fyn+ CCPs was not
due to differences in CCP curvature (Aguet et al., 2013), and
instead was due to differences in CCP size. This is consistent
with the preferential recruitment of Fyn-GFP to CCPs that also
harbor EGFR, as EGFR+ CCPs exhibit longer lifetimes and
larger size relative to all CCPs (Delos Santos et al., 2017). This
further supports the specific recruitment of TOM1L1 and Fyn

to unique subpopulations of CCPs, rather than broad re-
cruitment to all CCPs.

Previous studies found that while the overall population
EGFR+ CCPs had longer lifetimes than EGFR− CCPs, the abun-
dance of EGFR was higher in short-lived than long-lived CCPs
(Delos Santos et al., 2017; Rosselli-Murai et al., 2018). The lipid
phosphatase PTEN had similar enrichment in short-lived CCPs
versus longer-lived CCPs (Rosselli-Murai et al., 2018). This
suggests that while the abundance of CCP structural proteins
such as AP2 and clathrin scale with a CCP lifetime (Loerke et al.,
2011), some nonstructural regulators of CCP dynamics or re-
ceptor signaling may not, and are instead recruited to CCPs
based on molecular determinants other than clathrin or AP2 a-
bundance within CCPs. To determine whether TOM1L1 and Fyn
recruitment to CCPs merely reflects CCP lifetime and/or
clathrin content, we examined their levels in CCP lifetime
cohorts. The mean level of GFP-Fyn detected over the entire
lifetime of relatively short-lived (10–20 and 20–40 s) CCPs
was significantly higher than that recruited to longer-lived
CCPs (Fig. 7 F), a phenomenon also observed for eGFP-
TOM1L1 (Fig. 7 H). Hence, the average Fyn or TOM1L1 re-
cruitment level to CCPs does not scale with CCP lifetime and
instead occurs to a higher extent in short-lived CCPs, a phe-
nomenon similar to that observed for EGFR (Delos Santos et al.,
2017; Rosselli-Murai et al., 2018). Of note is the efficient sorting of
CCPs by Fyn or TOM1L1 composition, as determined by the mean
Fyn-GFP (Fig. 7 F) or eGFP-TOM1L1 levels (Fig. 7 H) detected in
each cohort of Fyn/TOM1L1-negative CCPs.

The increased abundance of Fyn-GFP and eGFP-TOM1L1
within short-lived versus longer-lived CCPs, together with the
observation that overall Fyn+ or TOM1L1+ CCPs have longer
lifetimes than Fyn− or TOM1L1− CCPs, respectively, suggests that
the extent of TOM1L1 and Fyn recruitment may not impact CCP
assembly or lifetime. Instead, these results suggest that TOM1L1
and Fyn are recruited as “passengers” from the perspective of
regulation of clathrin assembly and CCP lifetime, such that they
may instead only regulate signaling once recruited to CCPs. To
probe this, we examined the effect of loss of Fyn or TOM1L1 on
CCP dynamics. We used siRNA silencing of TOM1L1 or Fyn in
cells expressing eGFP-clathrin and then performed live cell
TIRFM in cells also stimulated with 5 ng/ml Rho-EGF. These
time-lapse image series were subjected to automated detection,
tracking and analysis, which allowed identification of EGF+ and
EGF− CCP cohorts (Aguet et al., 2013; Delos Santos et al., 2017).
When considering only EGF+ CCPs, TOM1L1 silencing did not
significantly impact CCP initiation (Fig. 7 I), clathrin recruit-
ment (Fig. 7 J), CCP lifetime (Fig. 7 K), or the intensity of Rho-
EGF within CCPs (Fig. 7 L). While Fyn silencing also did not
significantly impact CCP initiation (Fig. 7 M) or lifetime (Fig. 7
O), it did trigger a modest yet significant reduction of clathrin
and Rho-EGF recruitment into CCPs, whether these were EGFR+

(Fig. 7, N–P) or EGFR− (Fig. S4, C and D). These results indicate
that TOM1L1 and Fyn have limited roles in regulation of CCP
initiation, clathrin assembly, lifetime, or EGFR recruitment.
Instead, the localization of TOM1L1 and Fyn to a unique subset of
CCPs allows regulation of EGFR signaling, perhaps by control of
signaling intermediates within CCPs.
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Figure 7. TOM1L1 and Fyn are recruited to a subset of CCPs with distinct lifetimes yet do not have a major contribution to clathrin assembly or CCP
initiation or lifetime. (A–H) ARPE-19 cells stably expressing Tag-RFP-T-CLC were transfected with either Fyn-GFP (A, B, E, and F) or eGFP-TOM1L1 (C, D, G,
and H) and then imaged using time-lapse TIRFM. (A and C) Representative single-image frames showing Fyn-GFP or eGFP-TOM1L1 and Tag-RFP-T-CLC taken
from a sample time lapse. Scale bar = 5 μm. (B and D) Representative Fyn+ or TOM1L1+ CCP intensity traces, showing Fyn-GFP or eGFP-TOM1L1 and Tag-RFP-
T clathrin signals (thick line), local background fluorescence (thin line), and 95% confidence interval of signal relative to background (shaded region). Also
shown are fluorescence image time series (1.8-μm image width) corresponding to clathrin and TOM1L1/Fyn centered at the detected object. The repre-
sentative image time-lapses show sequential frames obtained at intervals of 1 s and correspond to the timeline of the CCP plotted beneath. Additional traces of
individual CCPs are shown in Fig. S3. (E–H) Time-lapse image series were subjected to automated detection, tracking, and analysis of CCPs, which allows
sorting of CCPs by Fyn or TOM1L1 status, as described in Materials and methods. (E and G) Frequency distribution of CCP lifetimes by Fyn-GFP (E) or eGFP-
TOM1L1 (G) status. (F and H) Mean intensity of Fyn-GFP (F) or eGFP-TOM1L1 (H) in each type of CCP (sorted by automated analysis first by Fyn/TOM1L1
status, then by CCP lifetime). The number of CCPs and cells analyzed, respectively, for each condition are as follows: Fyn-GFP expressing cells (18,383 CCPs, 17
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TOM1L1 and Fyn are selectively required for modulation of
EGF-stimulated Akt2 phosphorylation and recruitment of
SHIP2 to clathrin structures
CCPs harbor many enzymes that regulate phosphoinositide dy-
namics (Sugiyama et al., 2019), including PTEN (Rosselli-Murai
et al., 2018) and SHIP2 (Nakatsu et al., 2010). PTEN elicits the
turnover of PIP3 to PtdIns(4,5)P2, which terminates PI3K sig-
naling and Akt phosphorylation (Lee et al., 2018). In contrast,
SHIP2 elicits turnover of PIP3 to PtdIns(3,4)P2 (Goulden et al.,
2018; Liu et al., 2018), a lipid that selectively triggers phospho-
rylation of Akt2, but not Akt1 or Akt3 (Liu et al., 2018). SHIP2
inhibition slightly increased PDGF-stimulated Akt1 phospho-
rylation (S473), yet impaired Akt2 phosphorylation (S474; Liu
et al., 2018). To resolve how TOM1L1 and Fyn may control
phosphoinositide dynamics leading to regulation of Akt signal-
ing by EGFR, we first examined the effect of TOM1L1 or Fyn
silencing on EGF-stimulated phosphorylation of specific Akt
isoforms. While silencing of TOM1L1 or Fyn did not impact the
EGF-stimulated phosphorylation of Akt1, each led to a significant
reduction in the phosphorylation of Akt2 (Fig. 8 A). This
prompted us to consider that TOM1L1 and Fyn may control
SHIP2, given the selective role of this lipid phosphatase in ac-
tivation of Akt2 (Liu et al., 2018).

Thus, we next probed how TOM1L1 and Fyn may regulate
SHIP2. We used immunofluorescence staining of endogenous
SHIP2 in cells also expressing RFP-clathrin, imaging by TIRFM,
and automated detection and analysis of CLSs (Fig. 8 B). EGF
stimulation triggered a robust increase in SHIP2 recruitment
within CLSs, as evident in the distribution of SHIP2 intensities
within individual CLSs (Fig. 8 B, middle) as well as the results of
the average of multiple independent experiments (Fig. 8 B, right).
Importantly, silencing of TOM1L1 or Fyn impaired the EGF-
stimulated gain in SHIP2 in CLSs. We observed a similar gain in
SHIP2 recruitment to CLSs upon EGF stimulation in MCF10A cells
(Fig. 8 C). Taken together, these results suggest that clathrin-
localized TOM1L1 and Fyn may impact EGF-stimulated Akt2
phosphorylation via regulation of SHIP2 recruitment to CCPs.

PIP3 has been proposed to regulate CCP dynamics and as-
sembly (Rosselli-Murai et al., 2018; Dambournet et al., 2018), as
have the downstream signals activated by PIP3 (Reis et al., 2015;
Srinivasan et al., 2018). We next examined the possibility of
regulation of Fyn and SHIP2 within CCPs by PI3K signaling. To
do so, we used stable cells expressing eGFP-clathrin and induced
to express Fyn-iRFP713 by doxycycline treatment (Fig. 5). Similarly
to Fyn-GFP (Fig. 3) and endogenous Fyn (Fig. 4), in EGF-stimulated
cells Fyn-iRFP713 could be observed within eGFP-clathrin puncta,
which appeared disrupted in cells treated with the class I PI3K

inhibitor Pictilisib (Fig. 9 A). These time-lapse image series were
subjected to automated detection, tracking and analysis (Aguet
et al., 2013). While EGF stimulation did not significantly alter the
abundance of eGFP-clathrin within CCPs (Fig. 9 B), CCP initiation,
or CCP lifetimes (Fig. S4 E), it did trigger an increase in Fyn-
iRFP713 within CCPs (Fig. 9 C). Consistent with a role for PIP3 in
regulation of CCP assembly, we observed a small but significant
increase in CCP size in EGF-stimulated cells upon Pictilisib treat-
ment (Fig. 9 D), although Pictilisib was without effect on CCP in-
itiation or CCP lifetime (Fig. S4 E). Importantly, Pictilisib triggered
a reduction of Fyn-iRFP713 within CCPs in EGF-stimulated cells
(Fig. 9 E). This suggests that PI3K signaling contributes to regula-
tion of Fyn recruitment to CCPs.

Because Pictilisib suppressed Fyn-iRFP713 recruitment to
CCPs, and because Fyn is required for the recruitment of SHIP2
to CCPs, we examined whether class I PI3K may contribute to
SHIP2 recruitment to CCPs. EGF stimulation triggered an in-
crease in SHIP2 recruitment to CCPs, which was blunted by
treatment with Pictilisib (Fig. 9 F). This indicates that class I
PI3K regulates the CCP recruitment of Fyn and SHIP2, and in
doing so may promote Akt2 phosphorylation by more than
merely supplying PIP3 substrate for SHIP2. Collectively, these
experiments suggest that TOM1L1 and Fyn function to regulate
SHIP2 recruitment to CCPs and thus regulate Akt2 activation.

Discussion
We previously observed that clathrin structures at the plasma
membrane, but not EGFR endocytosis per se, are required for
EGFR signaling to Gab1 and Akt (Garay et al., 2015; Lucarelli
et al., 2017). Here, we uncover recruitment of TOM1L1 and Fyn
to a subset of plasma membrane clathrin structures, and that
both Fyn- and clathrin-binding by TOM1L1 are required for
EGFR signaling leading to SHIP2 recruitment to CCPs, as well as
the selective phosphorylation of Akt2 (Fig. S5). We also find that
TOM1L1+ or Fyn+ clathrin structures have unique lifetimes, size,
and composition. Therefore, we propose that TOM1L1 and Fyn
define a unique subset of signaling-capable plasma membrane
clathrin structures required for specific facets of EGFR signaling
leading to Akt2 activation.

Regulation of Akt signaling by clathrin structures
Fyn was required for EGF-stimulated phosphorylation of Y627
on Gab1 (Fig. 1). While Gab1 phosphorylation is required for
recruitment and activation of class I PI3K (Mattoon et al., 2004),
the recruitment of PI3K occurs to a motif on Gab1 harboring
phosphorylated Y472 (Rocchi et al., 1998). Together with the lack

cells); eGFP-TOM1L1–expressing cells (28,234 CCPs, 19 cells). (I and J) ARPE-19 cells stably expressing eGFP-clathrin were treated with siRNA targeting
TOM1L1, Fyn, or nontargeting siRNA (control). Cells were then treated with 5 ng/ml Rho-EGF and imaged using time-lapse TIRFM, followed by automated
detection, tracking, and analysis of CCPs, which allows sorting of CCPs by Rho-EGF status, as described in Materials and methods. (I–P) Shown selectively for
EGF+ CCPs are the CCP initiation density (I and M); the intensity of eGFP-clathrin within CCPs, classified by CCP lifetime cohorts (J and N); the frequency of
CCPs with lifetimes <20 s (K and O); and the Rho-EGF intensity within CCPs, classified by CCP lifetime cohorts (L and P). For I–P, shown are the average values
per cell obtained from individual experiments (dots) and/or the mean (bars) ± SEM of these measurements. *, P < 0.05. The results of similar analysis of EGF−

CCPs is shown in Fig. S4, C and D. For I–L, the number of CCPs and cells analyzed in six independent experiments for each condition are as follows: control
siRNA, EGF (43 cells, 18,997 CCPs) and TOM1L1 siRNA, EGF (42 cells, 19,164 CCPs). For M–P: the number of CCPs and cells analyzed in four independent
experiments for each condition are as follows: control siRNA, EGF (41 cells, 14,527 CCPs) and Fyn siRNA, EGF (37 cells, 9,692 CCPs).
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Figure 8. TOM1L1 and Fyn are required for the selective modulation of EGF-stimulated Akt2 phosphorylation and SHIP2 recruitment to clathrin
structures. (A–C) ARPE-19 cells (A and B) or MCF10A cells (C) were treated with siRNA targeting TOM1L1 or Fyn or with nontargeting control siRNA, as
indicated, followed by stimulation with 5 ng/ml EGF for 5 min. (A) Immunoblotting of whole-cell lysates with antibodies that selectively recognize Akt1 or Akt2
when phosphorylated on S473/S474, total Akt, TOM1L1, Fyn, or actin (loading control). Also shown are the mean ± SEM phospho-Akt1 or Akt2; n = 5; *, P <
0.05, relative to the control siRNA-treated EGF-stimulated conditions at each time point. (B and C) After siRNA transfection, ARPE-19 cells stably expressing
Tag-RFP-T clathrin were stained with antibodies recognizing endogenous SHIP2 (labeling with Alexa Fluor 488; B) or MCF10A cells were stained with an-
tibodies to detect endogenous SHIP2 (labeling with Alexa Fluor 488) and clathrin (labeling with Alexa Fluor 647; C) and subjected to imaging using TIRFM.
Shown are representative images; scale bar = 5 μm. Images obtained by TIRFM were subjected to automated detection and analysis of CLSs, allowing
quantification of SHIP2 in each detected object. Shown (middle) are the measurements of SHIP2 fluorescence intensity within CLSs, showing the distribution of
the mean value of individual cells (each cell value determined from >300 CLSs) depicted as a violin plot, as well as median (long dashed line) and 25th/75th
percentiles (short dashed line). Also shown (right panels) are the levels of SHIP2 detected with CLSs in individual experiments (each experiment value de-
termined from >15 cells per condition, depicted as points) as mean ± SEM; *, P < 0.05, relative to basal. For B, the number of CLSs and cells analyzed in four
independent experiments for each condition are as follows: control siRNA, basal (73 cells, 48,307 CCPs), control siRNA, EGF (116 cells, 88,023 CCPs), TOM1L1
siRNA, EGF (88 cells, 56,918 CCPs); Fyn siRNA, EGF (99 cells, 73,347 CCPs). For C, the number of CLSs and cells analyzed in three independent experiments for
each condition are as follows: basal (66 cells, 42,686 CCPs) and EGF-stimulated (57 cells, 35,445 CCPs). con, control. Source data are available for this figure:
SourceData F8.
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of effect of Fyn and TOM1L1 silencing on phosphorylation of
Akt1 (Fig. 8 A) that depends on PIP3 produced by class I PI3K
(Liu et al., 2018), this suggests that Fyn may regulate Gab1
phosphorylation on Y627, but perhaps not phosphorylation on
other sites of Gab1 leading to PI3K activation. Instead, that
TOM1L1 and Fyn selectively regulate Akt2 phosphorylation and
localization of SHIP2 to CCPs (Fig. 8 B) suggests their involve-
ment in regulation of EGFR signaling subsequent to PI3K-
dependent PIP3 production.

PI3K generates PIP3 at the plasma membrane, and this
compartment is the major reservoir for its substrate PtdIns(4,5)

P2 (Choy et al., 2017). Several lipid phosphatases and kinases act
on internalized vesicles resulting in undetectable levels of
PtdIns(4,5)P2 therein (He et al., 2017). In contrast to this model,
PIP3 was detected on endosomes, in a manner that required the
class I PI3K adaptorMAP4 (Thapa et al., 2020). Nonetheless, and
consistent with activation of PI3K signaling at the plasma
membrane, we previously reported that specific perturbations
of dynamin2, which allow plasma membrane clathrin structure
formation and receptor recruitment therein but impaired
the formation of internalized vesicles, had no effect on Akt
phosphorylation, while perturbation of clathrin impaired Akt

Figure 9. Pictilisib suppresses EGF-stimulated recruit-
ment of Fyn and SHIP2 to clathrin structures. (A–E)
ARPE-19 cells stably expressing eGFP-clathrin were en-
gineered using the Sleeping Beauty transposon system to
allow doxycycline-inducible expression of Fyn-iRFP713. Cells
were treated with 10 μM pictilisib for 30 min or 5 ng/ml EGF
for 5 min, followed by time-lapse TIRFM. (A) Representative
single-image frames showing eGFP-clathrin and Fyn-
iRFP713. Scale bar = 5 μm. (B–E) Time-lapse image series
were subjected to automated detection, tracking, and
analysis of CCPs, which allows sorting of CCPs by Fyn or
TOM1L1 status, as described in Materials and methods.
Shown are the mean intensities of eGFP-clathrin (B and D) or
Fyn-iRFP713 (C and E) within each type of CCP (sorted by
CCP lifetime). Shown in B–E are the mean (bars) ± SEM of
the average value per cell obtained from individual experi-
ments. *, P < 0.05. (F) ARPE-19 cells stably expressing eGFP-
clathrin were treated with 10 μMpictilisib for 30 min or 5 ng/
ml EGF for 5 min, then stained with antibodies recognizing
endogenous SHIP2 and subjected to imaging using TIRFM.
Shown are representative images. Scale bar = 5 μm. Images
obtained by TIRFM were subjected to automated detection
and analysis of CLSs, allowing quantification of SHIP2 in each
detected object. Shown (middle) are the measurements of
SHIP2 fluorescence intensity within CLSs, showing the dis-
tribution of the mean value of individual cells (each cell value
determined form >300 CLSs) depicted as violin plot, as well
as median (long dashed line) and 25th/75th percentiles
(short dashed line). Also shown (right) are the levels of SHIP2
detected with CLSs in individual experiments (each experi-
ment value determined from >15 cells per condition, de-
picted as points) as mean ± SEM; *, P < 0.05, relative to
basal. For B–E, the number of CCPs and cells analyzed in four
independent experiments for each condition are as follows:
basal, no drug (24 cells, 47,789 CCPs); EGF-stimulated, no
drug (24 cells, 42,003 CCPs); and EGF-stimulated, Pictilisib-
treated (24 cells, 45,456 CCPs). For F, the number of CLSs
and cells analyzed in four independent experiments for each
condition are as follows: basal, no drug (102 cells, 55,681
CCPs); EGF-stimulated, no drug (101 cells, 60,614 CCPs); and
EGF-stimulated, Pictilisib-treated (93 cells, 55,715 CCPs).
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phosphorylation (Garay et al., 2015). Furthermore, complete
arrest of EGFR endocytosis in a cell lacking all three isoforms of
dynamin did not impact Akt activation (Sousa et al., 2012).
PtdIns(3,4)P2 was detected either exclusively at the plasma
membrane (Goulden et al., 2018) or the plasma membrane and
endosomes (Liu et al., 2018). These results suggest that PIP3
production, as well as that of subsequent SHIP2-generated
PtdIns(3,4)P2, can occur at the plasma membrane, although
some amount of these lipids can also be found on endosomes.
Our results suggest that after synthesis by SHIP2 localized
within clathrin structures (Fig. 8), PtsIns(3,4)P2 and/or associ-
ated Akt2 may rapidly diffuse within the plane of the membrane
(He et al., 2017), may become immediately engaged with effector
proteins, or may become internalized to vesicles or subsequent
intracellular compartments (Liu et al., 2018). These findings
contribute to the understanding of the close relationship of en-
docytic and signaling protein complexes and show that the
control of SHIP2 localization to clathrin structures requires
TOM1L1 and Fyn downstream of EGFR activation.

Consistent with the regulation of signaling by the endocytic
machinery, phosphorylated Akt is detected within CCPs
(Rosselli-Murai et al., 2018) and is recruited to a subset of early
endosomes containing APPL1 and its interaction partner OCRL
(Schenck et al., 2008; Erdmann et al., 2007). This suggests that
subsequent to initial activation of Akt (and perhaps specifically
Akt2) at the plasma membrane in a manner that does not re-
quire endocytosis per se, clathrin structures may further con-
trol Akt by vesicle traffic of phosphorylated Akt to specific
endosomal compartments. Hence, TOM1L1 and Fyn may func-
tion within a subset of plasma membrane clathrin structures to
regulate SHIP2 recruitment and the selective activation of
Akt2, which may precede vesicle scission.

Control of Fyn within plasma membrane clathrin structures
by TOM1L1
Many studies have examined the role of Src-family kinases in
EGFR signaling, and c-Src, Fyn, and Yes can all be phosphory-
lated after EGF stimulation (Wilde et al., 1999). Src-family
kinases can phosphorylate EGFR at Y845 to promote activation
of receptor signaling, in particular for EGFR transactivation in
the absence of ligand (Sato, 2013). Perturbations of TOM1L1 or
Fyn had no effect on EGFR autophosphorylation and down-
stream signaling to Erk, thus indicating that the role of Fyn and
TOM1L1 in EGFR signaling is unlikely to be due to control of
EGF-stimulated EGFR phosphorylation. Instead, these results
indicate that TOM1L1 and Fyn control EGFR signaling at a stage
downstream of EGFR autophosphorylation, leading to regulation
of Akt activation.

TOM1L1 is required for the recruitment of Fyn to plasma
membrane clathrin structures (Fig. 4). Perturbation of the
clathrin-binding (Liu et al., 2009b) or Fyn-binding (Seykora
et al., 2002) abilities of TOM1L1 impairs EGF-stimulated Akt
phosphorylation (Fig. 5 A). TOM1L1 interacts with clathrin via a
motif distinct from the clathrin box that mediates interaction of
many proteins with the N-terminal β-propeller structure of
clathrin (Liu et al., 2009b). Instead, the 447FDPL450 motif on
TOM1L1 interacts with the clathrin C-terminus (within residues

1,325–1,675; Collin et al., 2007; Liu et al., 2009b). An additional
401LQPVSL406 motif on TOM1L1 may also enhance binding to
clathrin (Collin et al., 2007). Consistent with our observations
(Fig. 3 B), TOM1L1 may thus be constitutively recruited to some
plasma membrane clathrin structures, such that EGF-stimulated
Y460 phosphorylation on TOM1L1 (Liu et al., 2009b) or some
other cue allows stimulus-specific binding of Fyn to TOM1L1 and
thus Fyn recruitment to CCPs.

In addition to recruitment of Fyn to a subset of clathrin
structures, TOM1L1 binding enhances the activity of Fyn and Src
(Li et al., 2005), suggesting that Fyn activation may be enhanced
within these clathrin nanodomains. While we find that TOM1L1
is required to engage signaling to Akt by EGFR through its in-
teractions with clathrin, TOM1L1 may also serve to negatively
regulate signaling from platelet-derived growth factor receptor,
by sequestration of Src family kinases from caveolae (Collin
et al., 2007). Hence, TOM1L1 localization to clathrin structures
may have other complex roles that distinctly impact signaling of
different receptors. Moreover, while TOM1L1 is required for
internalization of EGFR in A431 cells (Liu et al., 2009b) that have
very high levels of EGFR expression, it is not required for in-
ternalization in pig aortic endothelial cells (Goh et al., 2010),
engineered to express physiological EGFR levels similar to those
in the ARPE-19 cells examined here. Hence, in addition to the
key role in regulation of Akt activation by EGFR that we observe
here, TOM1L1 may contribute to EGFR endocytosis when a high
capacity of receptor internalization is required.

A subset of CCPs function as signaling platforms
We detected Fyn-GFP within a subset of plasma membrane
clathrin structures (Figs. 3 A; 4; 7, A and B; and S3 A). This
represented specific Fyn recruitment, since (a) silencing
TOM1L1 abolished the EGF-stimulated gain in Fyn in clathrin
structures (Fig. 4), (b) many Fyn-GFP and clathrin structures
exhibited overlap when examined by the higher resolution af-
forded by SIM (Figs. 3 C and S1), (c) Fyn-positive clathrin
structures have elevated lifetimes and size relative to Fyn-
negative clathrin structures (Fig. 7), and (d) Fyn was more en-
riched in AP2-positive than Epsin-positive structures at the
plasma membrane (Fig. 6). As such, we propose that a small
subset of plasma membrane clathrin structures form with the
ability to recruit Fyn, and thus represent specialized signaling-
capable nanodomains.

The recruitment of Fyn to clathrin structures by TOM1L1
does not appear to play a major role in the regulation of clathrin
assembly and CCP dynamics (Fig. 8), suggesting that TOM1L1
and Fyn are captured by some nascent CCPs to regulate signal-
ing, but do not play a major role in regulating CCP dynamics.
Src-family kinases can phosphorylate clathrin heavy chain, thus
controlling clathrin structure dynamics (Wilde et al., 1999).
Since we do not observe changes in CCP initiation or dynamics
following TOM1L1 or Fyn silencing, this suggests that other Src-
family kinases or other cellular contexts are required for regu-
lation of clathrin dynamics involving clathrin phosphorylation.

The selective recruitment of Fyn to a subset of CCPs adds a
new dimension to the heterogeneous composition and proper-
ties of these structures. For example, clathrin structures that
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contain EGFR and other specific signaling receptors are dis-
tinctly regulated by calcium signaling (Delos Santos et al., 2017;
Reis et al., 2017), while the size and/or lifetimes of other subsets
of CCPs harboring LDL receptor (Mettlen et al., 2010) or specific
GPCRs (Puthenveedu and von Zastrow, 2006) are also uniquely
regulated. Our work is also consistent with the formation of
molecularly distinct subpopulations of CCPs based on AP2 re-
cruitment (Pascolutti et al., 2019). Future work that uncovers
the mechanisms that govern the distinct fates of different CCPs,
for either specialized internalization of specific cargo or sig-
naling phenomena, will thus be of great interest.

We also found that Pictilisib, an inhibitor of class I PI3K, had a
modest effect on CCP assembly (increasing CCP size; Fig. 9 D),
yet impaired the recruitment of Fyn-iRFP713 and SHIP2 to CCPs
(Fig. 9, D and E). Other studies have reported more significant
effects on CCP dynamics upon altering PIP3 dynamics by control
of the 3-phosphatase PTEN or addition of exogenous PIP3
(Rosselli-Murai et al., 2018), or by treatment with the PI3K pan-
class inhibitor LY2942002 (Dambournet et al., 2018). Pictilisib
(GDC-0941) is specific for inhibition of class I PI3K (Folkes et al.,
2008), so some of the effects of LY2942002 on CCP dynamics
may be due to inhibition of class II or III PI3K. Further, as
LY2942002 has distinct effects on CCP dynamics in specific cells
(Dambournet et al., 2018) PI3K signaling may distinctly regulate
CCP initiation, assembly, and turnover in a cell-dependent
manner. Akt activated downstream of EGFR can in turn regu-
late CCP dynamics and EGFR signaling via glycogen synthase
kinase 3β–dependent phosphorylation of dynamin1 (Reis et al.,
2015; Srinivasan et al., 2018); however, we found that silencing
dynamin1 did not impact EGFR endocytosis or signaling in
ARPE-19 cells (Delos Santos et al., 2017), consistent with context-
dependent regulation of CCP dynamics downstream of PI3K
activation. Our results nonetheless indicate that some aspects of
CCP formation, specifically, the EGF-stimulated recruitment of
Fyn and SHIP2 may be class I PI3K-dependent. This further
suggests that class I PI3K may be part of a feed-forward mech-
anism that promotes the formation of SHIP2-positive CCPs to
control PtdIns(3,4)P2 dynamics and signaling downstream of
PI3K activation.

The class II PI3K PI3KC2α is also recruited to CCPs, even in
the absence of growth factor stimulation, and regulates CCP
dynamics through the localized production of PtdIns(3,4)P2
(Posor et al., 2013; Wang et al., 2020) The levels of PtdIns(3,4)P2
produced by PI3KC2α locally within CCPsmay be regulated to be
just sufficient to recruit clathrin endocytic proteins such as
SNX9 to CCPs (Schöneberg et al., 2017), suggesting that upon
EGF stimulation, SHIP2 may enhance PtdIns(3,4)P2 production
beyond that produced by PI3KC2α, thus supporting Akt2
phosphorylation.

The recruitment of Fyn to form signaling-capable clathrin
structures to regulate EGF-stimulated Akt phosphorylation adds
to the growing appreciation of the ability of clathrin structures
to directly contribute to signal transduction. The PIP3 phos-
phatase PTEN is also recruited to a subset of clathrin structures
and regulates the lifetime of clathrin coated pits (Rosselli-Murai
et al., 2018). This suggests that clathrin structures may spatially
link Fyn-driven signals that lead to SHIP2 recruitment and

activation of Akt2 and the negative regulation of PIP3 signaling
by PTEN. In addition to control of PI3K signaling by EGFR,
clathrin structures regulate PI3K-Akt signaling by LPA1 stimu-
lation (Leyton-Puig et al., 2017), as well as other signals by
certain GPCRs (Eichel et al., 2016, 2018).

In summary, we identified that a subset of plasmamembrane
clathrin structures recruit TOM1L1 and Fyn and thus have
unique properties and capabilities to regulate EGFR signaling.
These signaling-capable clathrin structures may be unique
nanodomains (Delos Santos et al., 2015; Lu and Fairn, 2018) that
have an important role in control of phosphoinositide-regulating
enzymes such as SHIP2, and in doing so, gate activation of Akt
signaling before or concomitantly with receptor internalization.

Materials and methods
Materials
Antibodies recognizing specific proteins were as follows (with
species and catalog numbers indicated for each): phospho-EGFR
(pY1068, rabbit monoclonal, 3777), phospho-Gab1 (pY627, rabbit
monoclonal, 3233), pAkt1 (S473, rabbit monoclonal, 9018), pAkt2
(S474, rabbit monoclonal, 8599), pAkt (S473, pan-isoform, for
immunofluorescence, rabbit monoclonal, 4060), total Akt (pan
isoform, mouse, 2920), SHIP2 (rabbit monoclonal, 2869), and
Fyn (for IB, rabbit, 4023) obtained from Cell Signaling Tech-
nology; phospho-Akt (pS473, pan isoform for Western blotting,
44-621G) obtained from Life Technologies; AP2 (AP6, mouse
monoclonal, ab2730), Fyn (for IF, rabbit monoclonal, ab125016),
and Epsin1 (mouse monoclonal, ab75879) obtained from Abcam;
and anti-actin and anti-clathrin heavy chain (TD.1) used for
immunoblotting obtained from Santa Cruz Biotechnology.
Fluorophore-conjugated or HRP secondary antibodies were from
Jackson ImmunoResearch. Rho-EGF was generated in-house as
previously described (Lucarelli et al., 2017).

WT human retinal pigment epithelial cells (ARPE-19; RPE
cells herein) and ARPE-19 cells stably expressing CLC fused to
enhanced GFP (RPE-GFP-CLC) or fused to TagRFP-T (RPE-RFP-
CLC) were previously described (Bone et al., 2017; Aguet et al.,
2013; Delos Santos et al., 2017). Cells were cultured in DMEM/
F12 (Life Technologies) supplemented with 10% FBS (Life
Technologies), 100 U/ml penicillin, and 100 µg/ml streptomycin
(Life Technologies) at 37°C and 5% CO2.

MCF10A cells were cultured as previously described (Debnath
et al., 2003). Briefly, MCF10A cells were cultured in DMEM/F12
medium supplemented with 5% horse serum (Life Technologies),
20 ng/ml EGF (Peprotech), 0.5 mg/ml hydrocortisone (Sigma-
Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 10 μg/ml
insulin (Sigma-Aldrich), and penicillin/streptomycin (Life
Technologies) at 37°C and 5% CO2.

cDNA constructs for transient transfection
sfGFP-FYN-N-10 (sfGFP is superfolder GFP with enhanced sta-
bility and folding kinetics, derived from eGFP [Pédelacq et al.,
2006]; herein we refer to this construct as Fyn-GFP) was a gift
from Michael Davidson (Florida State University, Tallahassee,
FL, plasmid 56294; Addgene). eGFP-tagged TOM1L1 (used in
Figs. 3 B and 7) was generated by seamless cloning. Briefly,
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human TOM1L1 (pDNR-LIB, plasmid number 4612157, purchased
from Dharmacon) was amplified by PCR using primers as
follows: 59-CGAGCTGTACAAGGGACTCAGATCTAGATCACAGAT
GGCGTTTGG-39 and 59-GCAGAATTCGAAGCTCTATTATTTACT
TAAG-39, and eGFP-C1 (Clontech) was amplified using primers
as follows: 59-CCAAACGCCATCTGTGATCTAGATCTGAGTCCC
TTGTACAGCTCG-39 and 59-CTTAAGTAAATAATAGAGCTTCGA
ATTCTGC-39. The resulting PCR products were mixed, subjected
to digestion by Dpn1, and used to transform DH5α-competent
Escherichia coli cells, followed by selection of resistant colonies
and verification of GFP-TOM1L1 by sequencing.

Transient plasmid and siRNA transfections
cDNA transfections were performed using Lipofectamine 2000
(Life Technologies) as per manufacturer’s instructions and as
previously described (Bone et al., 2017). Cells were washed in 1×
PBS, and medium was replaced with Opti-MEM medium (Gibco,
Life Technologies). Lipofectamine 2000 reagent (3 μl/well) and
cDNA (1 µg/well) were each mixed separately in 50 μl OptiMem,
combined in a 1:1 ratio, and incubated at room temperature for
10–15min before pipetting themixture dropwise onto plated cells in
Opti-Mem. Experimentswere performed 16–20 h after transfection.

siRNA transfections were performed using custom-synthesized
siRNAs using RNAiMAX transfection reagent (Life Technolo-
gies) as per manufacturer’s instructions. Briefly, each siRNA
was transfected at a concentration of 220 pmol/liter with
transfection reagent in Opti-MEM Medium. Cells were in-
cubated with the siRNA complexes for 4 h, after which cells
were washed and replaced in regular growth medium. siRNA
transfections were performed twice, 72 and 48 h before each
experiment. Sequences used were as follows (sense): control
(nontargeting), CGUACUGCUUGCGAUACGGUU; Fyn, AGG
AAGAGCUCUGAAAUUAUU; TOM1L1, GUGAGAAACUGAAUG
UAUUUU; and Epsin, ACUCAGAGGCGGAGAUCAA.

Stable transfections using Sleeping Beauty transposon system
pSBtet-BP was a gift from Eric Kowarz (Goethe-University
of Frankfurt, Frankfurt, Germany, plasmid 60496; Addgene;
http://n2t.net/addgene:60496; RRID:Addgene_60496; Kowarz et
al., 2015). pCMV(CAT)T7-SB100 was a gift from Zsuzsanna Izs-
vak (Max Delbrück Center for Molecular Medicine, Berlin-Buch,
Germany, plasmid 34879; http://n2t.net/addgene:34879; Addg-
ene; RRID:Addgene_34879; Mátés et al., 2009). An oligonucleo-
tide encoding eGFP fused to TOM1L1 were generated by
BioBasic, using the ORF sequence of eGFP, followed by the se-
quence encoding a spacer peptide (59-GGGGGGTCTGGTGGCAGT
GGAGGGGGATCC-39), followed by the ORF sequence of human
TOM1L1, as per GenBank accession number NM_005486. This
oligonucleotide sequence was subcloned into pSBtet-BP to
generate pSBtet-BP-eGFP-TOM1L1 (WT). From this plasmid,
Fyn-binding defective (Y460F) and clathrin-binding defective
(447FDPL450AAAA) mutant TOM1L1 constructs were derived by
BioBasic by site-directed mutagenesis. An oligonucleotide en-
coding Fyn-iRFP713 was synthesized using the sequence of hu-
man Fyn (GenBank accession number NM_002037), followed by
the sequence encoding a spacer peptide (59-GGGGGGTCTGGT
GGCAGTGGAGGGGGATCC-39), followed by the ORF sequence

for iRFP713 (Shcherbakova and Verkhusha, 2013), and inserted
into pSBtet-BP to generate pSBtet-BP-iRFP713-Fyn.

pSBtet-BP plasmids encoding various eGFP-TOM1L1 or Fyn-
iRFP713 constructs alongside pCMV(CAT)T7-SB100 were co-
transfected into ARPE-19 cells using FuGene HD transfection
reagent, as per manufacturer’s protocol (Promega), followed by
selection of stably engineered cells in media supplemented with
2 µg/ml puromycin for a period of 2–3 wk.

Cell and inhibitor treatments
All cells were serum deprived for 1 h before experimental assays
unless otherwise stated. Cells were treated with 20 μm Pictilisib
(unless otherwise indicated) or a corresponding volume of DMSO
(vehicle control) for 20 min before stimulation with EGF (human;
Life Technologies) or other experiments, as indicated. All inhibitor
treatments were performed after 1-h serum deprivation.

Whole-cell lysates and Western blotting
After transfection, treatment with inhibitors, and/or stimula-
tion with EGF, whole-cell lysates were prepared in Laemmli
sample buffer (0.5 M Tris, pH 6.8, glycerol, 10% SDS, 10%
β-mercaptoethanol, and 5% bromophenol blue; all from Bio-
Shop) supplemented with a protease and phosphatase inhibitor
cocktail (1 mM sodium orthovanadate, 10 nM okadaic acid, and
20 nM protease inhibitor cocktail, each obtained from BioShop).
Lysates were then heated at 65°C for 15 min and passed through
a 27.5-gauge syringe. 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 described (Antonescu et al., 2011).
Molecular weight markers used were Novex Sharp Pre-stained
Protein Standard (LC5800) or PageRuler Prestained Protein
Ladder (26617; Thermo Fisher Scientific). Signals to detect the
intensity corresponding to phosphorylated proteins (e.g., pAkt)
were obtained as previously described (Delos Santos et al., 2017).
First, images were obtained using a Bio-Rad ChemiDoc Touch
Imaging System upon soaking membranes in Luminata Cre-
scendo HRP substrate (Millipore Sigma). Typical exposure times
varied between 1 and 60 s andwere selected to ensure that signal
was not saturated at any pixel. Images were quantified using
ImageJ software (National Institutes of Health; Schneider et al.,
2012) by signal integration in an area corresponding to the ap-
propriate lane and band for each condition. This measurement
was then normalized to the loading control (e.g., actin) signal
and then normalized to the total Akt signal, obtained after re-
blotting. 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. Statistical analysis was
performed with ANOVA followed by Tukey posttest, with P <
0.05 used as a threshold for establishing differences between
experimental conditions. Data distribution was assumed to be
normal but was not formally tested.

Immunofluorescence staining
For detection of total cellular protein (all immunofluorescence
experiments except Figs. 1 E and 2 C), after treatments as
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indicated cells were fixed 4% PFA for 30 min, followed by
quenching of fixative in 100 mM glycine, cell permeabilization
in 0.1% Triton X-100 (all solutions made in PBS), and blocking in
Superblock Blocking Buffer (Thermo Fisher Scientific). Sub-
sequently, cells were stained with primary and secondary
antibodies (fluorochromes described for each experiment in
corresponding figure legend) as indicated andmounted on glass
slides in fluorescence mounting medium (Dako) or retained
within aqueous medium for imaging by TIRFM.

Immunofluorescence staining of cell-surface EGFR (as in
Figs. 1 C and 2 B) was performed as previously described (Garay
et al., 2015), using anti-EGFR (mAb108, collected in-house from a
hybridoma cell line from American Type Culture Collection).
Briefly, after treatments, cells were rapidly washedwith ice-cold
PBS and incubated with primary antibody solution on ice, before
cell permeabilization. After washing of unbound primary anti-
bodies, cells were then fixed, permeabilized, and stained with
secondary antibodies as described above.

Fluorescence microscopy
Wide-field epifluorescence microscopy experiments (Figs. 1 C
and 2 B) were performed on an Olympus IX83 Inverted Micro-
scope with a 100×/1.4-NA objective, coupled to a Hamamatsu
ORCA-Flash4.0 digital camera using cellSens software (Olympus
Canada). Imaging was performed in samples mounted in Dako at
room temperature.

TIRFM experiments were performed on a Quorum Diskovery
instrument, comprising a Leica DMi8 microscope equipped with
a 63×/1.49-NA TIRF objective with a 1.8× camera relay (total
magnification 108×). Imagingwas done using 405-, 488-, 561-, or
637-nm laser illumination and 450/55, 525/50, 620/60, and 700/
75 emission filters and acquired using a Zyla 4.2Plus sCMOS
camera (Hamamatsu), with images acquired using MetaMorph
(Molecular Devices). Fixed-cell TIRFM imaging was done at
room temperature with samples mounted in PBS. For live-cell
imaging experiments (Figs. 6 and 9), cells were maintained at
constant 37°C during imaging, in phenol-free DMEM/F12 media
(Gibco) supplemented with 20 mM Hepes and 20 ng/ml EGF.
Some TIRFM experiments (Fig. S4, A and B) also involved ac-
quisition of identical fields of view using wide-field epifluor-
escence microscopy.

SIM was performed using a Zeiss Elyra PS.1 superresolution
inverted microscope using Zen software, as previously de-
scribed (Bautista et al., 2018). Samples were imaged at an ef-
fective magnification of 101× (63×/1.4 objective + 1.6× optovar
tube lens) on an oil-immersion objective. 488-, 561-, and 643-nm
laser lines were directed into the microscope optical train via a
multimode fiber coupler. The lasers were passed through a
diffraction grating, and a series of diffraction orders (−1, 0, +1)
were projected onto the back focal plane of the objective. These
wavefronts were collimated in the objective to create a 3D si-
nusoidal illumination pattern on the sample. The diffraction
grating was then rotated and translated throughout the acqui-
sition to create patterned offset images containing encoded high-
spatial-frequency information. Three lateral positions were
acquired at each of five (72°) diffraction grating rotations for a
total of 15 raw images. SIM imaging with all lasers was carried

out at exposures varying from 50 to 250 ms, with laser power
varying between 3% and 10%, and a gain level of <100. Imaging
parameters were adjusted iteratively to achieve the best possible
equalization of pixel intensity dynamic range across channels.
Raw SIM image stacks were processed in Zen under the Struc-
tured Illumination toolbar. The noise filter for Wiener decon-
volution was set to a value of 1.0 × 10–4.5 to maximize the
recovery of high-spatial-frequency information while mini-
mizing illumination pattern artifacts. Processed SIM images
were then aligned via an affine transformation matrix of pre-
defined values obtained using 100-nm multicolor Tetraspeck
fluorescent microspheres (Thermo Fisher Scientific).

For all microscopy images, final image processing was limited
to linear adjustments of brightness/contrast, which was applied
identically for all images of the same channel in an experiment,
using ImageJ (Schneider et al., 2012).

Analysis of fixed-cell fluorescence images
Fluorescence intensity of Akt phosphorylation
Fluorescence intensity of Akt phosphorylation (as shown in
Fig. 5) was determined after antibody labeling of phosphorylated
Akt, and wide-field fluorescence microscopy was determined
using ImageJ (Schneider et al., 2012) as previously described
(Antonescu et al., 2008; Garay et al., 2015). Briefly, a cell outline
was determined manually, followed by measurement of the
mean fluorescence intensity corresponding to pAkt in each cell.
The nonspecific signal, determined similarly in cells subjected to
immunofluorescence labeling without primary antibody, was
subtracted from all values. Cells transfected for various TOM1L1
constructs were identified by significant fluorescence in the
appropriate channel. Differences in the mean pAkt signal be-
tween different conditions were determined by one-way AN-
OVA with Tukey posttest, with a threshold of P < 0.05 for
statistically significant difference between conditions. Data
distribution was assumed to be normal but was not formally
tested.

CLS detection and quantification of protein fluorescence intensity
within CLSs
Systematic, unbiased detection and analysis of CLSs in fixed cells
(Figs. 3, A and B; Figs. 4, 6, 8, and 9; and Fig. S4, A and B) was
done as previously described (Delos Santos et al., 2017; Lucarelli
et al., 2017), using custom software developed in Matlab
(MathWorks Corp.), as described in Aguet et al. (2013) and 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, epsin, or
AP2 puncta (primary channel). The TIRFM intensity corre-
sponding to various proteins in a secondary (or tertiary) channel
(e.g., Fyn-GFP, eGFP-TOM1L1, Rho-EGF, epsin, or SHIP2) within
CLSswas determined by the amplitude of the Gaussian model for
the appropriate fluorescence channel for each CLS structure
detected in the primary channel. As such, the measurements of
fluorescently labeled proteins within CLSs represent their en-
richment relative to the local background fluorescence in the
immediate vicinity of the detected CLS. Similar measurements
were done using wide-field epifluorescence microscopy images
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(as the secondary channel) after detection of CLSs in the corre-
sponding TIRF channel (as the primary channel; Fig. S4, A and
B). For experiments involving transfection of Fyn-GFP or eGFP-
TOM1L1 (Fig. 3), the intensity of TOM1L1 or Fyn within CLSs is
reported as the mean intensity within CLSs, normalized to the
total intensity of Fyn-GFP or eGFP-TOM1L1 detected in the TIRF
field (to normalize for variation in expression level), after se-
lection of images that exhibited a restricted (low) level of Fyn-
GFP or eGFP-TOM1L1 expression level.

Identification of EGF-positive or Fyn-GFP–positive CLSs
To identify a subpopulation of clathrin structures enriched in
Rho-EGF or Fyn-GFP (Fig. 6), we established a threshold of the
85th percentile of either EGF or Fyn fluorescence intensity
within CLSs in the control (no-inhibitor) condition in each ex-
periment (Lucarelli et al., 2017; Delos Santos et al., 2017). Using
this systematic threshold, we defined subsets of CLSs enriched
in either fluorescent EGF or Fyn-GFP each condition as those
with ligand fluorescence intensity above this threshold. For the
experiments in Fig. 6 C (right), CLSs were first sorted by Fyn-
GFP status, then by Rho-EGF status. The fraction of Fyn-
GFP–positive CLSs in each EGF status cohort is also reported.

Measurements (mean levels of various proteins within
specified CLS subset for each cell) were subjected to either two-
sided Student’s t test or ANOVA followed by Tukey posttest,
with a threshold of P < 0.05 for statistically significant differ-
ences between conditions. Data distribution was assumed to be
normal but was not formally tested.

Analysis of CCPs time-lapse image series
Automated detection, tracking, and analysis of CCPs in time-
lapse image series (as in Fig. 7; Fig. 9; Fig. S3, A and B; and
Fig. S4) was performed as previously described (Aguet et al.,
2013; Mettlen and Danuser, 2014; Kadlecova et al., 2017) after
TIRF microscopy of RPE cells stably expressing Tag-RFP-T-CLCa
and transfected with the lowest detectable levels of Fyn-GFP or
eGFP-TOM1L1, or cells expressing eGFP-clathrin and Fyn-
iRFP713. Unless otherwise indicated, cells were treated with
20 ng/ml (unlabeled) EGF at the time of imaging. Diffraction-
limited clathrin structures were detected using a Gaussian-
based model method to approximate the point-spread function
(Aguet et al., 2013), and trajectories were determined from
clathrin structure detections using the u-track software
(Jaqaman et al., 2008). sCLSs were distinguished from bona fide
CCPs as previously described, based on the quantitative 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 stabili-
zation, maturation, and in some cases scission to produce in-
tracellular vesicles (Aguet et al., 2013; Kadlecova et al., 2017).
Here, we report only CCP data. CCPs were sorted into Fyn-GFP–
or eGFP-TOM1L1–positive cohorts, using methods for sorting
CCP subpopulation by composition of a secondary channel es-
tablished previously (Aguet et al., 2013), which effectively sorts
CCPs based on Fyn (Fig. 7 F) or TOM1L1 (Fig. 7 H) content. We
report the distribution of CCP lifetimes (Fig. 7, E and G), as well

as the plateau intensity of Fyn-GFP (Fig. 7 F), eGFP-TOM1L1
(Fig. 7 H), or RFP-CLC (Fig. S3, C and D). CCPs exhibit several
phases that can be described as initiation, growth/assembly,
plateau, and disassembly/scission (Loerke et al., 2011). Here we
define the plateau intensity of each marker as the mean fluo-
rescence of that protein within each clathrin structure, mea-
sured within time points corresponding to 30% and 70% of the
total lifetime of that structure, during which time CCPs exhibit
minimal growth or disassembly. Because CCPs are diffraction-
limited objects, the amplitude of the Gaussian model of the flu-
orescence intensity of RFP-CLC informs about CCP size (Fig. 7, J
and N). All measurements were subjected to ANOVA followed by
Tukey posttest with a threshold of P < 0.05 for statistically sig-
nificant differences between conditions. Data distribution was
assumed to be normal but was not formally tested.

Online supplemental material
Fig. S1 contains additional information on TOM1L1 silencing and
full image panels of TIRFM and SIM micrographs shown in
Fig. 3. Fig. S2 shows optimization of Sleeping Beauty stable cell
lines and antibody staining. Fig. S3 contains additional informa-
tion on live-cell imaging experiments shown in Fig. 7. Fig. S4
contains additional information about TOM1L1 and Fyn recruit-
ment to CCPs. Fig. S5 is a model of regulation of SHIP2 localization
and Akt signaling by TOM1L1 and Fyn within specialized CCPs.
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Figure S1. Additional information on TOM1L1 silencing and full-image panels of TIRFM and SIM micrographs shown in Fig. 3. (A) ARPE-19 cells were
transfected with siRNA targeting Fyn, TOM1L1, or nontargeting siRNA (control), as indicated, followed by stimulation with 5 ng/ml EGF for the time indicated.
Western blotting using anti-phospho-Gab1 (pY627) or actin. TOM1L1 siRNA silencing does not impair EGF-stimulated Gab1 phosphorylation (pY627). Molecular
weight markers (kD) shown on the right. (B and C) Cell samples treated and prepared as in Fig. 3, A and B, were subjected to imaging by TIRFM. Shown here are
the full-sized images of the representative images shown in Fig. 3, A and B, with a white box showing the area enlarged in Fig. 3, A and B. Scale bar = 20 μm.
(D and E) Cell samples treated and prepared as in Fig. 3 C were subjected to SIM. (D) Shown here are the full-sized images of the representative images shown
in Fig. 3 C, with a white box showing the area enlarged in Fig. 3 C. Scale bar = 10 µm. (E) Shown are linescan analyses of AP2 and Fyn-GFP in individual clathrin
structures (bottom). Image inset width is 0.26 μm. Source data are available for this figure: SourceData FS1.
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Figure S2. Optimization of Sleeping Beauty stable cell lines and antibody staining. (A and D) ARPE19 cells stably expressing eGFP-clathrin were treated
with siRNA targeting Fyn, Epsin1, or nontargeting (control [con.]) siRNA. After transfection, cells were fixed and stained with antibodies recognizing Fyn (A) or
Epsin (D), followed by imaging by TIRFM and quantification of signaling intensity per cell. Shown are representative TIRFM images (left) and the measurements
of Fyn (A) or Epsin (D) signal intensity (right). Scale bar = 20 μm. Both Fyn and Epsin1 antibodies are highly specific. (B and C) Stable cell lines harboring a
transgene for doxycycline-inducible expression of eGFP-TOM1L1 or Fyn-iRFP713 were treated with doxycycline as indicated for 24 h. Whole-cell lysates were
resolved by Western blotting and probed with anti-TOM1L1 (B) or anti-Fyn antibodies (C). From these experiments, we optimized induction at 150 ng/ml
doxycycline to obtain near-endogenous expression levels of eGFP-TOM1L1 and Fyn-iRFP713. Molecular weight markers (kD) are shown on the right. Source
data are available for this figure: SourceData FS2. R.U., relative unit.
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Figure S3. Additional information on live-cell imaging experiments shown in Fig. 7. (A and B) Cell samples were treated, prepared, and subjected to time-
lapse TIRFM imaging as per Fig. 7, A–H. Shown are additional representative Fyn+ (A) or TOM1L1+ (B) CCPs showing fluorescence images (1.8-μm image width)
corresponding to clathrin and Fyn/TOM1L1 centered at the detected object (top), as well as quantification of Fyn-GFP (A) or eGFP-TOM1L1 (B) and RFP-CLC
within the object (bottom). (C–F) Expression of Fyn-GFP and eGFP-TOM1L1 results in recruitment of each to CCPs but does not alter CCP population dynamics
under the conditions examined. Cell samples were treated, prepared, and subjected to time-lapse TIRFM imaging as per Fig. 7, A–H. (C and D) Shown are levels
of Tag-RFP-T-clathrin in CCPs, sorted by detection of Fyn-GFP (C) or eGFP-TOM1L1 (D) as well as lifetime cohorts, as in Fig. 7, A–H; shown as median (line),
25th/75th percentile (boxes), and full range (whiskers). *, P < 0.05. eGFP-TOM1L1 and Fyn-GFP are preferentially recruited to larger CCPs. (E and F) The TIRFM
time-lapse image series of cells transfected with Fyn-GFP (as in Fig. 7, A–H) was acquired alongside similar image series in RPE cells expressing only Tag-RFP-T-
CLC (stably) but not Fyn-GFP. Each time-lapse TIRFM dataset of cells expressing Fyn-GFP or not transfected with Fyn-GFP (untransfected cells) was subjected
to automated detection, tracking, and analysis of CCPs. (E) The CCP initiation density, depicting median (bar), interquartile range (boxes), and full range
(whiskers). (F) The frequency distribution of CCP lifetimes. The expression of Fyn-GFP does not grossly alter the initiation density or lifetime distribution of the
total cellular population of CCPs. The number of CCPs and cells analyzed, respectively, for each condition are as follows: Fyn-GFP–expressing cells (18,383
CCPs, 17 cells) and cells not expressing Fyn-GFP (16,412 CCPs, 6 cells).
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Figure S4. Additional information about TOM1L1 and Fyn recruitment to CCPs. (A and B) CLSs that recruit Fyn do not exhibit defects in curvature
generation. RPE cells were transfected with Fyn-GFP, stimulated with (unlabeled) 20 ng/ml EGF for 5 min, fixed, and subjected to immunofluorescence staining
of AP2. Scale bar = 5 µm. (A) Shown are representative images of AP2 staining detected by TIRFM and wide-field epifluorescence microscopy. Images were
subjected to automated detection and analysis of AP2 structures, allowing quantification of each protein within each CLS (detected via AP2). (B) Shown (left) is
the distribution of measurements of the ratio of AP2 intensity obtained by TIRFM to that obtained by epifluorescence microscopy within individual CLSs
depicted as violin plot, as well as median (long dashed line) and 25th/75th percentiles (short dashed line). Also shown (right) are the mean AP2 TIRF/epi-
fluorescence ratio of CLSs in individual experiments (each experiment value determined from >15 cells per condition, depicted as points) as mean ± SEM. The
number of CLSs and cells analyzed, respectively, is 65,921 and 115, taken from three independent experiments. (C and D) Silencing of TOM1L1 or Fyn has minor
effect on dynamics of EGFR-negative CCPs. Cell samples were treated, prepared, and subjected to time-lapse TIRFM imaging as per Fig. 7. ARPE-19 cells stably
expressing eGFP-clathrin were treated with siRNA targeting TOM1L1, Fyn, or nontargeting siRNA (control [con.]). Cells were then treated with 5 ng/ml Rho-
EGF and imaged using time-lapse TIRFM, followed by automated detection, tracking, and analysis of CCPs, which allows sorting of CCPs by Rho-EGF status, as
described in Materials and methods. Shown selectively for EGF− CCPs are the CCP initiation density, intensity of eGFP-clathrin within CCPs, classified by CCP
lifetime cohorts, frequency of CCPs with lifetimes <20 s, and Rho-EGF intensity within CCPs, classified by CCP lifetime cohorts. For measurements of CCP
initiation density and lifetimes, shown are the average value per cell obtained from individual experiments (dots) and/or the mean (bars) ± SEM of these
measurements. The results of similar analysis of EGF+ CCPs is shown in Fig. 7, I–P. Silencing of TOM1L1 has no effect on these aspects of CCP dynamics, while
silencing Fyn has a modest effect on recruitment of clathrin to CCPs. *, P < 0.05. (E) Pictilisib treatment does not impact CCP initiation or lifetime distribution.
Cell samples were treated, prepared, and subjected to time-lapse TIRFM imaging as per Fig. 9, A–E. ARPE-19 cells stably expressing eGFP-clathrin were
engineered using the Sleeping Beauty transposon system to allow doxycycline-inducible expression of Fyn-iRFP713. Cells were treated with 10 μM Pictilisib
(PI3Ki) for 30 min or 5 ng/ml EGF for 5 min, followed by time-lapse imaging using TIRFM. Time-lapse image series were subjected to automated detection,
tracking, and analysis of CCPs, which allows sorting of CCPs by Fyn or TOM1L1 status, as described in Materials and methods. Shown is the mean CCP initiation
density and the fraction of CCPs with lifetimes <20 s, comparing basal and EGF-treated cells or cells treated with both Pictilisib and EGF (EGF+PI3Ki) or EGF
alone. Pictilisib treatment does not impact CCP initiation rate or lifetime distribution.
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Figure S5. Model of regulation of SHIP2 localization and Akt signaling by TOM1L1 and Fyn within specialized CCPs. EGFR signaling activation via
engagement of clathrin-localized TOM1L1/Fyn, leading to SHIP2 recruitment to CCPs and Akt2 activation. Please refer to text for details.
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