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Abstract

Clathrin-mediated endocytosis (CME) regulates signaling from the

plasma membrane. Analysis of clathrin-coated pit (CCP) dynamics

led us to propose the existence of a rate-limiting, regulatory step(s)

that monitor the fidelity of early stages in CCP maturation. Here

we show that nascent endocytic vesicles formed in mutant cells

displaying rapid, dysregulated CME are defective in early endo-

somal trafficking, maturation and acidification, confirming the

importance of this “checkpoint.” Dysregulated CME also alters EGF

receptor signaling and leads to constitutive activation of the

protein kinase Akt. Dynamin-1, which was thought to be neuron

specific, is activated by the Akt/GSK3b signaling cascade in non-

neuronal cells to trigger rapid, dysregulated CME. Acute activation

of dynamin-1 in RPE cells by inhibition of GSK3b accelerates CME,

alters CCP dynamics and, unexpectedly, increases the rate of CCP

initiation. CRISPR-Cas9n-mediated knockout and reconstitution

studies establish that dynamin-1 is activated by Akt/GSK3b signal-

ing in H1299 non-small lung cancer cells. These findings provide

direct evidence for an isoform-specific role for dynamin in regulat-

ing CME and reveal a feed-forward pathway that could link signal-

ing from cell surface receptors to the regulation of CME.
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Introduction

Clathrin-mediated endocytosis (CME) constitutes the major entry

pathway for signaling receptors, transporters and adhesion mole-

cules into eukaryotic cells (Traub, 2009; McMahon & Boucrot, 2011;

Ferguson & De Camilli, 2012). CME is a multi-step process involving

the formation, stabilization and maturation of clathrin-coated pits

(CCPs), leading to the incorporation of surface receptors and their

ligands into clathrin-coated vesicles (CCVs). During CCP maturation,

the CME core machinery consisting of clathrin, dynamin and AP2

interacts with a myriad of endocytic accessory proteins (EAPs),

many of which are recruited to CCPs via binding to the appendage

domain (AD) of the a-adaptin subunit of AP2 (Schmid & McMahon,

2007). Following maturation, membrane scission is catalyzed by

the GTPase dynamin, leading to the formation of cargo-containing

vesicles.

Although the endocytic machinery is well understood, many

questions remain as to how CME is regulated. Analyses of CCP

dynamics by live cell imaging revealed striking differences in their

assembly and maturation kinetics, including the existence of short-

lived, abortive CCPs (Ehrlich et al, 2004; Loerke et al, 2009; Taylor

et al, 2012) and early rate-limiting step(s) required to monitor the

fidelity of CCP maturation (Aguet et al, 2013). The manipulation of

cargo concentration (Loerke et al, 2009), the induction of receptor

clustering (Liu et al, 2010), as well as small interfering RNA

(siRNA) knockdown of a subset of EAPs (Mettlen et al, 2009b)

shifted the relative proportions of abortive vs. productive CCPs and/

or altered the lifetimes of abortive CCPs. In addition to establishing

a role for these factors in CCP maturation, these findings led to the

hypothesis that transitions leading to the formation of mature CCPs

are gated by a checkpoint mechanism(s) that monitors coat assem-

bly, cargo recruitment and membrane curvature (Mettlen et al,

2009a). While still controversial (McMahon & Boucrot, 2011;

Ferguson & De Camilli, 2012), the strongest evidence for the exis-

tence of an endocytic checkpoint derives from recent observations

of the rapid and active turnover of aberrant flat clathrin lattices that

formed in cells expressing a truncated a-adaptin subunit lacking the

AD (DaAD) (Aguet et al, 2013). Despite their severe defect in early

stages of CCP maturation, the rate of TfnR uptake in these cells is

unimpaired due to two compensatory mechanisms. First, the rate of

CCP initiation doubles, and second, those CCPs able to bypass the

endocytic checkpoint undergo a more rapid and dysregulated

maturation. Thus, these cells represent a powerful tool to study the

regulation of CME.

Clathrin-mediated endocytosis regulation is important because

cell surface signaling is governed by endocytic trafficking, either by

the rapid clearance of surface receptors leading to the attenuation of

incoming signals or by the formation of endosome-specific signal
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transduction complexes (Schenck et al, 2008; Sorkin & von Zastrow,

2009; Zoncu et al, 2009; Platta & Stenmark, 2011; Palfy et al, 2012).

Indeed, a recently generated hierarchical map of endocytic

membrane trafficking has revealed close interactions between

signaling and endocytic pathways (Liberali et al, 2014), which

remain unexplored.

The GTPase dynamin, which assembles into a fission apparatus

at the necks of deeply invaginated CCPs, has been proposed to also

function as a regulator of early, rate-limiting steps in CCV formation

(Sever et al, 1999; Loerke et al, 2009; Aguet et al, 2013). There are

three major mammalian isoforms: dynamin-1 (Dyn1), which is

presumed to be neuron specific; dynamin-2 (Dyn2), which is ubiqui-

tously expressed; and dynamin-3 (Dyn3), mainly expressed in testis,

brain and lung. Although sharing significant sequence identity,

Dyn1 and Dyn2 differ in their curvature-generating/sensing proper-

ties (Liu et al, 2011). It has been proposed that Dyn1, which has

more potent curvature-generating properties, is suited for rapid,

compensatory endocytosis at the synapse, whereas the curvature-

sensing properties of Dyn2, which requires a narrow neck to trigger

its assembly, are suited to monitor and regulate early stages of CCP

maturation (Liu et al, 2011). Indeed, there is evidence for isoform-

specific functions of Dyn1 and Dyn2 in CME both at the synapse

(Ferguson et al, 2007) and in non-neuronal cells (Liu et al, 2008),

respectively. However, the basis for these differences and their

functional significance remains poorly understood.

Through mechanistic studies of endocytosis in cells defective in

early stages of CCP maturation, we have discovered an endosome-

associated signaling pathway that activates endogenously expressed

but normally quiescent dynamin-1 in non-neuronal cells. This signal-

ing pathway exists in normal RPE cells and is activated in the non-

small cell lung cancer cell line, H1299. Acute activation of dynamin-1

increases the rate of CCP initiation, alters CCP dynamics and triggers

rapid, dysregulated CME. These data establish an isoform-specific

role for dynamin in regulating early stages of CME and point to the

existence of a two-way crosstalk between signaling and CME.

Results

Dysregulated CME produces nascent CCVs defective in

endosomal trafficking and maturation

Despite being severely defective in the early stages of CCP matura-

tion (Aguet et al, 2013), the rate of Tfn uptake in DaAD cells is unaf-

fected (Motley et al, 2006; Aguet et al, 2013). We first confirmed

that the compensatory endocytosis leading to efficient TfnR uptake

was clathrin dependent (Supplementary Fig S1A) and that the

steady-state levels of surface TfnR remained unaffected in control

and DaAD cells (Supplementary Fig S1B). Thus, although an opera-

tional checkpoint in these cells rapidly turns over the majority of

aberrant CCPs, we proposed that a subset of productive CCPs

mature in a more rapid and dysregulated manner, as a result of

bypassing the endocytic checkpoint (Aguet et al, 2013). Although

best understood in the context of cell division, by definition check-

points function as fidelity monitors to ensure the accuracy of the

molecular events being monitored. If a subset of CCVs formed in

DaAD cells had indeed bypassed this regulatory step(s), then they

should exhibit defects that would have functional consequences for

their downstream processing. We tested this hypothesis by compar-

ing early endosomal trafficking in control cells reconstituted with

full-length a-adaptin (FL cells) and DaAD cells.

Newly formed nascent endocytic vesicles undergo multiple

rounds of homotypic and heterotypic fusion at the cell periphery,

driving the maturation of larger early endosomes that then move

toward the perinuclear region (Gorvel et al, 1991; Rink et al, 2005).

Early endosomes undergo acidification and mediate the sorting of

selective cargos for recycling and/or degradation (Mellman, 1996;

Maxfield & McGraw, 2004; Grant & Donaldson, 2009). We first

examined the trafficking of labeled transferrin (Tfn) through early

endosomes by incubating both FL and DaAD cells with a brief

(2-min) pulse of Tfn-AlexaFluor�647 (TfnAF647), followed by a

second 2-min pulse with Tfn-AlexaFluor�568 (TfnAF568). As

expected (Fig 1A, top panel), rapid homo- and heterotypic fusion

events in FL cells resulted in significant mixing between the first

and second pulses of Tfn and their colocalization in endosomal

compartments both at the periphery and in perinuclear regions of

the cell (Fig 1A, see arrows). In contrast, in mutant cells (Fig 1A,

bottom panel) there was very little mixing between the two pulses

of Tfn, with the second pulse of TfnAF568 remaining largely at the

cell periphery, suggesting a delay in homotypic fusion and defects in

nascent endocytic vesicle maturation and trafficking.

As early endosomes mature, their lumenal content becomes

increasingly acidic through the action of V-ATPases (Forgac, 2007).

To measure the rate and extent of acidification of Tfn-containing

nascent endosomes, we incubated FL and DaAD cells with Tfn

conjugated to the pH-sensitive probe pHrodo Red and followed the

increase in fluorescence emission as an indicator of increased acidi-

fication of Tfn in early endosomes. In both cell lines, the fluores-

cence of internalized pHrodo Red-Tfn increased, indicating

acidification, and reached a plateau within 5 min before slowly

decreasing as Tfn moved into a less acidic recycling compartment

(Fig 1B). However, the degree of acidification was significantly

lower in mutant as compared to control cells, again indicating that

early endosomal maturation is defective in these cells.

Homotypic and heterotypic fusion events during early endosome

maturation aid the formation of sorting endosomes, from which Tfn

recycles back to the cell surface via perinuclear recycling endo-

somes. Thus, we expected to see a defect in the rate of Tfn recy-

cling, which we next determined by loading cells with a pulse of

biotinylated-Tfn (BSS-Tfn) for different time points, followed by the

recycling of BSS-Tfn back to the plasma membrane. Surprisingly,

we observed that a significant portion of internalized BSS-Tfn pre-

loaded with short pulses (≤ 20 min) recycled with faster kinetics in

DaAD cells (Fig 1C and Supplementary Fig S2A and B). Thus, a

large fraction of nascent endocytic vesicles formed during dysregu-

lated CME fail to mature and instead rapidly return to the plasma

membrane. When perinuclear recycling endosomes were loaded

with a longer pulse of BSS-Tfn (60 min), the rates of recycling were

indistinguishable, indicating that these later stages of endocytic

trafficking were unaffected (Supplementary Fig S2C).

During maturation, early endosomes sequentially acquire the

Rab5 effectors APPL1 and EEA1 that function as scaffolding

molecules on endosomal surfaces (Rink et al, 2005). Immuno-

fluorescence of EEA1- (Fig 1D, Supplementary Fig S3A) and APPL1-

positive (Fig 1D, Supplementary Fig S3B) early endosomes revealed

their substantial accumulation in DaAD when compared to FL cells.
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Furthermore, APPL1- and EEA1-positive early endosomes displayed

a significantly more peripheral localization in DaAD cells (Fig 1E).

Given that there was no corresponding increase in the protein levels

of either APPL1 or EEA1 (data not shown), we interpret the accumu-

lation and localization of these intermediates as a delay in matura-

tion. Together, these data establish that nascent endocytic vesicles
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Figure 1. Dysregulated CME leads to aberrant trafficking of nascent CCVs.

A Fluorescence images of FL and DaAD cells after sequential 2-min pulses of TfnAF647 (red), followed by TfnAF568 (green); arrows indicate colocalization between TfnAF647

and TfnAF568. Scale bars, 10 lm.

B Time-lapse normalized fluorescence showing the acidification profile of internalized pHrodo Red-Tfn in FL and DaAD cells. Data represent mean � S.D., n = 3.

C Time course of BSS-Tfn recycling after internalization for a 5-min pulse. Percentage of Tfn recycling was calculated relative to the initial total internal pool of

internalized ligand. Data represent mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess statistical significance. *P < 0.05, **P < 0.005.

D Peripherally localized APPL1- (red) and EEA1-positive (green) endosomes in FL and DaAD cells imaged by TIRFM at ~250 nm depth of the evanescent field.

Scale bars, 5 lm.

E Quantification of the localization and intensities of APPL1 and EEA1 early endosomes in FL and DaAD relative to the cell edge (15 cells). The shaded areas indicate the

confidence at a particular point, showing the different distributions in both FL and DaAD cells. Number of objects as function of distance: P-value < 5e-04

(permutation test).
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formed in DaAD cells have profound defects in subsequent vesicular

trafficking and maturation.

Dysregulated CME alters cell signaling

CME plays an important role in the regulation of multiple signaling

pathways (Le Roy & Wrana, 2005; Traub, 2009). Besides dysregulated

CME and aberrant trafficking of nascent CCVs, the DaAD cells also

exhibited enhanced cell proliferation (Fig 2A). The kinase Akt is

known to orchestrate diverse fundamental processes, including

cell proliferation. Consistent with this, we detected a significant

increase in the steady-state activation/phosphorylation of Akt in

DaAD cells (Fig 2B). The scaffold protein APPL1 has been shown

to play an important role in the regulation of Akt (Schenck et al,

2008). Therefore, we next investigated whether the accumulation

of APPL1-positive early endosomes contributed to the enhanced

Akt activity measured in these cells. The siRNA-mediated knock-

down of APPL1 in DaAD cells significantly reduced Akt phosphory-

lation, back to the levels seen in FL cells (Fig 2C and D).

Given the role of CME in regulating signaling, we next examined

the effects of dysregulated CME on downstream signaling from acti-

vated EGF receptors. Stimulation of serum-starved cells with 20 ng/ml

of EGF induced Akt activation (pT308 and pS473) to a much

greater extent in DaAD cells compared to control cells (Fig 3A,

quantification in B). We also observed increased ERK activation in

response to EGF (Supplementary Fig S4A and B), but no significant

increase under steady-state conditions (data not shown). Akt can

activate multiple downstream pathways depending, in part, on its

cellular localization (Palfy et al, 2012). The APPL1-dependent

recruitment of Akt to early endosomes has been shown to regulate

phosphorylation of GSK3b kinase but not TSC2, which is activated

in the cytosol by Akt upon growth factor stimulation (Schenck

et al, 2008) (Fig 3C). We therefore tested for differences in growth

factor stimulation of these two proteins. Consistent with enhanced

signaling from accumulated APPL1-positive endosomes, EGF-stimu-

lated phosphorylation of GSK3b but not TSC2 was strongly

enhanced in DaAD cells, relative to FL cells (Fig 3D and E). Taken

together, these results indicate that dysregulated CME leads to the

accumulation of early endosome intermediates that prolong and

enhance specific downstream signaling pathways.

Dynamin-1 is specifically enlisted for rapid,

compensatory endocytosis

The GTPase dynamin, which assembles into a fission apparatus at

the necks of mature, deeply invaginated CCPs, is also recruited at

early stages of CCP maturation (Damke et al, 1994; Ehrlich et al,

2004; Taylor et al, 2012) and has been proposed to function as a
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Figure 2. Enhanced proliferation and activation of Akt is regulated by the accumulation of APPL1-positive early endosomes.

A Increased proliferation rate in DaAD compared to FL cells (mean � S.D., n = 3). Two-tailed Student’s t-tests were used to assess statistical significance. *P < 0.05,

**P < 0.005.

B Immunoblots of total and activated Akt (pS473) in FL and DaAD cells and quantification of pAkt/Akt intensity ratio (mean � S.D., n = 3).

C RNAi-mediated knockdown of APPL1 and its impact on Akt activation (pAkt/Akt) in FL and DaAD cells.

D Quantification of pAkt/Akt intensity ratios in FL and DaAD cells treated with control and APPL1-siRNA (mean � S.D., n = 3).

ª 2015 The Authors The EMBO Journal Vol 34 | No 16 | 2015

Carlos R Reis et al Crosstalk between signaling and dynamins regulates endocytosis The EMBO Journal

2135



regulator of early, rate-limiting steps in CCV formation (Mettlen

et al, 2009a; Aguet et al, 2013). Although Dyn1 is highly expressed

in neuronal tissues and enriched at the synapse, transcriptional

analyses reveal that mRNA levels for the Dyn1 and Dyn2 isoforms

are similar in most tissues (dynamin-1: http://biogps.org/gene/

1759/; dynamin-2: http://biogps.org/gene/1785/). Consistent with

this, Dyn1 expression has been detected by Western blotting in

many non-neuronal cell lines, including the RPE cells used here

(Supplementary Fig S5A and B). Given their potential isoform-

specific differences (Liu et al, 2011, 2012), we next investigated the

effects of Dyn1 and Dyn2 siRNA-mediated knockdown on CME in

control and DaAD cells.

As expected, the siRNA-mediated knockdown of Dyn2 potently

inhibited CME in both FL and DaAD cells (Fig 4A and B). Strikingly,
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Figure 3. Dysregulated CME alters cell signaling.

A EGF stimulation profile (20 ng/ml; 0–180 min) of Akt (pS473 and pT308).

B Quantification of pAkt/Akt (pT308 and pS473) intensity ratios in FL and DaAD cells.

C Akt-enhanced phosphorylation/inactivation of GSK3b is mediated by APPL1 early endosomal accumulation in DaAD cells, whereas a cytosolic complex mediates TSC2

phosphorylation.

D GSK3b and TSC2 phosphorylation profiles upon EGF stimulation.

E Quantification of pGSK3b/GSK3b and pTSC2/TSC2 intensity ratios.

Data information: In (B, E), data represent mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess statistical significance. **P < 0.005.
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the siRNA-mediated knockdown of Dyn1 potently inhibited TfnR

uptake in DaAD (Fig 4B), but had no significant effect on CME in FL

cells (Fig 4A). Importantly, we did not detect differences in Dyn1 or

Dyn2 expression levels between FL and DaAD cells, nor were there

compensatory changes in expression upon knockdown of either

Dyn1 or Dyn2 (Supplementary Fig S5). From these data, we conclude

that Dyn1 is expressed but normally quiescent in these non-neuronal

cells and can be activated to mediate rapid compensatory CME.

GSK3b directly regulates dynamin-1-dependent CME

We next investigated the mechanism by which Dyn1 is activated.

At the synapse, Dyn1 activity is highly regulated by cycles of

phosphorylation/dephosphorylation. For example, GSK3b-mediated

phosphorylation of Ser774, which is not conserved in Dyn2, regu-

lates Dyn1 activity (Clayton et al, 2010; Smillie & Cousin, 2011).

Intriguingly, Akt is known to phosphorylate GSK3b and inhibit its

activity (Schenck et al, 2008; Palfy et al, 2012), which might then

allow for the consequent activation of Dyn1. Given that phosphor-

ylation of both Akt and GSK3b is enhanced in DaAD cells (Figs 2

and 3), we wondered whether this signal transduction cascade

could be responsible for activation of Dyn1 and induction of more

rapid, compensatory CME. We first used a Ser774 phospho-specific

antibody and confirmed that Dyn1 is phosphorylated in FL cells

and that the steady-state levels of Dyn1 (pSer774) were indeed

significantly decreased in DaAD cells (Fig 5A).

We then directly tested the role of this signaling cascade in the

differential regulation of CME in FL and DaAD cells using several

inhibitors of either Akt or GSK3b (Fig 5B). Uptake assays performed

in the presence of the GSK3b inhibitors Bio (Supplementary Fig S6A

and B) or CHIR-99021 (Supplementary Fig S6C) led to an increase in

the rate of CME in control cells, while having no effect on DaAD cells

(Fig 5C and D). This effect was due to activation of Dyn1, as it was

abrogated by siRNA-mediated knockdown of Dyn1, but still evident

upon knockdown of Dyn2 (Fig 5C). Correspondingly, treatment with

the PI3K/Akt inhibitor LY294002 (Supplementary Fig S6A and B) or

the more specific Akt inhibitor X (Supplementary Fig S6C) showed no

effect on CME in FL cells, but reduced the rate of CME in DaAD cells

to that seen upon siRNA-mediated knockdown of Dyn1 (Fig 5F).

Given the altered distribution of APPL1 endosomes seen in DaAD

cells and their impact on Akt activation, we next examined the effect

of APPL1 depletion on CME rates. As expected, and similar to the

effect of Akt inhibition, the siRNA-mediated knockdown of APPL1

resulted in a significant decrease in the rate of CME in these cells,

but not in control (FL) cells (Fig 6A). The generation of peripheral

APPL1 early endosomes has been shown to be partially dependent

on CME (Zoncu et al, 2009). Consistent with this and our biochemi-

cal studies, inhibition of Akt in DaAD cells led to a reduction in the

amount of peripheral APPL1 early endosomes (Fig 6B). In contrast,

in control cells the inhibition of GSK3b, which in turn activates

Dyn1 and triggers dysregulated CME, leads to the accumulation of

APPL1 early endocytic intermediates (Fig 6C).

To exclude the possibility that these effects are specific to DaAD

mutant cells, we next asked whether Dyn1 could be activated via

this signaling pathway in the parental ARPE-19 cells. As seen in FL

cells, CME in untreated ARPE-19 cells was strongly dependent on

Dyn2 but not Dyn1, and it was insensitive to Akt inhibitors

(Fig 7A). Strikingly, the inhibition of GSK3b in ARPE-19 cells

resulted in an increased rate of TfnR uptake, which was abrogated

upon siRNA knockdown of Dyn1, but not Dyn2 (Fig 7B). Taken

together, these results establish that Dyn1 can be directly activated

through an Akt/GSK3b kinase cascade to increase the rate of CME.

The crosstalk between signaling and dynamins alters CCP

dynamics and dysregulates CME

We previously showed that CCPs undergo a complex, multistep

maturation process that is reflected in their broad lifetime distribu-

tion (Loerke et al, 2009; Aguet et al, 2013). We have also shown

that CCPs that fail to recruit Dyn2 exhibit an exponentially decaying

lifetime distribution, indicative of an unregulated process, and

suggesting that dynamin might regulate early stages of CCP matura-

tion (Loerke et al, 2009; Aguet et al, 2013). Finally, those few CCPs

that are able to mature in DaAD cells also exhibit a near-exponential

lifetime distribution reflective of an unregulated maturation process

(Loerke et al, 2009; Aguet et al, 2013). Thus, we wondered

whether the activation of Dyn1 might be sufficient to accelerate CCP

maturation and alter its regulation. CCPs in ARPE-19 cells stably

expressing EGFP-CLCa exhibit the expected broad lifetime distribution
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Figure 4. Dynamin-1 is specifically enlisted for rapid, compensatory

endocytosis in DaAD cells.

A, B TfnR uptake measured in control-, Dyn1- and Dyn2-siRNA-treated FL (A)

or DaAD cells (B). Percentage of TfnR uptake was calculated relative to

the initial total surface-bound ligand at 4°C. Data represent

mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess

statistical significance. **P < 0.005.
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Figure 5. GSK3b directly regulates dynamin-1-dependent endocytosis in ARPE cells.

A Immunoblots and quantification of phosphorylated Dyn1 (pSer774) in FL and DaAD cells (mean � S.D., n = 3). Two-tailed Student’s t-tests were used to assess

statistical significance.

B Potential differential impact of Akt/GSK3b signaling on Dyn1 activity in FL and DaAD cells.

C, D TfnR uptake (5-min pulse) measured in control-, Dyn1- and Dyn2-siRNA-treated FL (C) or DaAD cells (D), with or without the GSK3b inhibitor CHIR-99021 (10 lM).

E, F TfnR uptake (5-min pulse) measured in control-, Dyn1- and Dyn2-siRNA-treated FL (E) or DaAD cells (F), with or without the specific Akt inhibitor X (10 lM).

Data information: In (C–F), cells were pre-incubated with the corresponding inhibitors for 30 min prior to measuring internalization of Tfn. Percentage of TfnR uptake

was calculated relative to the initial total surface-bound ligand at 4°C. Data represent mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess statistical

significance. *P < 0.05, **P < 0.005.
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(Fig 7C, red curve) reflective of a multi-step regulated maturation

process. Strikingly, upon acute treatment with the GSK3b inhibitor

CHIR-99021, the curve shifts to a quasi-exponentially decaying

lifetime distribution, indicative of a less regulated process (Fig 7C,

green curve). Moreover, the median lifetime of CCPs decreases from

~53 s in control cells to ~35 s in GSK3b-inhibited cells, in agreement

with the more rapid Tfn uptake measured biochemically. Consistent

with the biochemical studies shown in Figs 4 and 5, the siRNA-

mediated knockdown of Dyn1 alone had no effect on CCP dynamics

in ARPE-19 cells (Fig 7C, red and blue curves); however, Dyn1-

depleted cells no longer responded to inhibition of GSK3b (Fig 7C,

purple curve). From these data, we conclude that the effects of

GSK3b inhibition on CME are through phosphorylation of Dyn1 and

that its activation alters the rate and regulation of early stages in CCP

maturation. Unexpectedly, we also detected a dramatic increase in

the rate of CCP initiation upon inhibition of GSK3b, which was again

completely dependent on Dyn1 (Fig 7D). These results indicate that

signaling through Akt/GSK3b modulates the activity of Dyn1, lead-

ing to enhanced rates of CCP initiation and maturation, as well as

altered regulation of CME in normal cells.

Akt signaling activates dynamin-1 in H1299 lung cancer cells

The Akt/GSK3b signaling pathway is highly activated in many

cancers, and it has been suggested that CME can be dysregulated in

cancer (Mosesson et al, 2008; Mellman & Yarden, 2013). Therefore,

we next tested whether Dyn1 might function in CME in cancer cells

displaying high levels of Akt phosphorylation, such as H1299, non-

small cell lung cancer (NSCLC) adenocarcinoma cells (Hernandez

et al, 2013). Indeed, we found by siRNA-mediated knockdown of

Dyn1 and Dyn2 that H1299 cells are partially dependent on Dyn1

for efficient TfnR uptake (Fig 8A), while also relying on Dyn2.

Consistent with activated Dyn1 in H1299 cells, CME is only slightly

accelerated in the presence of GSK3b inhibitors, but markedly

reduced by inhibition of Akt (Fig 8B). To further explore Dyn1 func-

tion in cancer cells, we generated a Dyn1 knockout (KO) H1299 cell

line using CRISPR-Cas9n and then reconstituted these cells with

either WT-Dyn1-EGFP or S774A-Dyn1-EGFP, a mutant that cannot

be phosphorylated by GSK3b (Fig 8C). Consistent with the effects of

Dyn1 siRNA treatment of H1299 cells, knockout of Dyn1 in H1299

(Fig 8D, white bars) resulted in an ~40% decrease in the rate of

TfnR uptake, to approximately the same level as inhibition of Akt in

parent cells (Fig 8D, black bars). Importantly, Akt inhibition did

not further reduce TfnR uptake in Dyn1 KO cells (Fig 8D, white

bars), suggesting that the effects of Akt inhibition on CME are

indeed dependent on Dyn1. Reconstitution of Dyn1 KO H1299

cells with either WT-Dyn1-EGFP (Fig 8D, light gray bars) or

S774A-Dyn1-EGFP (Fig 8D, dark gray bars) fully restored the rate of

TfnR uptake back to control levels, indicating that Dyn1-EGFP is

fully active in these cells. That expression of S774A-Dyn1-EGFP did

not increase the rate of CME suggests that other phosphorylation

sites, for example S778, which are required for GSK3b recognition

(Clayton et al, 2010) might also regulate dynamin-1 activity.

Importantly, whereas WT-Dyn1-EGFP-expressing cells still showed

sensitivity to Akt inhibition, S774A-Dyn1-EGFP-expressing cells

were no longer responsive to Akt inhibition. These results establish

that the effects of Akt inhibition on CME are primarily mediated by

Dyn1 activation through phosphorylation of S774 and that enhanced

Akt signaling in cancer cells can indeed lead to activation of Dyn1

and dysregulated CME.

Discussion

The findings presented here provide direct evidence for the role of

dynamins as key regulators of early steps of CCP formation and

demonstrate that alterations in the regulation of CME can

profoundly influence downstream endosomal maturation and traf-

ficking. We establish the existence of an Akt/GSK3b-dependent
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Figure 6. APPL1 regulates compensatory CME in DaAD cells.

A TfnR uptake measured in control- or APPL1-siRNA-treated FL and DaAD

cells. Percentage of TfnR uptake was calculated relative to the initial total

surface-bound ligand at 4°C. Data represent mean � S.D., n = 3. Two-

tailed Student’s t-tests were used to assess statistical significance.

*P < 0.05, **P < 0.005.

B Distribution and quantification of APPL1-containing early endosomes in

DaAD cells after inhibition with the Akt inhibitor X (10 lM), as measured by

immunofluorescence.

C Distribution and quantification of APPL1-containing early endosomes in FL

cells after incubation with the GSK3b inhibitor CHIR-99021 (10 lM), as

measured by immunofluorescence.

Data information: In (B, C), cells were pre-incubated with the corresponding

inhibitors for 30 min. Data represent normalized number of endosomes (mean

� S.D.) counted in 15 cells/condition. Two-tailed Student’s t-tests were used to

assess statistical significance. **P < .005. Scale bars, 10 lm.
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signaling cascade in non-neuronal cells that directly links activation

of dynamin-1 to alterations in the early stages in CCP initiation and

maturation. Together, these results suggest the intriguing possibility

that signaling receptors could generate a feed-forward signal

through Akt and GSK3b to activate dynamin-1, dysregulate CME

and enhance signaling properties.

Live cell imaging and quantitative image analysis of CME had

revealed the existence of a subpopulation of short-lived, abortive

CCPs (Ehrlich et al, 2004; Loerke et al, 2009; Taylor et al, 2012;

Aguet et al, 2013). Our previous studies reporting that the propor-

tion of abortive vs. productive CCPs is dependent on cargo loading

(Loerke et al, 2009; Liu et al, 2010) and affected by siRNA knock-

down of a subset of EAPs (Mettlen et al, 2009b) led us to propose

the existence of an endocytic checkpoint gating CCP maturation. In

further support of this model, here we show that the products of

CME (i.e., nascent endocytic vesicles) formed in DaAD cells by

bypassing this regulation are functionally altered: Homotypic fusion

and subsequent early endosomal maturation stages are significantly

delayed, endosome acidification is reduced, and the portion of

TfnRs undergoing rapid recycling is increased. Together, these data

further support the existence and significance of an endocytic check-

point that monitors the fidelity of CME. Not addressed here, and in

need of further study, are the molecular mechanisms involved in

sensing defects in CCP formation and in actively turning over aber-

rant CCPs. It will also be important to identify the precise molecular

alterations in nascent CCVs that underlie the dramatic changes seen

in their downstream maturation. Identification of these differences

would provide important insight into what aspects of CCP maturation
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Figure 7. Crosstalk between signaling and dynamin-1 alters CCP dynamics and CME efficiency.

A, B GSK3b regulates dynamin-1-mediated CME in WT ARPE cells. TfnR uptake (5-min pulse) measured in control-, Dyn1- and Dyn2-siRNA-treated ARPE WT cells with

or without pre-incubation with the Akt inhibitor X (10 lM) (A). Effects of GSK3b inhibition (CHIR-99021, 10 lM) on TfnR uptake in ARPE-19 WT cells treated with

control, Dyn1- and Dyn2-siRNA (B). Cells were pre-incubated with the inhibitors for 30 min prior to measuring internalization of Tfn. Percentage of TfnR uptake

was calculated relative to the initial total surface-bound ligand at 4°C. Data represent mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess

statistical significance. *P < 0.05, **P < 0.005.

C Average lifetime distributions of bona fide CCPs in FL cells treated with control siRNA, the GSK3b inhibitor CHIR-99021 (10 lM) and Dyn1-siRNA alone or in

combination with the GSK3b inhibitor, as indicated.

D Initiation density of all detected bona fide CCPs with lifetime > 5 s, for the conditions indicated. Box plots show median, 25th and 75
th percentiles, and outermost

data points. Data were obtained from 15 cells/condition. ***P < 10
�10, permutation test.
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are monitored by the endocytic checkpoint. While beyond the scope

of this study, candidates include defects in the packaging of SNARE

proteins or the V-ATPase, both of which might be required for

subsequent targeting and fusion events.

Here we have focused on identifying the compensatory mecha-

nism by which CME is fully restored in mutant cells despite a

severe defect in early stages of CCP maturation. We show that the

accumulation of APPL-1 endosomes leads to the constitutive activa-

tion of Akt and phosphorylation of GSK3b to suppress its inhibitory

phosphorylation of endogenous Dyn1. Activation of Dyn1 drives

rapid, compensatory endocytosis in these non-neuronal cells. Most

studies have focused on the burst of dynamin recruitment to

promote membrane fission at the end of CCP maturation (Doyon

et al, 2011; McMahon & Boucrot, 2011; Ferguson & De Camilli,

2012); however, there exists growing evidence that dynamin also

functions in controlling early, rate-limiting stages of CCP matura-

tion (Sever et al, 1999, 2000; Loerke et al, 2009; Taylor et al, 2012;

Aguet et al, 2013). The data presented here strongly supports that

dynamins can function, in an isoform-specific manner, as master

regulators of CME.

Although Dyn1 is highly expressed in neurons and is generally

considered to be a neuron-specific isoform, mRNA levels of Dyn1

and Dyn2 are actually comparable in most tissues. Consistent with

this, the signaling pathway we have identified is also operable

in parental ARPE-19 cells and other non-neuronal cells. Acute

inhibition of GSK3b accelerates CME in a Dyn1-dependent, but

Dyn2-independent manner. Strikingly, CCP dynamics in ARPE-19

cells acutely treated with GSK3b inhibitors fully mirror those of

productive, curved CCPs in DaAD cells. Specifically, the rate of CCP

initiation approximately doubles and productive CCPs mature in a

more rapid and unregulated manner (compare Fig 6A and B this

report with Figs 6E and 7E in Aguet et al, 2013). Thus, we conclude

that Dyn1 alters the regulation of early stages of CME including CCP

initiation and maturation. A role for Dyn1 in CCP assembly has also

been suggested by a recent study in which acute photoablation of

Dyn1 in Drosophila prevented AP2 and clathrin assembly at the

synapse (Kasprowicz et al, 2014).

We previously showed that Dyn1 and Dyn2 have distinct

biochemical properties (Liu et al, 2011) that correlate with their

differential effects on CME. Dyn1 is a powerful curvature generator
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Figure 8. Dynamin-1 activation in H1299 (NSCLC) cells.

A TfnR uptake measured in control-, Dyn1- and Dyn2-siRNA-treated H1299 cells.

B Effects of Akt inhibition (Akt inhibitor X, 10 lM) and GSK3b inhibition (CHIR-99021, 10 lM) on TfnR uptake in H1299 cells.

C Analysis of two representative single clones (B22, A9) and characterization of Dyn1 KO cell line chosen for further assays. Analysis of Dyn1 expression in Dyn1 KO cells

reconstituted with Dyn1-EGFP WT or Dyn1 S774A-EGFP, as assessed by Western blotting (two different concentrations: 60 and 20 lg of protein loaded on the gel).

D TfnR uptake (5-min pulse) measured in control, Dyn1-KO, Dyn1-KO reconstituted with Dyn1-WT or Dyn1-S774A cells, with or without pre-incubation with the Akt

inhibitor X (10 lM).

Data information: Cells were pre-incubated with the inhibitors for 30 min prior to measuring internalization. Percentages of TfnR uptake were calculated relative to the

initial total surface-bound ligand at 4°C. Data represent mean � S.D., n = 3. Two-tailed Student’s t-tests were used to assess statistical significance. *P < 0.05,

**P < 0.005.
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that could compensate, in part, for the defect in curvature genera-

tion of nascent CCPs in DaAD cells. In contrast, Dyn2 is highly

curvature sensitive, yet is targeted more efficiently to CCPs by virtue

of its divergent Pro/Arg-rich domain (Liu et al, 2011). While associ-

ated with CCPs, Dyn2 could monitor early stages of maturation.

Formation of a narrow neck at the base of fully mature and deeply

invaginated CCPs could trigger Dyn2 assembly and fission. Evolu-

tionary history also supports a regulatory role for dynamin (Liu

et al, 2012) in that it appears much later in evolution than the core

CME machinery, which dates back to the earliest common eukary-

otic ancestor (Field et al, 2007). Further work will be needed to

understand the isoform-specific differences behind Dyn1 and Dyn2

regulation of CME and to identify specific up- and downstream

effectors of this complex multi-step process. We note that CME in

DaAD cells depends on both Dyn1 and Dyn2. Whether they work

together at single CCPs or independently at subsets of CCPs remains

to be determined.

Although endocytosis and cellular signaling have been previ-

ously viewed as separate processes, endocytosis is now recogniz-

ably linked to many aspects of cellular signaling (Sorkin & von

Zastrow, 2009; Di Fiore & von Zastrow, 2014). Recently, stimulation

of cells with EGF has been shown to modulate the number of early

endosomes (Villasenor et al, 2015), in a mechanism that can in turn

potentially regulate signaling. Moreover, a recently generated map

of endocytic membrane trafficking revealed new potential links

between signaling and endocytic pathways (Liberali et al, 2014).

Strikingly, whereas Akt2 inhibition/knockdown severely reduced

Tfn uptake, inhibition of GSK3b strongly enhanced CME in HeLa

cells (Liberali et al, 2014). These results independently confirm our

findings, support the importance of the Akt/GSK3b axis in regulat-

ing CME and further suggest that our results are likely valid in other

cell types. Here we establish that this kinase cascade operates

through the activation of Dyn1 leading to rapid and dysregulated

endocytosis (Fig 9). Whether Dyn1 can be activated in a cargo-

selective manner to alter the dynamic behavior and trafficking of a

specific subset of CCPs and CCVs is an intriguing possibility worthy

of further study.

The crosstalk between aberrant signaling and the regulation of

dynamins, which we have shown can lead to enhanced prolifera-

tion, may partially explain the impact of dysregulated CME in

several diseases, including cancer. Given that Akt is overactive in

numerous tumor cells, the activation of this signaling cascade could

in turn induce significant differences in the dynamics of CME, lead

to the accumulation of early endosomal intermediates and rapid

receptor recycling and thus serve as a potent generator of survival

signals that sustain high proliferative activity. In this way, activating

Dyn1 might function as a feed-forward mechanism to enhance

proliferative signals. Indeed, our analysis of the roles of Dyn1 and

Akt in regulating CME in H1299 NSCLC cells supports this view.

Interestingly, Dyn1 was found to be overexpressed in certain

cancers, including leukemia, lung and colon adenocarcinomas

(Haferlach et al, 2010; Hong et al, 2010); hence, the overexpression

and/or potential Akt-driven activation of Dyn1 may have profound

implications for the role of dysregulated CME in cancer.

Materials and Methods

Cell culture

ARPE-19 cells reconstituted with full-length (FL) or DAD a-adaptin

were derived as previously described (Aguet et al, 2013). cDNA

Dynamin-2 dependent regulated CME
Dynamin-1 dependent rapid 
compensatory CME

Figure 9. Differential functions for dynamin-1 and dynamin-2 in the regulation of CME.

Left: We propose that Dyn2, which is recruited early to CCPs (Aguet et al, 2013; Cocucci et al, 2014), regulates CME as part of a proposed endocytic checkpoint.

Right: Activation of Dyn1, through an APPL1-endosome-dependent Akt/GSK3b signaling cascade, increases the rate of CCP initiation and triggers rapid, dysregulated CME that

bypasses a fidelity-monitoring step. Consequently, the nascent endocytic vesicles formed are defective in downstream trafficking: Homotypic fusion events and the

maturation of APPL1- and EEA1-positive endosome are delayed, TfnR rapidly recycles back to the cell surface, and endosomal acidification is reduced. Our findings establish

that dynamin isoforms differentially regulate early stages of CME.
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encoding the full-length (FL) or truncated DAD a-adaptin was kindly

provided by M.S. Robinson (Cambridge Institute for Medical Research).

Expression of a-adaptins within each stable cell cohort was determined

by Western blotting using the anti-AP2a (#AC1-M11, Pierce); the

cohort with the expression level closest to endogenous a-adaptin was

chosen for further experiments. All cell lines were grown under 5%

CO2 at 37°C in DMEM high glucose medium (Life Technologies)

supplemented with 20 mM HEPES, 10 mg/ml streptomycin, 66 lg/ml

penicillin and 10% (v/v) fetal calf serum (FCS, HyClone).

Transferrin receptor internalization and recycling from

endosomal compartments

Transferrin (Tfn) internalization and recycling experiments were

performed using anti-TfnR mAb (HTR-D65) (Schmid & Smythe, 1991)

or biotinylated-Tfn (BSS-Tfn), respectively. ARPE-19 cells were grown

overnight in 96-well plates at a density of 2.0 × 104 cells/well and

pre-incubated with 4 lg/ml of D65 in Tfn assay buffer (PBS4+: PBS

supplemented with 1 mM MgCl2, 1 mM CaCl2, 5 mM glucose and

0.2% bovine serum albumin) at 4°C for 30 min. Cells were washed

(3× PBS4+) to remove unbound ligand and further incubated in the

presence (continuous uptake) of additional ligand at 37°C for the indi-

cated time points. Cells were then immediately cooled down (4°C) to

arrest internalization. Following a washing step to remove unbound

ligand (3× PBS4+), the remaining surface-bound ligand was removed

from the cells by an acid wash step (5 × 2 min 0.2 M acetic acid,

0.2 M NaCl, pH 2.5). Cells were washed with PBS and then fixed in

4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS

for 20 min and further permeabilized with 0.1% Triton X-100/PBS for

10 min. Internalized D65 ligand was assessed using a goat anti-mouse

HRP-conjugated antibody (Life Technologies), further developed with

OPD (P1536, Sigma-Aldrich), and the reaction was stopped by using

5 M H2SO4. The absorbance was read at 490 nm (Biotek Synergy H1

Hybrid Reader). Internalized ligand was expressed as the percentage

of the total surface-bound ligand at 4°C (i.e., without acid wash step),

measured in parallel.

For Tfn internalization in FL and DaAD cells using the GSK3b

inhibitors Bio (Sigma) or CHIR-99021 (Sigma), and the PI3K/Akt

inhibitor LY294002 (Calbiochem) or the Akt inhibitor X (Calbio-

chem), cells were initially pre-incubated in the absence (i.e.,

control) or presence of the indicated inhibitor (10 lM) for 30 min at

37°C, followed by pre-incubation with 4 lg/ml of D65 in Tfn assay

buffer at 4°C for 30 min, in the continued absence or presence of

the inhibitor. Tfn internalization assays were then performed as

described above. Percentage of Tfn uptake was calculated relative to

the initial total surface-bound ligand at 4°C for all the assays.

For the recycling of Tfn from endosomal compartments, cells

were pulsed for different time points (5-60 min) with 8 lg/ml of

BSS-Tfn at 37°C. Following internalization, plates containing cells

were transferred to ice, washed with cold PBS and acid-washed

to remove surface-bound ligand. Cells were then incubated in

PBS4+ containing 2 mg/ml of unlabeled Tfn at 37°C for the indi-

cated time points. Remaining BSS-Tfn that recycled to the surface

was again removed by acid wash, and the cells were further

processed as described for the internalization assay, but this time

using streptavidin-POD (Roche). The decrease in intracellular Tfn

(recycling) was calculated relative to the total internal pool of

ligand internalized.

siRNA transfection

ARPE-19 cells were treated with a previously established siRNA

sequence using RNAiMAX (Life Technologies, Carlsbad, CA, USA)

to silence endogenous proteins, following the manufacturer’s

instructions. Briefly, 110 pmol of the indicated siRNA and 6.5 ll of

RNAiMAX reagent were added in 2 ml of OptiMEM (Life Technolo-

gies) in each well of a 6-well plate containing cells for 4 h. Transfec-

tion was performed at day 1 and day 3 after plating, and

experiments were performed at day 5. The exogenously expressed

FL and DAD a-adaptins harbor mutations that confer resistance to

siRNA silencing. siRNA oligos used to target the following proteins

were endogenous a-adaptin (50-GAGCAUGUGCACGCUGGCCA-30),

dynamin-1 (50-GGCUUACAUGAACACCAACCACGAA-30), dynamin-2

(Dyn2_1: 50-CCGAAUCAAUCGCAUCUUCUU-30 and Dyn2_2:

50-GACAUGAUCCUGCAGUUCAUU-30), as well as CHC as previously

described (Huang et al, 2004). The AllStars Negative siRNA non-

targeting sequence was purchased from Qiagen.

Microscopy/fluorescence-based assays

Immunofluorescence: ARPE-19 FL and DaAD cells (1.5 × 105 cells

per well in a 6-well plate) grown O/N on glass cover slips were

washed with PBS and fixed in 4% PFA in PBS for 20 min at room

temperature, permeabilized with 0.1% Triton X-100 for 10 min and

further blocked with Q-PBS (0.01% saponin, 2% BSA, 0.1% lysine,

pH 7.4) for 30 min. After three washes with PBS, cells were incu-

bated with a mouse anti-EEA1 antibody (#610457, BD Transduction

Labs) or a rabbit anti-APPL1 (#3858, Cell Signaling) in Q-PBS for 1 h

using the recommended dilution. Cells were further washed three

times with PBS and further incubated with suitable AlexaFluor�-

labeled secondary antibodies (Life Technologies) for 45 min. After

three additional washes with PBS, samples were mounted on Fluoro-

mount G (Electron Microscopy Sciences) on glass slides and exam-

ined using a 100 × 1.49 NA objective (Nikon) mounted on an

epifluorescence Ti-Eclipse inverted microscope.

Tfn pulse/chase: TfnAF568 and TfnAF647 were obtained from Life

Technologies. For dual-pulse experiments using fluorescent Tfn, FL

and DaAD cells were initially pulsed with 4 lg/ml of TfnAF647 for

2 min. Following a cold washing step to remove unbound ligand

(3× PBS; 4°C), the remaining surface-bound ligand was removed by

an acid wash step (3 × 2 min 0.2 M acetic acid, 0.2 M NaCl, pH

2.5). Cells were washed with PBS and then pulsed with 4 lg/ml of

TfnAF568 for 2 min, washed with cold PBS (4°C), acid-washed again

and fixed in 4% paraformaldehyde (PFA) (Electron Microscopy

Sciences) in PBS for 20 min. After three additional washes with

PBS, samples were mounted on Fluoromount G (Electron Micro-

scopy Sciences) on glass slides and examined using a 100 × 1.49 NA

objective (Nikon) mounted on a Ti-Eclipse inverted microscope.

EEA1- and APPL1-immunostained cells were imaged with an expo-

sure time of 200 ms for both channels using a CoolSNAP HQ2

monochrome CCD camera with 6.45 × 6.45 lm2 pixels (Photomet-

rics, Tucson, AZ, USA).

Endosomal acidification: Time-lapse of Tfn internalization and

acidification in FL and DaAD cells was performed by incubating

cells with pHRodo-Tfn and recording the fluorescence emission

(585 nm) every 60 s for 20 min using a Synergy H1 Hybrid Multi-

Mode Microplate Reader.
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EEA1 and APPL1 staining and analysis by TIRFM

Detection of fluorescence spot signals by TIRFM

Cells expressing EGFP-CLCa were immunostained for APPL1

(#3858, Cell Signaling) and EAA1 (#610457, BD Transduction Labs),

followed by labeled secondary antibodies (Life Technologies). Fluo-

rescent signals, illuminated using an incident angle set to visualize

250 nm from the coverslip, were detected using the spot detection

algorithm as previously described (Aguet et al, 2013). Clathrin-

coated structures and early endosomes were assumed to be diffrac-

tion-limited, producing a signal that is well approximated by a 2D

Gaussian function in TIRF microscopy. Fluorescence signals were

identified by numerically fitting a 2D Gaussian at candidate loca-

tions, and statistically testing the amplitude against the residual

background noise estimated at each location. The detection was

performed independently for the three fluorescence channels.

Identification of cell boundaries

Cell boundaries were automatically identified from the cytosolic

background of EGFP-CLCa. The raw images were first smoothened

using a Gaussian filter (S.D. = 5 pixels). The intensity distribution

of the smoothened image was always bimodal, with the two modes

representing background signal outside cells and fluorescence inside

cells. A threshold was automatically selected as the local minimum

between the two modes.

Object density relative to cell boundary

Object densities relative to the cell boundary were calculated from

all objects that were closer to a cell boundary than the image border.

The densities were normalized by the area of the band of pixels

equidistant from the cell edge corresponding to each bin of the

density histogram.

Western blotting

Cells were washed three times with PBS and harvested/resuspended

in 100–150 ll of reducing Laemmli sample buffer. The cell lysate

was boiled for 10 min and 30 lg of cell lysate was loaded onto an

SDS gel. After transferring to a PVDF membrane, membranes were

probed with antibodies against the following proteins: APPL1

(#3858, Cell Signaling), phospho-Akt S473 (#4060, Cell Signaling),

phospho-Akt T308 (#13038, Cell Signaling), Akt (#9272, Cell Signal-

ing), phospho-ERK (#4370, Cell Signaling), ERK (sc-93, Santa Cruz

Biotechnology), phospho-TSC2 (#3611, Cell Signaling), TSC2

(sc-893, Santa Cruz Biotechnology), phospho-GSK3b (#5558, Cell

Signaling), GSK3b (#610201, BD Transduction Laboratories),

dynamin-1 (ab52852, Abcam), dynamin-1 phospho-S774 (ab55324,

Abcam) and dynamin-2 (sc-6400, Santa Cruz Biotechnology),

according to the manufacturers’ instructions.

Cell proliferation and EGF-dependent signaling

ARPE-19 FL and DaAD cells (1.0 × 106 cells) were seeded in a 6-cm

dish containing DMEM with 10% FBS. Eight hours after seeding,

cells were washed three times with PBS and starved in DMEM

containing 0.2% FBS for 16 h. One dish was left untreated (i.e.,

control). The remaining dishes were treated with 20 ng/ml of EGF

for the indicated time points (0–180 min). At the end of each time

point, cells were washed three times with PBS and harvested/resus-

pended in 100–150 ll of reducing Laemmli sample buffer. The cell

lysate was boiled for 10 min, and 30 lg of cell lysate was subjected

to SDS–PAGE. After transferring to a PVDF membrane, the

membrane was used to probe with several EGF/EGFR downstream

effectors as described above. Cell proliferation was assessed by MTS

assay (Promega), according to the manufacturer’s instructions.

TIRF microscopy

Total internal reflection fluorescence (TIRF) microscopy was

performed as previously described (Loerke et al, 2009). Briefly, RPE

cells expressing EGFP-CLCa were imaged using a 100 × 1.49 NA

Apo TIRF objective (Nikon) mounted on a Ti-Eclipse inverted micro-

scope equipped with the Perfect Focus System (Nikon). During

imaging, cells were maintained in DMEM lacking phenol red and

supplemented with 2.5% fetal calf serum. Time-lapse image

sequences from different cells were acquired at a frame rate of

1 frame/s and exposure time of 150 ms using a CoolSNAPHQ2mono-

chrome CCD camera with 6.45 × 6.45 lm2 pixels (Photometrics).

Image and data analysis

All image and data analyses were carried out in Matlab (Math-

Works, Natick, MA, USA), using custom-written software. Up-to-

date versions of the software will be made available at http://

lccb.hms.harvard.edu/software.html.

Generation of dynamin-1 KO H1299 cell lines by CRISPR-Cas9n

and reconstitution with Dyn1-EGFP constructs

Genome editing of H1299 cells was performed using a double-nick-

ing strategy to knockout (KO) endogenous dynamin-1. Two pairs of

20-bp-long dynamin-1 sgRNAs (single guide) were designed using

the CRISPR design tool available at www.genome-engineering.org/

crispr (Ran et al, 2013). The guide RNA pairs (+ and � strands)

were cloned into a bicistronic expression vector (pX335) containing

a human codon-optimized Cas9n and necessary RNA components

(Addgene). Top two double nickase “hits” targeting exon 1 of

human dynamin-1 were chosen for cloning into pX335 vector. The

sgRNA pair (A) for Clone A9 and Clone A19: 50-TTCCATGCCG

CGGTTGCCCATGG-30 and 50-ATCTCATCCCGCTGGTCAACCGG-30

and the sgRNA pair (B) for Clone B22: 50-CCGGCTGCCGCTAGCGC

TCCCGG-30 and 50-AGCCATGGGCAACCGCGGCATGG-30 were used.

The single-guide RNAs (sgRNAs) in the pX335 vector (1 lg each

for a sgRNA pair) were mixed with pmaxGFP plasmid (0.2 lg;

Lonza) and co-transfected into H1299 cells using lipofectamine 2000

transfection reagent (Life Technologies). Forty-eight hours post-

transfection, the cells were trypsinized, washed with PBS and

resuspended in PBS containing 2% serum. GFP-positive cells were

single-cell sorted by FACS (The Moody Foundation Flow Cytometry

Facility, UT Southwestern Medical Center, Dallas, TX) into a 96-well

plate format into RPMI containing 5% FBS. Single clones were

expanded and screened for dynamin-1 expression by Western

blotting using the anti-dynamin-1 rabbit monoclonal antibody

(EP772Y, Abcam).

Stable reconstitution with WT Dyn1-EGFP and S774A Dyn1-EGFP

fusion proteins in H1299 Dyn1 KO cells (Clone B22) was performed
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as previously described (Liu et al, 2008). Briefly, WT Dyn1

containing an N-terminal HA tag and C-terminal EGFP fusion

protein were cloned into pMIEG3 retroviral vector. Virus was

produced in 293T packaging cells and the retroviral supernatant

was used to infect H1299 Dyn1 KO cells. Cells were collected 48 h

post-infection and FACS sorted for low expression levels based on

GFP intensity. The S774A mutation was introduced into the above

retroviral vector via site directed mutagenesis and similarly infected

and sorted for comparable expression levels.

Supplementary information for this article is available online:

http://emboj.embopress.org
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