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ABSTRACT

Receptor tyrosine kinases, such as the epidermal growth factor (EGF) receptor (EGFR) and Met lead to
activation of intracellular signals including Akt, a critical regulator of cell survival, metabolism and
proliferation. Upon binding their respective ligands, each of these receptors is recruited into clathrin
coated pits (CCPs) eventually leading to endocytosis. We have recently shown that phosphorylation of
Gab1 and Akt following EGFR activation requires clathrin, but does not require receptor endocytosis.
We examined whether clathrin regulates Akt signaling downstream of Met, as it does for EGFR
signaling. Stimulation with the Met ligand Hepatocyte Growth Factor (HGF) leads to enrichment of
phosphorylated Gab1 (pGab1) within CCPs in ARPE-19 cells. Perturbation of clathrin using the inhibitor
pitstop2 decreases HGF-stimulated Akt phosphorylation. These results indicate that clathrin may
regulate Met signaling leading to Akt phosphorylation similarly as it does for EGFR signaling.

Introduction

Receptor tyrosine kinases (RTKs) control many aspects
of cell physiology, including cell proliferation, survival,
metabolism, migration and differentiation." Many RTKs
exhibit increased intrinsic tyrosine kinase activity upon
binding ligand, thus activating numerous secondary sig-
naling intermediates and pathways, such as PI3K-Akt-
mTOR and Ras-Erk.”

Importantly, many RTKs also exhibit changes in cell sur-
face membrane traffic by undergoing internalization via cla-
thrin-mediated endocytosis (CME) upon ligand binding.
These RTKSs are recruited to clathrin-coated pits (CCPs),
eventually leading to receptor internalization. CCPs are 50—
100 nm structures associated with the inner leaflet of the
plasma membrane, and are comprised of a lattice-like
assembly of the protein clathrin, the adaptor protein AP2,
and ~30-50 other specific proteins recruited from the cyto-
sol.> Some CCPs undergo scission from the plasma mem-
brane by the GTPase dynamin 2, leading to formation of
intracellular vesicles; however, most CCPs undergo abortive
turnover at the plasma membrane without producing
vesicles," suggesting that these structures may have other
role(s) directly at the plasma membrane.”

For some RTKs, the activation of receptor-proximal sig-
naling intermediates occurs simultaneously with the
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residence of the receptor within CCPs.>> We have recently
shown that upon activation of the epidermal growth factor
(EGF) receptor (EGFR), the phosphorylation of the signal-
ing adaptor Gab1, as well as the downstream phosphoryla-
tion of Akt, requires clathrin’® Importantly, this
requirement for clathrin did not reflect a requirement for
EGEFR internalization from the plasma membrane, as block-
ing EGFR endocytosis by perturbation of dynamin 2 (which
allowed EGFR enrichment within plasma membrane cla-
thrin structures) did not impact EGFR signaling.” Thus, we
proposed that some plasma membrane clathrin structures
function as cell surface signaling microdomains, enriched in
specific factors required for activation of EGFR signals (e.g.
Gabl-Akt), but dispensable for others (e.g., Erk).” Indeed
using total internal reflection fluorescence microscopy
(TIRF-M) and computational image analysis, we resolved
that EGF stimulation increased the levels of phosphorylated
Gab1 (pGab1) within CCPs.

We also showed that the requirement for clathrin for
the activation of Akt signaling was specific for signaling
by EGEFR, such that clathrin was not required for EGF-
stimulated Akt phosphorylation in cells that also express
ErbB2” EGFR and ErbB2 preferentially form hetero-
dimers; these EGFR-ErbB2 heterodimers exhibit differen-
ces in the activation of c-Src® and c-Cbl” compared to
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EGFR homodimers. Hence, the requirement for clathrin
for the phosphorylation of Gabl and Akt was specific for
signaling by EGFR homodimers but not that by EGFR-
ErbB2 heterodimers.” Whether this novel function of cla-
thrin extends to other receptor tyrosine kinases beyond
EGFR is an important question that has not yet been
examined. Met is another RTK which has some similari-
ties to EGFR in terms of the signaling pathways activated
by the ligand-bound receptors.® In contrast to EGFR, Met
is activated upon binding to its ligand hepatocyte growth
factor (HGF). Like in EGFR signaling, activated Met elicits
the phosphorylation of Gabl, which contributes to activa-
tion of many downstream signals, including PI3K-Akt.®
While EGFR requires the signaling adaptor Grb2 to
recruit and elicit phosphorylation of Gabl, Met can also
bind directly to Gabl upon phosphorylation of Y1349
within Met.>'® Furthermore, Met undergoes recruitment
to CCPs and clathrin-mediated endocytosis following
binding to HGF.'"'”> Whether Met may have a similar
requirement for clathrin as does EGFR for the activation
of Akt is not known. We have thus used similar methods
as we have recently done for EGFR’ to examine whether
HGF stimulation (i) leads to enrichment of phosphory-
lated Gabl within CCPs, and (ii) elicits Akt phosphoryla-
tion that is dependent on clathrin.

Results and discussion

To examine the role of clathrin in Met signaling, we used
retinal pigment epithelial cells (ARPE-19, RPE henceforth)
as we had previously used to study EGFR signaling.” RPE
cells stimulated with HGF exhibited an increase in phos-
phorylation of Gabl and Akt, but not that of EGFR
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(Fig. 1A), showing that this cell line effectively and specifi-
cally responds to HGF stimulation.

To determine if phosphorylated Gabl (pGabl) is
enriched in clathrin structures upon HGF stimulation, we
performed immunostaining to detect pGab1 in cells stably
expressing fluorescently-labeled clathrin and imaged these
samples using TIRF-M followed by automated detection of
CCPs and measurement of total pGabl within these struc-
tures (Fig. 1B). Similarly to what we had observed for EGFR
signaling, HGF stimulation elicited an increase in pGabl
signal within CCPs (Fig. 1C). Randomizing the position of
the pGabl image relative to that of clathrin ablated the
HGF-stimulated increase in pGabl detected within CCPs;
this shows that the overlap of pGabl and CCPs in actual
image sets was due to specific enrichment of this signaling
protein in CCPs and not due to random overlap of these sig-
nals (Fig. 1C).” Thus, like we observed upon EGF stimula-
tion, HGF-stimulated Gabl phosphorylation is enriched
within clathrin structures.

To determine if HGF-stimulated Gabl-Akt signaling
requires clathrin, we treated RPE cells with the pharmaco-
logical clathrin inhibitor pitstop2 and probed for phosphor-
ylated Akt (pAkt) by immunoblotting. Indeed HGEF-
simulated Akt phosphorylation was similarly inhibited by
pitstop2 treatment as was seen in the EGF-stimulated condi-
tion (Fig. 2). We previously complemented the inhibition of
clathrin by pitstop2 using clathrin siRNA gene silencing and
knocksideways silencing, confirming a requirement for cla-
thrin in EGF-stimulated Akt phosphorylation.” We also pre-
viously showed that pitstop2 treatment was without effect
on EGF-stimulated Akt phosphorylation in cells expressing
ErbB2,” demonstrating that pitstop2 is not directly inhibit-
ing Akt phosphorylation. These observations strengthen the
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Figure 1. HGF stimulation increases phosphorylation of Gab1 and enrichment of pGab1 within CCPs. (A) RPE cells were stimulated with
either 5 ng/mL EGF or 50 ng/mL HGF for 5 minutes. Whole-cell lysates were prepared, resolved by immunoblotting, and probed with
anti-phospho-EGFR (Y1068), anti-phospho-Gab1 (Y627) and anti-phospho-Akt (S473) antibodies. (B-C) RPE cells stably expressing Tag-
RFP-T fused to clathrin light chain (RFP-CLC) were stimulated with 50 ng/mL HGF and immunostained for pGab1. Shown in (B) are repre-
sentative micrographs obtained by TIRF-M (scale 5 um, arrowheads indicate pGab1-positive CCPs, selected manually). Images obtained
by TIRF-M were subjected to automated detection of clathrin structures followed by quantification of pGab1 and RFP-CLC in each
detected object, as in.”> Shown in (C) is the mean pGab1 fluorescence intensity detected within clathrin structures in the presence and
absence of HGF compared to randomized control (> 35 cells per condition from 3 independent experiments).
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Figure 2. Pitstop2 treatment inhibits HGF-stimulated Akt phosphory-
lation. RPE cells were treated with 10 ;M pitstop2 or vehicle control
(0.19% DMSO) for 30 min. Following drug treatment, cells were stimu-
lated with either 5 ng/mL EGF or 50 ng/mL HGF for 5 minutes in the
continued presence or absence of the inhibitor, or left unstimulated
(basal). Whole-cell lysates were prepared, resolved by immunoblot-
ting, and probed with anti-phospho-Akt (pS473) anti-total-Akt or
anti-actin antibodies. All methods were performed as described previ-
ously.” HGF was obtained from Life Technologies (Carlsbad, CA).
Shown in the left panel are representative immunoblots, and in the
right panel the mean =+ SE of the pAkt values in each condition (n =
4,%,p < 0.05).

interpretation that pitstop2 inhibits Akt phosphorylation by
perturbation of clathrin instead of through off-target
effects.” Hence, our results indicate that clathrin is similarly
required for HGF-stimulated Akt phosphorylation as was
seen for activation of this signaling pathway by EGFR.

The similar requirement for clathrin for EGF- and
HGF-stimulated Akt phosphorylation, as well as the
enrichment of pGabl within CCPs upon stimulation
with either hormone suggests that clathrin may play a
similar role in signaling by each of these receptors
(Fig. 3). Notably, this function of clathrin is not required
for all RTKs, as clathrin is dispensable for activation of
Akt upon EGF stimulation in cells expressing ErbB2 and
thus signaling from EGFR-ErbB2 heterodimers (Fig. 3).
Nonetheless, we have shown that clathrin controls sig-
naling by a number of RTKs, demonstrating that this
function of clathrin in controlling signaling at the cell
surface is broader than the regulation of EGFR. We pro-
pose that clathrin may function as a signal scaffold,
forming a clathrin signaling microdomain enriched in
specific signals. Thus, recruitment of RTKs to these cla-
thrin signaling microdomains places them in close prox-
imity to required signal regulators; alternatively, clathrin
signaling microdomains may function to exclude specific
negative regulators such as phosphatases.””

We observed quantitative enrichment of pGabl within
CCPs; however, pGab1 signal was also observed outside of
CCPs in TIRF-M images in HGF-stimulated cells (Fig. 1), as
we observed for EGF-stimulated cells.” This may result
from movement of pGabl to other parts of the plasma
membrane subsequent to phosphorylation within CCPs,
perhaps as a result of interaction of the PH domain of Gab1
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Figure 3. Specific receptor tyrosine kinases require clathrin for
activation of Gab1-Akt signaling upon ligand binding. Shown is a
diagram depicting EGFR homodimers and Met as RTKs that
require plasma membrane clathrin signaling microdomains for
the phosphorylation of Gab1 leading to activation of phosphati-
dylinositol-3-kinase (PI3K)-Akt signaling. The phosphorylation of
Gab1 may require a clathrin microdomain-enriched kinase. In
contrast, EGFR-ErbB2 heterodimers do not require clathrin signal-
ing microdomains for activation of Gab1-PI3K-Akt signaling.

with phosphatidylinositol-3,4,5-trisphosphate. It should
also be noted that both EGFR and Met are recruited to struc-
tures other than clathrin under some circumstances, such as
actin-dependent dorsal ruffles and invadosomes.>">"”
Whether these receptor signaling modes also require plasma
membrane clathrin signaling microdomains or whether
these are clathrin-independent signaling profiles is an
important question that remains to be answered.

In conclusion, we find that Met signaling requires cla-
thrin and leads to enrichment of certain signaling inter-
mediates within CCPs in a manner similar to that of
EGEFR signaling. This suggests that the role of clathrin to
form signaling microdomains at the plasma membrane
may not be unique for EGFR but also functions in this
manner for other RTKs such as Met.
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