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Endofin is required for HD-PTP and ESCRT-0
interdependent endosomal sorting
of ubiquitinated transmembrane cargoes

Jalal M. Kazan,1,2,6 Guillaume Desrochers,1,2,6 Claire E. Martin,3 Hyeonju Jeong,1,2 Dmitri Kharitidi,1,2

Pirjo M. Apaja,5 Ariel Roldan,5 Nicole St. Denis,3 Anne-Claude Gingras,3,4 Gergely L. Lukacs,2,5,7,*

and Arnim Pause1,2,7,8,*

SUMMARY

Internalized and ubiquitinated signaling receptors are silenced by their intraluminal
budding into multivesicular bodies aided by the endosomal sorting complexes
required for transport (ESCRT) machinery. HD-PTP, an ESCRT protein, forms com-
plexes with ESCRT-0, -I and -III proteins, and binds to Endofin, a FYVE-domain pro-
tein confined to endosomes with poorly understood roles. Using proximity
biotinylation, we showed that Endofin forms a complex with ESCRT constituents
and Endofin depletion increased integrin a5-and EGF-receptor plasma membrane
density and stability by hampering their lysosomal delivery. This coincided with
sustained receptor signaling and increased cell migration. Complementation of
Endofin- or HD-PTP-depleted cells with wild-type Endofin or HD-PTP, but not
with mutants harboring impaired Endofin/HD-PTP association or cytosolic Endofin,
restored EGFR lysosomal delivery. Endofin also promoted Hrs indirect interaction
with HD-PTP. Jointly, our results indicate that Endofin is required for HD-PTP and
ESCRT-0 interdependent sorting of ubiquitinated transmembrane cargoes to
ensure efficient receptor desensitization and lysosomal delivery.

INTRODUCTION

Receptor signaling is a tightly regulated cellular process. Ligand-activated receptors are endocytosed and

internalized to the endosomal compartments where they remain an active signaling hub (Sorkin and von

Zastrow, 2009). At the endosomal surface, transmembrane cargo segregation into different microdomains

by different machineries determines cargo fate; sorting toward tubulovesicular recycling or toward lyso-

somal degradation (Norris et al., 2017). Receptor resensitization takes place when receptors are recycled

back to the plasma membrane (PM). Alternatively, signal termination occurs when receptors are targeted

for lysosomal degradation. Receptor downregulation is initiated by their sorting and incorporation into

intraluminal vesicles (ILVs) to form the multivesicular bodies (MVBs). This process is accomplished by the

endosomal sorting complexes required for transport (ESCRT) machinery.

The ESCRT machinery is composed of five protein complexes responsible for the formation of an

ILV. ESCRT-0, -I and -II proteins are recruited to the endosomal membranes and directly interact

with multi-mono- or poly-ubiquitinated receptors. ESCRT-III proteins mediate membrane deformation

and scission whereas the Vps4 complex is responsible for ESCRT-III disassembly and their recycling

back to the cytoplasm (Christ et al., 2017; Vietri et al., 2020). The MVBs will then fuse to the lysosomes

and their cargo will be degraded or exocytosed. By controlling the fate of numerous receptors,

ESCRT proteins are crucial regulators of cell signaling events underlying key cellular processes such

as cell migration and proliferation (Kharitidi et al., 2015; Miller et al., 2018; Szymanska et al., 2018;

Toyoshima et al., 2007), as well as in the elimination of misfolded or damaged PM proteins (Okiyoneda

et al., 2010).

Likewise, clathrin is associated with ESCRTs playing a key role in both cargo concentration and ILV forma-

tion (Wenzel et al., 2018; Raiborg et al., 2001, 2006). It is recruited to early endosomes by the ESCRT-0 pro-

tein Hrs (Raiborg et al., 2001, 2006). Static and live cell imaging of the prototype epidermal growth factor
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receptor (EGFR) indicated that the initial steps of ILV formation consist of a wave of ESCRT-0, ESCRT-I, cla-

thrin, and HD-PTP recruitment (Wenzel et al., 2018).

The ESCRT protein HD-PTP (PTPN23) was shown to affect the degradation of ubiquitinated receptors such

as TGFb/BMP receptors, PDGFRb, EGFR, integrins, neurotrophin, and EphB2 receptors (Ali et al., 2013;

Doyotte et al., 2008; Kharitidi et al., 2015; Ma et al., 2015; Miller et al., 2018; Stefani et al., 2011; Budzinska

et al., 2020; Lahaie et al., 2019). HD-PTP directly binds to ESCRT-0, -I and -III proteins and contributes to the

endosomal sorting of ubiquitinated receptors toward MVBs and lysosomal degradation (Ali et al., 2013;

Doyotte et al., 2008; Gahloth et al., 2016, 2017b; Ichioka et al., 2007; Kharitidi et al., 2015). During the early

phase of ILV formation, recruitment of ESCRT-0, -I and HD-PTP increase until ESCRT-III is recruited, after

which they begin dissociating from the endosomal membrane (Wenzel et al., 2018). HD-PTP also acts as

a tumor suppressor and its haploinsufficiency was shown to increase cell migration and invasion (Manteghi

et al., 2016). Rescue experiments further demonstrated that the N-terminus of HD-PTP, containing the Bro1

and V domain, was sufficient to restore most of the EGFR trafficking defects observed upon HD-PTP deple-

tion (Doyotte et al., 2008). This minimal functional unit of HD-PTP indeed retains the capacity to bind ubiq-

uitinated cargo as well as several components of the ESCRT machinery such as STAM2 (ESCRT-0) and

CHMP4B (ESCRT-III) (Desrochers et al., 2019; Gahloth et al., 2016, 2017b; Lee et al., 2016; Pashkova

et al., 2013). Interestingly, the same region of HD-PTP which binds STAM2 and CHMP4B was also shown

to bind Endofin (ZFYVE16) (Gahloth et al., 2017b).

Endofin is a large protein composed of a central FYVE domain enabling its proper localization to the mem-

brane of early endosomes where it can form a complex with receptors such as TGFbR1 (Chen et al., 2007a).

It also displays a Smad binding domain next to its FYVE domain and was found to impact TGFb and BMP

signaling (Chen et al., 2007a; Goh et al., 2015; Shi et al., 2007). Furthermore, the C-terminus of Endofin

directly interacts with Tom1, a protein that binds to clathrin and ubiquitinated receptors (Seet et al.,

2004; Yamakami et al., 2003). Endofin was shown to recruit clathrin to early endosomes via its direct inter-

action with Tom1 (Seet and Hong, 2005). However, the impact and significance of Endofin-mediated cla-

thrin recruitment on ubiquitinated cargo trafficking is still poorly understood.

Endofin binds HD-PTP with higher affinity than STAM2 and CHMP4B (Gahloth et al., 2017a, 2017b). The

competition between ESCRT proteins for HD-PTP binding was, therefore, proposed to interfere with the

capacity of the receptor to engage with ESCRT components and to be efficiently delivered to the lyso-

somes (Gahloth et al., 2017a; Lee et al., 2016). The direct interaction between Endofin and HD-PTP also

suggests a broader role for Endofin in ESCRT-dependent receptor trafficking and signaling, as well as in

ubiquitinated membrane cargo sorting in general.

Here, we show that Endofin is required for the ESCRT-dependent lysosomal sorting of integrin a5, EGFR

and other poly-ubiquitinated transmembrane model cargo. We propose that Endofin is permissive for

HD-PTP interaction and colocalization with ESCRT-0 and facilitates clathrin recruitment to early endo-

somes. Thus, disruption of Endofin binding to HD-PTP is sufficient to severely compromise ESCRT-medi-

ated lysosomal ubiquitinated-cargo sorting. Consequently, Endofin depletion caused sustained receptor

signaling and increased cell migration. Altogether, this study identifies Endofin as a key regulator of

ESCRT-dependent receptor trafficking and cell signaling.

RESULTS

Endofin forms a complex with ESCRTs and EGF receptor

Endofin directly binds Tom1 and HD-PTP, both of which have direct roles in receptor trafficking (Doyotte

et al., 2008; Gahloth et al., 2017a; Katoh et al., 2004; Kharitidi et al., 2015; Seet et al., 2004; Yamakami et al.,

2003). Endofin’s interactome is likely to reflect its function; however, it remains poorly characterized. To

investigate the binding partners of HD-PTP and Endofin in further detail, two proteomic workflows were

designed. In the first, we performed proximity-dependent biotin tagging (BioID), in which a biotin ligase

(BirA*) fused to the N- or C-terminus of either HD-PTP and Endofin are used as ‘baits’ to covalently tag

nearby proteins (‘preys’) with biotin, which can then be purified and identified by MS (Lambert et al.,

2015). Subsequently, an affinity-purification mass spectrometry (AP-MS) approach was employed, with

an inducible expression of Flag-tagged HD-PTP and Endofin as baits. Our findings reveal Endofin as a

robust proximity interactor of HD-PTP by BioID and AP-MS (Figures 1A and S1B), and that HD-PTP forms

a complex with a variety of ESCRT proteins from different ESCRT complexes (ESCRT-0, -I and -III)

ll
OPEN ACCESS

2 iScience 24, 103274, November 19, 2021

iScience
Article



(Figure 1A). Likewise, HD-PTP was identified as a proximity interactor of Endofin-BirA* (Figure 1A), and

while interactions between Endofin and ESCRT proteins were not detected by BioID (Figure 1A), AP-MS

revealed that various ESCRT proteins (HD-PTP, ESCRT-I and -III) complex with Endofin (Figure S1B).

Further, our results demonstrate HD-PTP as a robust interactor of clathrin heavy chain 1 (CLTC) and,

more broadly, endocytic and trafficking machinery within the cell (Figure S1B). Collectively, these proteo-

mic assays demonstrate that Endofin and HD-PTP form a complex with endocytic machinery and ESCRTs

(further annotated in Figure S1A). To better understand the role of Endofin in relation to HD-PTP, BioID

data were further analyzed using the STRING database, by which networks of interaction were designed

and clustered into different cellular processes. In support of our observations, Endofin’s network is linked

to receptor trafficking, a finding that paralleled that of HD-PTP (Figures S2 and S3) (Doyotte et al., 2008).

To validate that Endofin, HD-PTP, and ESCRTs are forming a complex on early endosomes, isopycnic

sucrose gradient centrifugation was performed on 293T cell organelles. While Endofin and HD-PTP were

absent in cellular fractions containing LAMP1 and Tom20, the lysosome andmitochondria markers, respec-

tively (Figure S1C), they were present together within cellular fractions containing ESCRT proteins (Hrs,

Tsg101, and UBAP1). Tom1 and the early endosomal marker EEA1 were also present in these fractions.

In addition, subcellular fractionation followed by size-exclusion chromatography (HPLC) showed Endofin,

HD-PTP and ESCRT-0 components (Hrs and STAM2) as part of large protein complexes ranging from 525 to

927 kDa, however the ESCRT-I component Tsg101 was found mostly within complexes of lower molecular

weight (Figure S1D). As a further validation of complex formation with ESCRT proteins, co-immunoprecip-

itation was performed on transiently expressed myc-Endofin. Indeed, Endofin showed to form a complex

with HD-PTP, ESCRT-0 (Hrs and STAM2) and ESCRT-I (Tsg101 and UBAP1) (Figure 1B), where STAM2,

Tsg101, and UBAP1 directly interact with HD-PTP (Ali et al., 2013; Gahloth et al., 2016; Ichioka et al.,

2007). This data further supports that Endofin is part of a complex containing HD-PTP and ESCRTs on early

endosomes.

Figure 1. Endofin forms a complex with ESCRTs and EGF receptor

(A) Dot plot of BioID screen showing ESCRT proteins in close proximity to HD-PTP and Endofin. Flag-tagged biotin ligase

(BirA*) was fused to the N- or C-terminus of HD-PTP and Endofin and were used as baits. Constructs were transfected into

Flp-In T-REx 293T cells. Fill shades in the dot plot indicate the average spectral counts (Avg Spec), the size of the dot

represents its relative abundance across all preys and the outer circle color represents the BFDR value.

(B) Co-immunoprecipitation (co-IP) performed on 293T cells transiently transfected with myc-Endofin compared to mock

transfected cells. Myc-Endofin was immunoprecipitated (myc antibody) and co-IP of HD-PTP, ESCRT-0 (Hrs and STAM2)

and ESCRT-I (Tsg101 and UBAP1) were assessed by Western blots. Whole cell lysate (WCL) is loaded to reveal protein

content. Low exposure (LE) and high exposure (HE) immunoblots are shown for Hrs. Data are from n = 3 independent

experiments.

(C) Dot plot of TurboID screen showing ESCRT proteins and other proteins related to endocytosis and EGFR activation in

close proximity to EGFR in the presence or absence of EGF stimulation (100 ng/mL, 15 min). Fast-acting miniTurbo biotin

ligase (MT) was fused to the C-terminus of EGFR (EGFR-MT) and transfected into Flp-In T-REx HeLa cells and used as bait.
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Finally, we probed whether EGFR activation elicits Endofin recruitment using MiniTurbo BioID, which

allows for shortened labeling time as compared to the BirA* enzyme. Results showed that upon EGF stim-

ulation Endofin and HD-PTP are rapidly recruited to EGFR along with common endocytic machineries (Fig-

ure 1C). Altogether, this data demonstrates that Endofin forms a complex with HD-PTP, ESCRTs, and EGFR,

suggesting that Endofin might have a role in regulating receptor trafficking.

Endofin regulates plasmamembrane density, stability, and lysosomal degradation of integrin

a5 and EGFR

HD-PTP is known to have a direct role in regulating EGFR, integrin a5, and PDGFRb endo-lysosomal mem-

brane trafficking (Belle et al., 2015; Doyotte et al., 2008; Kharitidi et al., 2015). Since Endofin directly inter-

acts with HD-PTP and forms a complex with different ESCRTs (Gahloth et al., 2017b) and EGFR, we thought

to investigate the role of Endofin in receptor trafficking. We used HD-PTP-depleted HeLa cells as a positive

control to disrupt receptor trafficking (Figure S4A). HeLa cells were Endofin-depleted by shRNA and in-

fected with a non-target shRNA (NT) as a negative control for depletion (Figure S4A). Western blotting

of total cell lysates from Endofin- and HD-PTP-depleted cells revealed at least 2.5-fold increase in cellular

expression levels of integrin a5 (Figure S4B), and �1.2–1.6-fold increase in EGFR levels (Figure S4C).

Several studies have demonstrated that ligand activation, ubiquitination, and internalization of both integ-

rin a5 and EGFR facilitate their sorting toward lysosomal degradation (Alwan et al., 2003; Kharitidi et al.,

2015; Lobert et al., 2010). Next, we assessed the effect of Endofin depletion on integrin a5 and EGFR lyso-

somal degradation kinetics in comparison to HD-PTP depletion. Serum-starved cells were stimulated with

fibronectin (3 and 6 h) or EGF (2 and 4 h) in the presence of cycloheximide (CHX) to inhibit protein synthesis.

To inhibit lysosomal degradation, cells were pretreated with Bafilomycin A1 (1 h) in the presence of CHX.

Western blots revealed that upon Endofin and HD-PTP depletion, lysosomal degradation of integrin a5

and EGFR was delayed by >60% and �40% after 6 and 2 h chase, respectively (Figure 2A), suggesting

that Endofin plays a role in integrin a5 and EGFR lysosomal degradation.

Considering the crosstalk between ESCRT and ubiquitinated transmembrane proteins, which are preferen-

tially targeted toward lysosomal degradation over recycling back to the PM, we asked whether Endofin

depletion can delay the PM turnover of activated receptors. Cell surface stability of activated integrin a5

and EGFR were measured by cell surface ELISA (cs-ELISA) upon fibronectin (4 h) and EGF (20 min) stimu-

lation, respectively. Compared to NT cells, � 20% of integrin a5 was stabilized at the PM resembling the

effect of an integrin a5b1 blocking antibody, which interferes with the activation and internalization of

the receptor (Figure 2B). Similarly, � 20% of EGFR was stabilized at the PM upon Endofin depletion.

Figure 2. Endofin mediates the efficient sorting of integrin a5, EGFR and CD4 poly-ubiquitinated cargo model toward lysosomal degradation

(A) Integrin a5 (left panel) and EGFR (right panel) cycloheximide chase (10 mg/mL CHX) of total receptor levels in Endofin- and HD-PTP-depleted HeLa cells.

Cells were serum-starved (2 h), pre-treated with CHX (1 h) and then receptors were activated either with fibronectin (10 mg/mL FN, 37�C) or with EGF

(50 ng/mL, 37�C). Integrin a5 was chased for 0, 3 and 6 h, whereas EGFR was chased for 0, 2 and 4 h in the presence of CHX. Control cells were also pre-

treated with Bafilomycin A1 (200 nM Baf + CHX, 1 h) to inhibit lysosomal acidification and hence lysosomal degradation (6 h FN + Baf or 4 h EGF + Baf).

Western blots were performed on cell extracts to measure degradation kinetics by densitometric analysis using ImageJ software. Integrin a5 and EGFR levels

were normalized to eEF2.

(B) Integrin a5 (left panel) and EGFR (right panel) plasma membrane (PM) stability in HeLa cells measured by cell surface-ELISA (cs-ELISA). After serum

starvation, receptors were activated either with fibronectin (10 mg/mL FN, 4 h, 37�C) or with EGF (50 ng/mL, 20 min, 37�C). a5b1 integrin blocking antibody

(10 mg/mL) and Gefitinib (2 mM) were used as negative controls to block receptor internalization in Endofin-depleted cells. For each cell line, levels of integrin

a5 and EGFR are plotted as percentage remaining at the cell surface compared to unstimulated cells.

(C) cs-ELISA was performed on serum-starved HeLa cells to quantify integrin a5 (left panel) and EGFR (right panel) PM receptor density at steady states.

Endofin- and HD-PTP-depleted cells are compared to control NT cells.

(D) (upper panel) Schematic representation of changes in vesicular pH during receptor trafficking (EE: early endosomes, RE: recycling endosomes, LE: late

endosomes, Lys: lysosomes). (Lower panel) FRIA analysis of EGFR and integrin a5 endocytosis kinetics in serum-starved HeLa cells. Mean vesicular pH of

FITC-labeled EGFR- or integrin a5-containing endocytic vesicles determined by FRIA in Endofin-, HD-PTP- and Hrs-depleted HeLa cells compared to NT

cells. After serum starvation, cells were either stimulated with EGF (50 ng/mL, 30 or 60 min, 37�C) or with FN (10 mg/mL, 4 h, 37�C).
(E) Endofin- and HD-PTP-depleted 293T cells were transiently transfected with CD4Tl (negative control for receptor sorting toward lysosomal degradation)

or with CD4Tl-Ubiquitin chimera (CD4Tl-Ub, which serves as a model for poly-ubiquitinated cargo). Serum-starved 293T cells were pre-treated with CHX

(100 mg/mL) to chase total protein levels of CD4Tl and CD4Tl-Ub for 2 h. Western blots (CD4 antibody) were performed on cell extracts to measure

degradation kinetics by densitometric analysis using ImageJ software. CD4Tl and CD4Tl-Ub levels were normalized to eEF2.

(F and G) (F) Mean vesicular pH of CD4Tl-Ub- and (G) CD4TCC-UbAllRDG-containing endocytic vesicles determined by FRIA in Endofin-depleted HeLa cells

compared to NT cells after 15-, 30-, 60- and 120-min chase (37�C). CD4TCC-UbAllRDG serves as a model for tetrameric mono-ubiquitinated cargo. Data are

mean G SEM of n R 3 independent experiments. Unpaired student t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
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A comparable effect was shown for Gefitinib, an EGFR inhibitor that blocks receptor activation, ubiquitina-

tion, and internalization (Figure 2B). Notably, Endofin and HD-PTP depletion had no effect on the internal-

ization rate of EGFR upon EGF stimulation (5 min) (Figure S4D). Moreover, using cs-ELISA we measured

steady state PM receptor density upon Endofin and HD-PTP depletion. Integrin a5 and EGFR cell surface

densities increased by at least 1.5-fold compared to NT cells (Figure 2C). Thus, Endofin depletion likely de-

lays the lysosomal degradation of both integrin a5 and EGFR and increases their PM density and stability by

facilitating recycling at the early endosome level.

Endofin is required for the efficient lysosomal delivery of integrin a5 and EGFR

If the lysosomal degradation of integrin a5 and EGFR is delayed upon Endofin depletion, it is plausible that

Endofin has a role in ESCRT-dependent receptor sorting from early endosomes toward MVBs and lyso-

somes. Hence, to better understand the role of Endofin in the endo-lysosomal transfer kinetics, receptor

delivery to lysosomes was determined by monitoring the pH of receptor-containing vesicles (pHv) by fluo-

rescent ratiometric image analysis (FRIA) (Figure 2D) (Barriere and Lukacs, 2008). HD-PTP- and Hrs-

depleted HeLa cells (Figure S4A) were used as positive controls for the disruption of receptor trafficking

(Kharitidi et al., 2015; Wenzel et al., 2018). First, serum-starved cells were labeled on ice with anti-EGFR

or anti-integrin a5 followed by F(ab’)2 secondary antibody coupled to the pH-sensitive fluorescein isothio-

cyanate (FITC). Next, to induce synchronized receptor internalization, cells were stimulated with EGF (30-

and 60-min chase, 37�C) or with fibronectin (4 h chase, 37�C) and pHv was measured by FRIA. As expected,

EGFR trafficking was delayed after a 30- and 60-min chase in HD-PTP- and Hrs-depleted cells (pHv � 5.7G

0.09 and pHv� 5.7G 0.1, respectively) compared to NT cells (pHv� 5.2G 0.07) (Figures 2D and S4E). Strik-

ingly, after 30 min EGFR chase in Endofin-depleted cells, the receptor is confined to early endosomes

(pHv � 6 G 0.17), however, in NT cells EGFR is delivered to late endosomes (pHv � 5.4 G 0.07) (Figures

2D and S4E). In addition, after 60 min chase, EGFR is delivered to late endosomes in Endofin-depleted cells

(pHv � 5.4 G 0.23), whereas in NT cells EGFR is delivered to lysosomes (pHv � 4.5 G 0.1) (Figures 2D and

S4E). Endofin depletion also inhibited the egress of integrin a5 from early endosomes (pHv � 6.4 G 0.1)

while in control NT cells the receptor was delivered to late endosomes (pHv � 5.7 G 0.1) (Figure 2D).

The FRIA results clearly demonstrate that Endofin has a crucial role in the transport of receptors from early

endosomes toward MVBs and lysosomes. This is exemplified by the identical effects of HD-PTP and Hrs

depletion on EGFR trafficking.

Endofin is required for the efficient lysosomal delivery of poly-ubiquitinated model cargo

The recognition of ubiquitinated receptors by ESCRTs is a key step in the sorting process of internalized

receptors toward MVBs and lysosomes. To examine whether Endofin also contributes to the endo-lyso-

somal sorting of ubiquitinated cargoes incapable of receptor signaling, we used the established CD4-

Ub chimera which undergoes constitutive poly-ubiquitination. For this, two different model receptors

were used. One was truncated CD4 (CD4Tl), in which the cytoplasmic tail was deleted and replaced with

a linker, thus lacking a ubiquitin acceptor site and sorting signal (Barriere et al., 2006). In addition, we

used CD4Tl-Ub, a chimera where the linker has been fused to a ubiquitin (Ub) moiety. The fusion of a single

Ubmoiety to the linker is sufficient to induce constitutive poly-ubiquitination of the CD4Tl-Ub, which in turn

accelerates its ESCRT-dependent lysosomal delivery (Apaja et al., 2010; Barriere et al., 2007).

Endofin- and HD-PTP-depleted cells were transiently transfected with CD4Tl and CD4Tl-Ub constructs to

assess their degradation kinetics by CHX chase (2 h). Western blotting demonstrated that the lysosomal

degradation of �40% CD4Tl-Ub was delayed upon Endofin and HD-PTP depletion compared to NT cells

(Figure 2E). As expected, Endofin and HD-PTP depletion had no significant effect on the levels of CD4Tl

(Figure 2E). Furthermore, FRIA showed that Endofin depletion confined CD4Tl-Ub to recycling endosomes

(pHv � 6.4 G 0.07) compared with NT cells where it is delivered to lysosomes (pHv � 4.8 G 0.07) after a 2-h

chase (Figure 2F). Hence, Endofin is required for the efficient lysosomal degradation of poly-ubiquitinated

cargoes, even in the absence of second messenger signaling activity. To assess whether Endofin-depen-

dent endo-lysosomal sorting has a preference toward specific ubiquitinated cargo, lysosomal delivery of

the tetrameric mono-ubiquitinated cargo (CD4TCC-UbAllRDG) was also determined by FRIA upon Endofin

depletion. In CD4TCC-UbAllRDG, a tetramerization signal was inserted before the Ubmoiety and all seven

Lys residues of the Ub moiety were replaced with Arg and the carboxy-terminal Gly residues were deleted

(Barriere et al., 2006). Consistent with the effect of HD-PTP depletion on CD4TCC-UbAllRDG trafficking

(Kharitidi et al., 2015), Endofin depletion did not affect the trafficking of the tetrameric mono-ubiquitinated

cargo (Figure 2G), even though it was previously shown that the tetrameric mono-ubiquitin can serve as an
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efficient endocytic signal (Barriere et al., 2006). These data show that Endofin does not only play a role in

EGFR and integrin a5 trafficking, but it regulates the specific sorting of poly-ubiquitinated cargo toward

lysosomal degradation.

Endofin depletion decreases clathrin recruitment to early endosomes

Endofin recruits clathrin via Tom1 to early endosomes (Seet and Hong, 2005), and Tom1 directly interacts

with Endofin and with clathrin heavy chain (Seet and Hong, 2005; Seet et al., 2004) (Figure S5C). Our data

demonstrates that clathrin colocalization with EGFR reached a peak (�0.65 G 0.09) after a 15-min EGFR

chase (Figures S5A and S5B). To better understand why receptor trafficking is delayed upon Endofin deple-

tion, we first assessed the effect of Endofin depletion on clathrin recruitment to early endosomes by immu-

nofluorescence. Endofin-depleted HeLa cells were transiently transfected with Rab5Q79L, a GTPase

deficient mutant, to induce the formation of enlarged endosomes (Raiborg et al., 2001; Wegener et al.,

2010). Upon Endofin depletion, clathrin recruitment decreased by 33%G 3% compared to NT cells (Figures

S5D and S5E). In addition, we assessed Tom1 interaction with clathrin heavy chain in Endofin-depleted

cells, and co-IP showed that clathrin interaction with Tom1 decreased upon Endofin depletion (Figure S5F).

Since clathrin is indispensable for receptor clustering on the endosomal surface and their accumulation in

ILVs during MVB biogenesis (Wenzel et al., 2018), this might contribute to the delay in EGFR lysosomal de-

livery. To mimic the recruitment of Tom1 protein to early endosomes via Endofin, as previously described

by Seet et al., we used a 2xFYVE-Tom1 chimera construct to restore Tom1/clathrin interaction in Endofin-

depleted cells (Seet and Hong, 2005). Of note, 2xFYVE-Tom1 chimera in Endofin-depleted cells lacks the

ability to form a complex with Endofin binding partners once it is expressed, including HD-PTP. Our results

showed that the complementation of Endofin-depleted HeLa cells with 2xFYVE-Tom1 chimera failed to

restore EGFR lysosomal delivery (Figure S5G). Hence, although Endofin depletion reduced clathrin inter-

action with Tom1 and decreased clathrin recruitment to early endosomes, the delay in EGFR lysosomal de-

livery upon Endofin depletion is not directly linked to the loss of interaction between Endofin and Tom1 or

to the role of Tom1 in receptor trafficking.

Endofin expression enhances HD-PTP colocalization with EGFR, Hrs and CHMP4B

HD-PTP directly interacts with ESCRT-0, -I, and -III proteins facilitating EGFR sorting towardMVBs and lyso-

somal degradation (Doyotte et al., 2008; Kharitidi et al., 2015). Endofin binds to the Bro1 domain of HD-PTP

sharing the same binding site with STAM2 (ESCRT-0) and CHMP4B (ESCRT-III), however, Endofin binds

HD-PTP with a higher affinity than STAM2 and CHMP4B (Gahloth et al., 2017b). In addition, STAM2 also

binds to a motif in the proline rich region of HD-PTP, which serves as a second site for STAM2 interaction

(Ali et al., 2013). To investigate whether Endofin could regulate HD-PTP complex formation with ESCRTs,

endogenous HD-PTP was immunoprecipitated in Endofin-depleted cells and the co-IP efficiency of the

ESCRT-0 protein Hrs was assessed. The indirect interaction of HD-PTP with Hrs was reduced by � 80%

upon Endofin depletion (Figure 3A).

Since HD-PTP interaction with ESCRT-0 and -III on early endosomes is essential for the sorting of activated

EGFR toward MVBs and lysosomes (Ali et al., 2013) (Doyotte et al., 2008) (Wenzel et al., 2018), we assessed

in Endofin-depleted cells the colocalization of EGFR, red fluorescence protein-tagged Hrs (RFP-Hrs) and

mCherry-tagged CHMP4B (mCherry-CHMP4B) with HD-PTP by pulse-chase experiments. EGFR colocaliza-

tion with HD-PTP showed a significant decrease upon Endofin depletion (0.4G 0.03), after 5 min EGF stim-

ulation and 10 min EGFR chase, compared to NT cells (0.54 G 0.03) (Figure 3B). Consistent with the co-IP

result, Hrs colocalization with HD-PTP, after 5 min EGF stimulation and 0 min EGFR chase, was significantly

reduced upon Endofin depletion (0.44 G 0.01) compared to NT cells (0.71 G 0.03) (Figure 3C). Moreover,

CHMP4B colocalization with HD-PTP also decreased upon Endofin depletion (0.44G 0.06) compared toNT

cells (0.62 G 0.05), after 5 min EGF stimulation and 20 min EGFR chase (Figure 3D). Therefore, this data

suggests that EGFR, ESCRT-0 (Hrs), and ESCRT-III (CHMP4B) colocalizations and/or complex formation

with HD-PTP are promoted by Endofin, which facilitates EGFR sorting toward MVBs and lysosomal degra-

dation via ESCRT-dependent mechanisms.

Next, the colocalization of EGFR and RFP-Hrs with Endofin was also assessed in HD-PTP-depleted cells by

pulse-chase experiments. We found that the colocalizations of EGFR and Hrs with Endofin are stabilized

upon HD-PTP depletion after 5 min EGF stimulation and until 20 min EGFR chase. However, EGFR and

Hrs showed dynamic colocalizations with Endofin in NT cells (Figures S6A and S6B). This infers that the dy-

namic colocalizations of EGFR and Hrs with Endofin are regulated by HD-PTP. This dynamic colocalization
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Figure 3. Endofin promotes HD-PTP colocalization with EGFR, Hrs and CHMP4B

(A) Co-IP performed on control and Endofin-depleted 293T cells upon EGF stimulation (50 ng/mL, 15 min, 37�C).
Endogenous HD-PTP was immunoprecipitated and co-IP of Hrs was assessed byWestern blotting. Whole cell lysate (WCL

1%) is loaded to reveal protein content.

(B–D)(B and C) Colocalization analysis of EGFR (B), Hrs (C) and CHMP4B (D) with HD-PTP in Endofin-depleted HeLa cells.

Serum-starved cells were stimulated with EGF (50 ng/mL, 5 min, 37�C) then EGFR was chased for 0, 10, 20 and 30 min at

37�C. Mander’s Colocalization Coefficient (MCC) was quantified using ImageJ software (n = 30). Representative

immunofluorescence images are shown for each time point. Data are mean G SEM of n R 3 independent experiments.

Unpaired student t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of activated EGFR

(A and B) Mean vesicular pH of FITC-labeled EGFR-containing endocytic vesicles determined by FRIA, after 30 min of

EGFR chase (50 ng/mL EGF, 37�C), in (A) Endofin-depleted HeLa cells transiently co-transfected with mCherry plasmid
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might reflect the egress of cargoes from early endosomes toward MVBs and lysosomes, which is indeed

regulated by HD-PTP (Doyotte et al., 2008). On the other hand, the stabilized colocalizations of EGFR

and Hrs with Endofin upon HD-PTP depletionmight reflect the delay in cargo sorting from early endosomes

toward MVBs and lysosomes.

Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of activated

EGFR

Endofin directly binds and recruits HD-PTP to early endosomes (Gahloth et al., 2017b). The double L202D/

I206D-HD-PTP mutation, which abrogates CHMP4B and Endofin binding to HD-PTP, prevents L202D/

I206D-HD-PTP recruitment to early endosomes even upon its co-expression with myc-Endofin (Gahloth

et al., 2017b). Our data showed that EGFR and ESCRT-0 colocalizations with HD-PTP are stabilized by En-

dofin. To assess the functional aspect of Endofin/HD-PTP interaction in regulating cargo sorting toward

MVBs and lysosomes, we generated shRNA resistant wild-type (WT) and mutant Endofin constructs.

Transient overexpression of the FYVE-domain C753S-Endofin mutant displayed an impaired localization

to early endosomes, a finding we reciprocated here (Figure S6C) (Seet and Hong, 2001). To weaken En-

dofin’s interaction with the Bro1 domain of HD-PTP (Gahloth et al., 2017a), we employed the L15P-Endo-

fin mutant.

To investigate the effect of Endofin complementation on EGFR endo-lysosomal trafficking, pHv of EGFR-

containing vesicles was monitored by FRIA. Endofin-depleted HeLa cells were transiently transfected with

WT- or mutated-Endofin (Figure S6D), and themean pHv was assessed after 30 min of EGF stimulation. WT-

Endofin complementation restored EGFR lysosomal delivery (mean pHv � 5.1 G 0.03) compared to mock

transfected Endofin-depleted cells (mean pHv � 5.9 G 0.09) and NT cells (mean pHv � 5.3 G 0.04) (Fig-

ure 4A). L15P-Endofin complementation partially restored EGFR lysosomal delivery (mean pHv � 5.5 G

0.02) compared to WT-Endofin (Figure 4A), in line with the partially disrupted biochemical interaction of

L15P-Endofin with HD-PTP (Figure S6E). Conversely, C753S-Endofin complementation completely failed

to rescue EGFR lysosomal delivery (mean pHv � 5.9 G 0.05) (Figure 4A) by profoundly reducing Endofin

recruitment to early endosomes.

Importantly, complementing HD-PTP-depleted HeLa cells with WT-HD-PTP (Figure S6D) restored EGFR

lysosomal delivery (mean pHv � 5.4 G 0.15) (Figure 4B). T145K-HD-PTP, which partially disrupted HD-

PTP/Endofin interaction (Figure S6F) (Gahloth et al., 2017c), failed to rescue EGFR lysosomal delivery

(mean pHv � 5.9 G 0.05) compared to mock transfected HD-PTP-depleted (mean pHv � 6.1 G 0.08) and

NT (mean pHv � 5.4 G 0.09) cells (Figure 4B).

To better understand the mechanism by which Endofin’s FYVE domain influences HD-PTP’s recruitment to

early endosomes, we extended our BioID investigation to C753S-Endofin N-terminally BirA* tagged baits.

Consistent with our findings, disruption of the FYVE domain did not reduce Endofin’s interaction with

HD-PTP but did disrupt its proximity interaction with ubiquitin and several early endosome components,

providing an insight into a potential mechanism by which Endofin supports HD-PTP’s recruitment to ubiq-

uitinated cargoes on endocytic vesicles (Figure 4C). These results strongly suggest that both Endofin local-

ization on early endosomes via its FYVE domain and its interaction with HD-PTP are necessary for an

efficient endo-lysosomal transfer of activated EGFR.

Figure 4. Continued

and Flag-tagged WT-, L15P- or C753S-Endofin constructs, or (B) HD-PTP-depleted HeLa cells transiently co-

transfected with mCherry plasmid, WT- or T145K-HD-PTP (disrupts HD-PTP interaction with Endofin) constructs.

Single cell FRIA analysis was performed on cells expressing mCherry (vesicles: n > 190, microscopic fields: n > 10).

Vesicular pH distribution of internalized EGFR after 30 min of EGFR chase is plotted. The mean vesicular pH of the

distinct peaks and the number of vesicles in NT, shEndofin, WT-Endofin, L15P-Endofin, C753S-Endofin, shHD-PTP-

and T145K-HD-PTP HeLa cells are indicated.

(C) Dot plot of BioID screen showing proteins related to ubiquitination (Ub) and early endosomes (EE) in close proximity to

WT-Endofin and C753S-Endofin. Flag-tagged biotin ligase (BirA*) was fused to the N-terminus of WT-Endofin and C753S-

Endofin and were used as baits. Constructs were transfected into Flp-In T-REx 293T cells. Fill shades in the dot plot

indicate the average spectral counts (Avg Spec), the size of the dot represents its relative abundance across all preys and

the outer circle color represents the BFDR value. Data are mean G SEM of n R 3 independent experiments. Unpaired

student t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
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Endofin depletion sustains integrin a5 and EGFR downstream signaling

We previously showed that the heterozygous loss of PTPN23 is frequent in several types of human cancers

(Manteghi et al., 2016). Using the cBioPortal database, we show here that the heterozygous loss of ZFYVE16

(Endofin gene) is also frequent in several types of human cancers (Figure 5A). In addition, the PRECOG

database, which measures associations between mRNA expression profiles and cancer prognosis by calcu-

lating a Z-score, revealed a negative Z-score of ZFYVE16 mRNA in several types of human cancers

(Figure 5B).

Cell surface receptors are competent of signaling from early endosomes or MVBs before the formation of

ILVs (Mami�nska et al., 2016; Rodahl et al., 2009; Wegner et al., 2011). Furthermore, HD-PTP depletion was

shown to delay integrin a5 lysosomal delivery, thereby increasing its downstream signaling (Kharitidi et al.,

2015). To investigate whether Endofin could also influence integrin a5 signaling, Endofin- and HD-PTP-

depleted HeLa cells were stimulated with fibronectin (7 h) to assess levels of phosphorylated FAK, Src

and Erk1/2 by Western blotting. In agreement with our previous study, HD-PTP depletion in serum-starved

cells increased the levels of pFAK, pSrc, and pErk1/2 compared to NT cells, both at steady state and upon

fibronectin stimulation (Figure 5C). Remarkably, the same effect was observed upon Endofin depletion

(Figure 5C). This result clearly demonstrates that in addition to receptor stabilization, Endofin depletion

further increased integrin a5 signaling.

Next, the effect of Endofin and HD-PTP depletion on EGFR activation and the kinetics of its downstream

signaling were evaluated. Interestingly, Endofin and HD-PTP depletion had no significant impact on

steady-state EGFR phosphorylation and the activation of its downstream kinase MEK (Figure 5D). However,

EGFR and MEK activation were both sustained after 30 min of EGF stimulation upon Endofin and HD-PTP

depletion. The levels of pEGFR also remained higher in these cells, even after 60 min of EGF stimulation

(Figure 5D). Altogether, these results indicate that Endofin and HD-PTP do not only regulate EGFR and in-

tegrin a5 plasma membrane stability, but also control receptor activation and its downstream signaling.

Endofin depletion increases cell migration

Integrin a5b1’s central role in cell migration and its ESCRT-dependent lysosomal desensitization are well

established (Kharitidi et al., 2015; Lobert et al., 2010). The migration rate of Endofin-depleted HeLa cells

was measured by real time cell analysis (RTCA) using fetal bovine serum as a chemoattractant. Endofin

depletion revealed the same effect on cell migration rate as HD-PTP depletion with � 2-fold increase

compared to NT cells. Migration of Endofin-depleted cells was suppressed by integrin a5b1 blocking anti-

body (Figure 5E). This shows that the increase in cell migration upon Endofin depletion is linked to the in-

crease of PM and total integrin a5 levels (Figures 2C and S4B).

Since Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of activated EGFR (Fig-

ures 4B and 4C), we next addressed whether simultaneous depletion of Endofin and HD-PTP could further

impair receptor trafficking. Thus, we compared total EGFR and integrin a5 levels between NT and Endofin-

depleted cells, transiently transfected either with a non-targeting shRNA or an shRNA targeting HD-PTP.

We found that depleting Endofin or HD-PTP increased total EGFR levels by � 2-fold and �1.5-fold,

Figure 5. Endofin depletion sustains integrin a5 and EGFR downstream signaling and increases cell migration

(A) Frequency of heterozygous loss of ZFYVE16 (Endofin gene) in human patients with different types of cancers. Data extracted from cBioPortal database

and plotted as the percentage of patients with ZFYVE16 heterozygous loss.

(B) Z-score analysis of Endofin in human patients with different types of cancers. Endofin Z-score for each cancer type was extracted from PRECOG database

and plotted.

(C) Western blots showing the phosphorylation levels of integrin a5 receptor downstream effectors: FAK, Src and Erk1/2 in Endofin- and HD-PTP-depleted

HeLa cells compared to NT cells after fibronectin stimulation (10 mg/mL FN, 7 h, 37�C). eEF2 blots serve as a loading control.

(D) Endofin- and HD-PTP-depleted HeLa cells compared to NT cells were stimulated with EGF (5 ng/mL, 37�C) for 0-, 15-, 30- and 60-min. Western blots were

performed to reveal the phosphorylation state of EGFR (left panel) and its downstream effector MEK (right panel). eEF2 blots serve as a loading control.

(E) Real time cell analysis (RTCA) measuring cell migration in Endofin- and HD-PTP-depleted HeLa cells compared to NT cells. Cell culture media

supplemented with 10% FBS was used as a chemoattractant to trigger cell migration. Serum-free media (absence of chemoattractant) was used as a negative

control. Integrin a5b1 blocking antibody (10 mg/mL) was used as a negative control to inhibit cell migration in Endofin-depleted cells.

(F) Endofin-depleted or control HeLa cells were transiently transfected with a non-targeting (NT) shRNA or with HD-PTP shRNA. Receptor levels were

assessed by Western blotting and quantified by densitometric analysis using ImageJ software.

(G) Real time cell analysis was performed as in (E) to compare the migration rate of Endofin-depleted cells transiently transfected with either HD-PTP shRNA

or NT control. Data are mean G SEM of n R 3 independent experiments. Unpaired student t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
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respectively, whereas EGFR levels in double knock-down cells increased by� 2.7-fold in comparison to NT

cells (Figure 5F). Interestingly, the impact was evenmore pronounced for integrin a5. Indeed, the individual

depletion of Endofin or HD-PTP increased integrin a5 levels by � 3.4-fold and �2.7-fold, respectively,

whereas double knocked-down cells exhibited �7.7-fold increase in comparison to NT cells (Figure 5F).

To address the functional relevance of these findings, we also performed migration assays using fetal

bovine serum as a chemoattractant. Results showed that the migration rate increased in double knock-

down cells by� 1.5-fold in comparison to Endofin-depleted cells (Figure 5G). Altogether, these results indi-

cate that the simultaneous depletion of Endofin and HD-PTP has an additive effect on total receptor levels,

which in turn increase their migration rate in comparison to Endofin-depleted cells.

In certain types of human cancers, integrin a5 and EGFR are well-known drivers of tumorigenesis. Here, we

show that Endofin depletion increased integrin a5 and EGFR signaling and cell migration, which are two

hallmarks of cancer progression. Hence, loss of Endofin expression delays receptor lysosomal degradation

and increases receptor signaling and cell migration, which could ultimately contribute to tumorigenesis

and cancer progression.

DISCUSSION

Here, we unraveled the role of Endofin in promoting HD-PTP complex formation with ESCRT-0 on early endo-

somes to secure efficient ESCRT-dependent lysosomal degradation of internalized and ubiquitinated cell sur-

face receptors and other transmembrane cargoes, a process which also desensitizes activated receptors

(Wegner et al., 2011), controls cell migration (Kharitidi et al., 2015; Lobert et al., 2010; Lobert and Stenmark,

2012), and PM proteostasis (Apaja and Lukacs, 2014). Our findings can be summarized as follows: 1) Endofin

forms complexes with ESCRT andHD-PTP proteins as well as EGFR on early endosomes. 2) The FYVE domain-

dependent endosomal tether of Endofin and HD-PTP is required for the activated EGFR efficient lysosomal

delivery, which is compromised by cytosolic relocation of Endofin or preventing its association with HD-PTP. 3)

Endofin is also critical for poly-ubiquitinated but not multi-mono-ubiquitinated lysosomal delivery of model

transmembrane cargoes which lack signaling capacity. 4) Endofin depletion, similar to HD-PTP haploinsuffi-

ciency, sustained EGF and integrin a5 receptor signaling and increased cell migration.

Segregation of internalized transmembrane cargoes into different microdomains on early endosomes is

directed by specific sorting motifs toward the tubulovesicular recycling route, retrograde traffic to the

Golgi complex, or toward MVB/lysosomal degradation (Norris et al., 2017). Upon ligand stimulation,

EGFR undergoes both K63 poly-ubiquitination and multi-mono-ubiquitination (Huang et al., 2006), while

integrin a5b1 is poly-ubiquitinated (Kharitidi et al., 2015; Lobert et al., 2010), serving as both internalization

and endo-lysosomal sorting signals (Piper et al., 2014). Ubiquitinated cargoes are recognized cooperatively

by multiple low-affinity ubiquitin-binding domains of ESCRT-0 and -I proteins, including Hrs, STAM2,

UBAP1, and Tsg101, which are concentrated at the double-layer clathrin coat (Agromayor et al., 2012;

Bache et al., 2003; Raiborg et al., 2002; Sundquist et al., 2004). In addition, Tom1 and HD-PTP, binding part-

ners of Endofin, can recognize the poly- and mono-ubiquitinated moieties via their GAT + VHS- and

V-domain, respectively, fostering cargo concentration on the limiting membrane of early endosomes

(Akutsu et al., 2005; Pashkova et al., 2013; Wang et al., 2010).

While the lysosomal sorting of activated receptors andMVB biogenesis requires the dynamic interaction of

HD-PTP with STAM2, Tsg101, UBAP1, and CHMP4B (Ali et al., 2013; Gahloth et al., 2016, 2017b; Ichioka

et al., 2007), the functional significance of Endofin remained enigmatic in this process (Gahloth et al.,

2017b). As Endofin complex formation with Tom1 recruits clathrin and binds both directly and via Tollip

to ubiquitin on early endosomes (Katoh et al., 2004; Seet and Hong, 2005; Seet et al., 2004), we assumed

that Endofin may participate in endosomal sorting of ubiquitinated cargoes. This possibility was also sup-

ported by the role of Endofin in TGFb/BMP signaling (Chen et al., 2007a; Shi et al., 2007) and Endofin com-

plex formation with ESCRT-I (UBAP1, TSG101, Vps37A, Vps28) (Figure S1B). The functionality of the Endofin

interaction networks was revealed by Endofin ablation that stabilized the PM/endosomal pool of EGF and

integrin a5 receptors (Figure 2), phenocopying the consequences of HD-PTP, Hrs or Tsg101 depletion (Ali

et al., 2013; Bache et al., 2006; Doyotte et al., 2008; Kharitidi et al., 2015; Lu et al., 2003; Ma et al., 2015;

Parkinson et al., 2015; Wenzel et al., 2018). Although EGFR internalization remained unaltered by Endofin

depletion, it induced receptor accumulation in early endosomes and at the PM, presumably by fostering its

recycling. Accelerated recycling of internalized integrin a5b1 was also observed upon HD-PTP depletion

(Kharitidi et al., 2015).
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Clathrin is known to be recruited to early endosomes via two different clathrin-binding proteins: Hrs and

Tom1 (Raiborg et al., 2001; Seet and Hong, 2005). Dynamic assembly and disassembly of clathrin on early

endosomes is essential for cargo and ESCRT-0 clustering into microdomains and subsequent ILV formation

(Raiborg et al., 2001; Sachse et al., 2002; Wegner et al., 2011; Wenzel et al., 2018). A significant contribution

of Endofin via Tom1 in the double-layer clathrin formation (Seet and Hong, 2005), however, could be

excluded as the 2xFYVE-Tom1 chimera failed to rescue EGFR lysosomal delivery in Endofin-depleted cells.

We favor themodel that Endofin binding to HD-PTP (Gahloth et al., 2017b) may also facilitate EGFR transfer

from ESCRT-0 (Hrs and STAM2) to ESCRT-I and -III, as a prelude toward MVB/lysosomal delivery (Ali et al.,

2013). In support, the yeast HD-PTP homologue Bro1 also binds to clathrin (Pashkova et al., 2013), consis-

tent with our observation that HD-PTP top hit interactor was clathrin by AP-MS (Figure S1B). Thus Endofin/

HD-PTP interaction on early endosomes might be a key event for sorting EGFR toward lysosomal degra-

dation, which was demonstrated by our complementation with Endofin and HD-PTP variants, where the

deletion of Endofin FYVE-domain also suppressed the recruitment of HD-PTP to early endosomes. In

line, expression of the L202D/I206D-HD-PTP variant, lacking both Endofin and CHMP4B bindings, pre-

vented HD-PTP recruitment to early endosomes even upon its co-expression with myc-Endofin (Gahloth

et al., 2017c).

Considering that ligand-stimulated poly-ubiquitination serves as a critical recognition signal for integrin a5

and EGFR engagement with the ESCRT machinery (Eden et al., 2012; Kharitidi et al., 2015; Lobert et al.,

2010), we propose that dynamic Endofin-ESCRT association is a prerequisite for routing a panel of ubiqui-

tinated cargo molecules from early endosomes toward MVB/lysosomes independently of the receptors

downstream signaling. This inference is supported by Endofin-dependent lysosomal delivery of the

poly-ubiquitinated (CD4Tl-Ub) model cargo, but not tetrameric mono-ubiquitinated (CD4TCC-UbAllRDG)

(Figures 2F and 2G), mono-ubiquitinated (CD4Tl-UbRDG) or the CD4Tl model cargo, which lacks a

ubiquitin acceptor site (Barriere et al., 2006, 2007). These results also raise the possibility that the ESCRT

machinery-driven ubiquitin-chain selectivity may be influenced by the ESCRT complex composition,

including Endofin. This corollary is in line with Endofin-dependent regulation of TGFb/BMP receptor

that undergoes ligand-induced K63 poly-ubiquitination (Chen et al., 2007a; Iyengar, 2017). Thus, downre-

gulation of Endofin in cancer cells may differentially alter the cell surface receptor proteome and signaling

pending their ubiquitin-chain modification, which in turn could perturb downstream signaling cascades

and transcriptional pathways.

The endosomal signaling of internalized receptors is terminated upon receptor budding into ILVs during

MVB biogenesis (Platta and Stenmark, 2011; Wegner et al., 2011). Integrin a5b1 and EGFR uncontrolled

signaling plays a major role in cell migration and cancer metastasis (Mierke et al., 2011; Yamaguchi

et al., 2005). Sustained signaling of both integrin a5 and EGFR upon Endofin depletion, could be linked

to the accumulation of EGFR at early endosomes and their delayed MVB/lysosome sorting (Figure 2D).

Moreover, the blockage of integrin a5b1 activation and coupled ubiquitination (Kharitidi et al., 2015)

demonstrate that elevated PM level of integrin a5 is, at least partly, responsible for accelerated cell migra-

tion (Figure 5E). Augmented PM expression and downstream signaling of integrin a5 were also associated

with accelerated cell migration upon HD-PTP depletion (Kharitidi et al., 2015), consistent with the impor-

tance of Endofin/HD-PTP interaction in regulating ESCRT-dependent receptor trafficking, receptor

signaling and cell migration.

It has been shown that Hrs and STAM2, similar to Endofin, undergo phosphorylation upon EGF stimulation

(Chen et al., 2007b; Pandey et al., 2000; Row et al., 2005). The sorting of internalized receptors triggers Hrs

phosphorylation, promoting its dislocation from early endosomes (Urbé et al., 2000). Based on published

data and our findings, we propose the following working model for Endofin role in the endo-lysosomal traf-

ficking of ligand-activated and ubiquitinated cell surface receptors. Endofin, via its FYVE-dependent endo-

somal localization and binding to HD-PTP, facilitates HD-PTP recognition of ubiquitinated endosomal

cargo in complex with STAM2 and Hrs (ESCRT-0), clathrin recruitment, and cargo clustering at endosomal

microdomains. Subsequent dissociation of Endofin from HD-PTP (and STAM2) enables CHIMP4B/HD-PTP

association by a presently poorly understoodmechanism. We speculate that this process may be facilitated

by the post-translational modification(s) favoring the dissociation of Endofin/HD-PTP, similar to that

observed for the phosphorylation-induced Hrs dissociation from endosomes (Urbé et al., 2000). Further-

more, cargo loading and assembly of ESCRT-0/-I with HD-PTP may induce allosteric Endofin dissociation

from the complex. Testing and refining this model will be accomplished by monitoring the kinetics of
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recruitment of fluorescent-tagged HD-PTP in relation to other ESCRTs in the presence of Endofin variants

during cargo sorting by live-cell imaging and related to that described for concerted ESCRT and clathrin

recruitment waves to early endosomes by Wenzel et al. (Wenzel et al., 2018). Furthermore, SARA protein,

Endofin’s homologue, also directly binds to HD-PTP and its recruitment to early endosomes (Gahloth et al.,

2017b) might serve as a compensatory mechanism in an Endofin-depleted context. In summary, we pro-

pose that Endofin is required for HD-PTP mediated cargo transfer from ESCRT-0/-I to ESCRT-III on early

endosomes, a critical step in lysosomal delivery of poly-ubiquitinated cargoes (Figure 6).

Disruption of Endofin/HD-PTP interaction (e.g., by Endofin mutants or PTPN23 haploinsufficiency) leads to

sustained EGF and integrin a5 receptor signaling (Figure 5) (Kharitidi et al., 2015; Manteghi et al., 2016),

Figure 6. Schematic model of Endofin’s role in receptor trafficking

After internalized receptors are targeted toward early endosomes in wild-type cells (WT), Endofin recruits HD-PTP to early

endosomes via its FYVE-domain and their direct interaction. Endofin promotes HD-PTP interaction with ESCRT-0 on early

endosomes, through STAM2 binding to the proline rich region of HD-PTP. Next, Endofin may undergo allosteric

conformational modifications (probably by post-translational modifications), which weakens Endofin/HD-PTP association

and facilitates HD-PTP/CHMP4B interaction. Eventually, this leads to an efficient ESCRT-dependent sorting of EGFR

toward MVBs and lysosomal degradation. On the other hand, in Endofin-depleted cells (shEndofin), HD-PTP interaction

with ESCRT-0 decreases, which favors receptor recycling back to the plasma membrane and delays ESCRT-dependent

EGFR sorting toward MVBs and lysosomal degradation.
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including downstream transcriptional activation known to promote tumorigenesis and cancer progression

(Hou et al., 2020; Sigismund et al., 2018). The heterozygous loss of ZFYVE16 and downregulation of Endofin

transcript in several types of human cancers (Figure 5) suggests that Endofin may exert a tumor suppressor

activity, which requires further investigations.

Limitations of the study

In this study, we have characterized the role of Endofin in targeting integrin a5 and EGFR toward lysosomal

degradation, thus regulating receptor signaling and cell migration. We have also shown that Endofin is

required for HD-PTP association with ESCRT-0/-III for an efficient EGFR lysosomal delivery. However, the

exact mechanism of Endofin association/dissociation with/from HD-PTP, ESCRTs and clathrin complex

on early endosomes is still unknown. This will be an interesting direction for future research requiring

advanced imaging techniques and protein structural analysis.

Furthermore, it is not fully known whether Endofin regulates the endo/lysosomal delivery of all cell surface

receptors undergoing poly-ubiquitination upon activation. Further investigation would be required to

address the effect of Endofin depletion on the global cell surface proteome, which might further influence

downstream transcriptional pathways.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Endofin Proteintech 13118-2-AP

HD-PTP Proteintech 10472-1-AP

Myc-Tag Cell Signaling 2276

Hrs Proteintech 10390-1-AP

STAM Proteintech 12434-1-AP

Tsg101 Proteintech 14497-1-AP

UBAP1 Proteintech 12385-1-AP

Vps37A Proteintech 11870-1-AP

CHMP4B Proteintech 13683-1-AP

EGFR (A-10) used for WB and IP Santa Cruz Sc-373746

EGFR (ICR10) used for cs-ELISA, IF and FRIA Abcam Ab231

Integrin a5 used for WB Proteintech 10569-1-AP

Integrin a5 used for cs-ELISA and FRIA BD Pharmingen 555651

Anti-Human integrin a5b1 Millipore MAB1969

CD4 (H370) used for WB Santa Cruz Sc-7219

CD4 (OKT4) used for FRIA Invitrogen 14-0048-82

Flag-Tag (M2) Sigma F1804

eEF2 Cell Signaling 2332

a-Tubulin Sigma T6074

Clathrin (X22) Abcam Ab2731

EEA1 Invitrogen 14-9114-82

anti-Rat HRP F(ab’)2 Jackson ImmunoResearch 712-036-153

anti-Mouse HRP F(ab’)2 Jackson ImmunoResearch 115-036-003

anti-Rat FITC F(ab’)2 Jackson ImmunoResearch 712-096-150

anti-Mouse AF488 Invitrogen A-28175

anti-Mouse AF594 Invitrogen A-11032

anti-Rabbit AF488 Invitrogen A-27034

anti-Rabbit AF594 Invitrogen A-11012

anti-Rat AF647 Invitrogen A-21247

Chemicals, peptides, and recombinant proteins

Recombinant Human EGF Gibco PHG0311

Human Plasma Fibronectin Gibco 33016-015

Cycloheximide Sigma 66-81-9

Bafilomycin A1 Sigma B1793

CCCP Sigma C2759

Monensin sodium Sigma M5273

Nigericin sodium salt Sigma N7143

Amplex Red Invitrogen A12222

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Arnim Pause (arnim.pause@mcgill.ca).

Materials availability

Plasmids and cell lines generated in this study are available from the lead contact.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

AP-MS Data https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp

MassIVE: MSV00087704

BirA BioID MSPLIT Data https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp

MassIVE: MSV00087705

MiniTurbo BioID MSPLIT Data https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp

MassIVE: MSV00087706

Experimental models: cell lines

HeLa NT Pause Lab

HeLa sh54Endofin Pause Lab

HeLa sh75Endofin Pause Lab

HeLa sh47HD-PTP Pause Lab

HeLa sh51HD-PTP Pause Lab

HeLa sh98Hrs Pause Lab

293T NT Pause Lab

293T sh54Endofin Pause Lab

293T sh75Endofin Pause Lab

293T sh47HD-PTP Pause Lab

Oligonucleotides

Details of cloning and mutagenesis primers are

in Table S1

Recombinant DNA

pcDNA3-Flag-Endofin Pause Lab

pcDNA3-Flag-Endofin resistant to shRNA54 Pause Lab

pcDNA3-Flag-L15P-Endofin resistant to

shRNA54

Pause Lab

pcDNA3-Flag-C753S-Endofin resistant to

shRNA54

Pause Lab

pcDNA3-Flag-HD-PTP Pause Lab

pcDNA3-Flag-HD-PTP resistant to shRNA47 Pause Lab

pcDNA3-Flag-T145K-HD-PTP resistant to

shRNA47

Pause lab

pcDNA3-CD4Tl Lukacs Lab

pcDNA3-CD4Tl-Ub Lukacs Lab

pcDNA3-CD4TCC-UbAllRDG Lukacs Lab

Software and algorithms

MetaMorph/MetaFluor Software Molecular Devices

Origin Software OriginLab https://www.originlab.com/

ImageJ Software https://imagej.nih.gov/ij/
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Data and code availability

d All proteomics data in this study have been deposited at https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp and are publicly available as of the date of publication. Accession numbers are listed in

the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Endofin- and HD-PTP-depleted HeLa and 293T cells were generated from wild-type cells purchased from

ATCC. All cell lines generated in this study are listed in the key resources table and available from the lead

contact upon request.

METHODS DETAILS

Constructs, reagents and cell culture

Myc-tagged Endofin was a kind gift from Dr. H. Wang (Seet and Hong, 2001). pcDNA3-Flag-Endofin was

generated by PCR amplification using myc-Endofin as a template and subcloning into the pcDNA3-Flag

vector. pcDNA3-Flag-Endofin resistant to shRNA54 was generated by mutagenesis to introduce silent

point mutations in the region targeted by the shRNA. This construct was used to create the C753S and

L15P Endofinmutants obtained from BioBasic. Flag-tagged HD-PTP in pcDNA3.1 was described previously

by Gingras et al. (Gingras et al., 2009). pcDNA3-Flag-HD-PTP resistant to shRNA47 was generated bymuta-

genesis to introduce silent mutations in the shRNA targeted region. This construct was further mutated to

obtain the T145K HD-PTP mutant (BioBasic). The FYVE-Tom1 chimera was generated in the pcDNA3-Flag

vector by subcloning a tandem repeat of the coding region for Endofin FYVE domain followed by a linker

and the coding sequence for Tom1 (Biomatik). pcDNA3-CD4 c-tail was replaced by a linker followed by

either WT Ub (CD4Tl-Ub) or CC tetramerization domain with mutant Ub (all K to R and deletion of 76GG

(CD4TCC-UbAllRDG) as described by Barriere et al. (Barriere et al., 2006). pCS2-RFP-Hrs was a gift from

Dr. E.M. De Robertis (Addgene plasmid #29685). pLNCX2-mCherry-CHMP4B was a gift from Dr. S. Simon

(Addgene plasmid #116923). Complete list of primers is included in Table S1.

HeLa (ATCC� CCL-2�) and 293T (ATCC� CRL-3216�) cells were cultured in DMEM, 10% FBS (Wisent).

MISSION� shRNA Lentiviral plasmids pLKO.1-puro for human Endofin (clone ID: NM_014733.2-

4263s1c1 (sh54), NM_014733.3-3858s21c1 (sh75)), human HD-PTP (clone ID: NM_015466.x-571s1c1

(sh47), NM_015466.x-887s1c1 (sh51)), human Hrs (clone ID: NM_004712.3-494s1c1 (sh98)) and empty vector

(MISSION� pLKO.1-puro Empty Vector Control Plasmid DNA, SHC001) were purchased from Sigma.

The complete list of antibodies used in this study are included in key resources table. Complementation

experiments were performed via transient transfection using Lipofectamine 2000 (Invitrogen) according

to manufacturer’s instructions. Complete list of reagents used in this study are included in key resources

table.

AP-MS cloning, stable cell line generation and sample collection

The ORFs were transferred via Gateway cloning into N-terminal 3XFLAG mammalian expression vector for

isogenic stable cell line generation and tetracycline-inducible expression. Flip-In T-REx 293T cells

were transfected in a 6 well format with 0.2mg of tagged DNA (pcDNA5-FLAG-protein) and 2mg pOG44

(OpenFreezer V4134), using lipofectamine 2000 (Invitrogen), according to manufacturer’s instructions.

On day 2, cells were trypsinized, and passaged into 10 cm plates. On day 3, the medium is replaced by

DMEM 10% Fetal bovine serum, 100 units/ml pen/strep, 200 ug/ml hygromycin. Medium was replaced

every 2–4 days until non-transfected cells die, and isolated clones were �1–2 mm in diameter

(13–15 days). Pools of cells were generated by trypsinization of the entire plate and replating in fresh selec-

tionmedium (the size of the plate was dictated by the number and size of initial colonies). Cells at� 60–70%

confluence were induced with 1 mg/ml tetracycline for 24 hours. Subconfluent cells (�85-95% confluent)

were harvested for AP-MS analysis.

ll
OPEN ACCESS

22 iScience 24, 103274, November 19, 2021

iScience
Article

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp


BioID cloning, stable cell line generation and sample collection

Constructs for Endofin and HD-PTP were cloned into 50 BirA* pcDNA5-FRT-TO or pcDNA5-FRT-TO 30

BirA*. Constructs for EGFR were cloned into 5’ (MiniTurbo pcDNA5-FRT-TO or pcDNA5-FRT-TO 30

MiniTurbo. Flip-In T-REx 293T cells (Endofin-BirA* and HD-PTP-BirA*) or Flip-In T-Rex HeLa cells (EGFR-

miniTurbo) were transfected in a 6 well format with 0.2mg of cloned constructs and 2mg pOG44

(OpenFreezer V4134), using lipofectamine 2000 (Invitrogen), according to manufacturer’s instructions.

On day 2, cells were trypsinized, and passaged into 10 cm plates. On day 3, the medium is replaced by

DMEM10% fetal bovine serum, 100 units/ml pen/strep, 200 ug/ml hygromycin. Mediumwas replaced every

2- 4 days until non-transfected cells die, and isolated clones were �1-2 mm in diameter (13-15 days). Pools

of cells were generated by trypsinization of the entire plate and replating in fresh selection medium (the

size of the plate was dictated by the number and size of initial colonies). For BirA* experiments, cells �
60-70% confluence were induced with 1ug/ml tetracycline for 24 hours. The next day, tetracycline-contain-

ing medium was supplemented with 50 mM biotin and cells were incubated for an additional 24 hours. For

EGFR-miniTurbo experiments, cells � 60-70% confluence were induced with 1ug/ml tetracycline for 24

hours in biotin-depleted medium. On day 2, cells were switched to tetracycline-containing, serum-free me-

dium. After 16 hours of serum starvation, themediumwas supplemented with 50 mMbiotin for 15minutes in

the presence or absence of 100ng/mL EGF. To harvest, cells were scraped off in ice-cold PBS, washed x2 in

PBS, pelleted and frozen at �80�C until processing for MS.

AP-MS and BioID sample processing and mass spectrometry analysis

For AP-MS studies, FLAG affinity purifications were performed as described previously by St-Denis et al.

(St-Denis et al., 2016) and 1/4 of each sample was analyzed by Velos Orbitrap mass spectrometry. A spray

tip was formed on fused silica capillary column (0.75 mm ID, 350 mm OD) using a laser puller (program =

4; heat = 280, FIL = 0, VEL = 18, DEL = 200). 10 cm (+/- 1 cm) of C18 reversed-phase material (Reprosil-

Pur 120 C18-AQ, 3 mm) was packed in the column by pressure bomb (in MeOH). The column was then

pre-equilibrated in buffer A (6 ml) before being connected in-line to a NanoLC-Ultra 2D plus HPLC system

(Eksigent) coupled to a LTQ-Orbitrap Velos (Thermo Electron) equipped with a nanoelectrospray ion

source (Proxeon Biosystems). The LTQ-Orbitrap Velos instrument under Xcalibur 2.0 was operated in the

data dependent mode to automatically switch between MS and up to 10 subsequent MS/MS acquisitions.

Buffer A was 100% H2O, 0.1% formic acid; buffer B was 100 ACN, 0.1% formic acid. The HPLC gradient pro-

gram delivered an acetonitrile gradient over 125 min. For the first twenty minutes, the flow rate was

400 mL/min at 2% B. The flow rate was then reduced to 200 mL/min and the fraction of solvent B increased

in a linear fashion to 35% until 95.5 min. Solvent B was then increased to 80% over 5 min and maintained at

that level until 107 min. The mobile phase was then reduced to 2% B until the end of the run (125 min). The

parameters for data dependent acquisition on the mass spectrometer were: 1 centroid MS (mass range

400–2000) followed by MS/MS on the 10 most abundant ions. General parameters were: activation

type = CID, isolation width = 1 m/z, normalized collision energy = 35, activation Q = 0.25, activation

time = 10 msec. For data dependent acquisition, the minimum threshold was 500, the repeat count = 1,

repeat duration = 30 sec, exclusion size list = 500, exclusion duration = 30 sec, exclusion mass width

(by mass) = low 0.03, high 0.03.

For BirA* BioID studies, streptavidin pulldowns were performed as described previously St-Denis et al.

(St-Denis et al., 2016) and 1/4 of each sample was run on a TripleTOF� 5600 instrument (AB SCIEX, Concord,

Ontario, Canada). Nano-spray emitters were generated from fused silica capillary tubing, with 75mm inter-

nal diameter, 365mm outer diameter and 5-8mm tip opening, using a laser puller (Sutter Instrument Co.,

model P-2000, with parameters set as heat: 280, FIL = 0, VEL = 18, DEL = 2000). Nano-spray emitters

were packed with C18 reversed-phase material (Reprosil-Pur 120 C18-AQ, 3mm) resuspended in methanol

using a pressure injection cell. Samples were directly loaded at 400nl/min for 14min onto a 75mmx10cm

nano-spray emitter. Peptides were eluted from the column with an acetonitrile gradient generated by an

Eksigent ekspert� Nano Ultra 1D Plus and analyzed on the TripleTOF. The gradient was delivered at

200nl/min from 2% acetonitrile with 0.1% formic acid to 35% acetonitrile with 0.1% formic acid using a linear

gradient of 90 min. This was followed by a 10 min wash with 80% acetonitrile with 0.1% formic acid, and

equilibration for another 15min to 2% acetonitrile with 0.1% formic acid. The total DDA protocol was

140min. The first DDA scan had an accumulation time of 250ms within a mass range of 400-1250Da. This

was followed by 20 MS/MS scans of the top 20 peptides identified in the first DDA scan, with accumulation

time of 100 ms for eachMS/MS scan. Each candidate ion was required to have a charge state from 2-4 and a
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minimum threshold of 250 counts per second, isolated using a window of 50mDa. Previously analyzed

candidate ions were dynamically excluded for 15 seconds.

For MiniTurbo BioID studies, streptavidin pulldowns were performed as described previously by Hesketh

et al. (Hesketh et al., 2020) and 1/6 of each sample was run on a TripleTOF� 6600 instrument (AB SCIEX,

Concord, Ontario, Canada). Samples were directly loaded at 800 nL/min onto an equilibrated HPLC col-

umn and LC-MS/MS was performed on a tripleTOF instrument as previously reported by Hesketh et al. (He-

sketh et al., 2020). Samples were analyzed with two separate injections with instrument methods set to data

dependent acquisition (DDA) and data independent acquisition (SWATH) modes, as reported previously

by Hesketh et al. (Hesketh et al., 2020).

Data-dependent and independent acquisition data searches

Data-dependent mass spectrometry data was stored, searched and analyzed using ProHits laboratory in-

formation management system (LIMS) platform. Within ProHits, WIFF files were converted to an MGF

format using the WIFF2MGF converter and to an mzML format using ProteoWizard (V3.0.10702) and the

AB SCIEX MS Data Converter (V1.3 beta). The data was then searched using Mascot (V2.3.02) and Comet

(V2016.01 rev.2). The spectra were searched with the human and adenovirus sequences in the RefSeq data-

base (version 57, January 30th, 2013) acquired from NCBI, supplemented with ‘‘common contaminants’’

from the Max Planck Institute (http://maxquant.org/contaminants.zip) and the Global Proteome Machine

(GPM; ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta), forward and reverse sequences (labeled ‘‘gi|9999’’ or

‘‘DECOY’’), sequence tags (BirA, GST26, mCherry and GFP) and streptavidin, for a total of 72,481 entries.

Database parameters were set to search for tryptic cleavages, allowing up to 2 missed cleavages sites per

peptide with a mass tolerance of 35ppm for precursors with charges of 2+ to 4+ and a tolerance of 0.15amu

for fragment ions. Variable modifications were selected for deamidated asparagine and glutamine and

oxidized methionine. Results from each search engine were analyzed through TPP (the Trans-Proteomic

Pipeline, v.4.7 POLAR VORTEX rev 1) via the iProphet pipeline.

MSPLIT-DIA SWATHMS data were analyzed using MSPLIT-DIA (version 1.0 (Wang et al., 2015)) implemented

in ProHits 4.0 (Liu et al., 2016). To generate a sample-specific spectral library, peptide-spectrum matches

(PSMs) from matched DDA runs (BirA*) were pooled by retaining only the spectrum with the best MS-

GFDB (Beta version 1.0072 (6/30/2014) (Kim et al., 2010)) probability for each unique peptide sequence

and precursor charge state. The MS-GFDB parameters were set to search for tryptic cleavages with a precur-

sor mass tolerance of 50 ppm and charges of 2+ – 4+. Peptide length was limited to 8–30 amino acids and

oxidized methionine selected as a variable modification. For MiniTurbo searches, the Human SWATH Atlas

(Rosenberger et al., 2014) served as the search library. A peptide-level false discovery rate (FDR) of 1% was

enforced using a targetdecoy approach (Elias and Gygi, 2007). The spectra were searched with the NCBI

RefSeq database (version 57, January 30th, 2013) against a total of 7 36,241 human and adenovirus sequences

supplemented with common contaminants from the Max Planck Institute (http://141.61.102.106:8080/share.

cgi?ssid=0f2gfuB) and the Global Proteome Machine (GPM; http://www.thegpm.org/crap/index.html). The

spectral library was then used for peptide spectral matching to proteins by MSPLIT with peptides identified

by MSPLIT-DIA passing a 1% FDR subsequently matched to genes using ProHits 4.0 (Liu et al., 2016).

SAINT analysis by SAINTexpress (version 3.6.1 (Teo et al., 2014)) was used to score interactions for all data.

For AP-MS results, bait runs (two biological replicates each) were compared against 8 negative controls

(GFP-FLAG). For BirA*-MSPLIT results, bait runs (two biological replicates each) were compared against

four negative control runs (BirA*-FLAG and BirA*FLAG-GFP). For MiniTurbo-MSPLIT results, bait runs

(two biological replicates each) were compared against five negative control runs (GFP-FLAG-miniTurbo

and FLAG-miniTurbo). Preys with a false discovery rate (FDR) % 1% (Bayesian estimation based on

distribution of the Averaged SAINT scores across biological replicates) were considered high-confidence

proximity interactions and were presented using dot plots generated using ProHits-viz (Knight et al., 2017))

(prohitsviz.lunenfeld.ca). In ProHits-viz, once a prey passes the selected FDR threshold (here 1%) with at

least one bait, all its quantitative values across the dataset are retrieved for all baits. Bait-prey proximity

interactions falling below the 5% FDR threshold are indicated by the color of the edge.

Proteomics data deposition

AP-MS data has been deposited as a complete submission to the MassIVE repository (https://massive.

ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the accession number MSV00087704. The
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ProteomeXchange accession is PXD026937. The dataset is currently available to the public at ftp://massive.

ucsd.edu/MSV000087704/.

BirA BioID MSPLIT data has been deposited as an incomplete submission to the MassIVE

repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the accession number

MSV00087705. The dataset is currently available to the public at ftp://massive.ucsd.edu/MSV000087705/.

MiniTurbo BioID MSPLIT data has been deposited as an incomplete submission to the MassIVE

repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the accession number

MSV00087706. The dataset is currently available to the public at ftp://massive.ucsd.edu/MSV000087706/.

STRING analysis

Protein-protein interaction networks were generated using the STRING database (Szklarczyk et al., 2019).

Colored nodes represent the first shell of interactors identified from the BioID screen using a BFDR cutoff of

0.01 and SAINT score above 0.85. White nodes represent the second shell of interactors extracted from the

STRING database. The edges represent protein-protein interactions collected from STRING experiments

and databases. The thickness of the edge reflects its confidence score. A maximum of 50 proteins is rep-

resented in the second shell of interactors and unique interactors were removed from the network.

Immunoprecipitation

Cells were lysed on ice in buffer A (50 mM Tris pH 7.5, 50 mMNaCl, 1,5 mMMgCl2, 1 mM EDTA, 0.2% triton

x-100, 5% glycerol, 1 mM DTT and cOmplete (Roche) protease inhibitors). Protein extracts were spun at

16,000g for 10 min at 4�C. A fraction of the supernatant was kept for SDS-PAGE and Western blots. The

remaining fraction was pre-cleared then incubated with the primary antibody under agitation for 1h at

4�C. Protein-antigen complexes were retrieved with sepharose (Millipore) or magnetic beads (BioRad)

coupled to an equal amount of protein A/G. Protein extracts were incubated with the beads under agita-

tion for 1h at 4�C. Beads were then washed 3 times and eluted with Laemmli buffer followed by boiling the

samples for 10 min. The immunoprecipitated fractions and the lysates were analyzed by SDS-PAGE fol-

lowed by Western blotting.

Size-exclusion chromatography fractionation

Cells were lysed in buffer (150mMNaCl, 0.1% NP40, 6.25mM TrisHCl ph8, 2mM EDTA, 0.1mMMgCl2, 1mM

EGTA, Protease inhibitor cocktail) on ice. The lysate was centrifuged first at 16,000g for 10min, and then the

supernatant was centrifuged at 100,000g for 1h. The supernatant was loaded on Superdex200 HPLC col-

umn and 0.3ml fractions were collected. Protein analysis was performed on collected fraction by SDS-

PAGE followed by Western blot.

Isopycnic sucrose gradient cellular fractionation

293T cells were washed with PBS on ice, scraped in low volume of ice-cold PBS on ice. The cell pellet was

resuspended in isotonic buffer (20mM Hepes pH7.5; 150mM NaCl; 1mM DTT and protease inhibitor cock-

tail) and the cells were progressively broken down by needle strokes (10 strokes with 25-gauge needle,

followed by 20 strokes with 27-gauge needle). The lysate was spun at 400g to eliminate nuclei, and the cyto-

solic supernatant was loaded on 10-40% sucrose gradient, centrifuged 16 h at 100,000g in Beckman Ti-55

rotor. The fractions were collected (0.25 ml) and analysed by Western blotting using the indicated markers.

Cycloheximide chase

Cells were starved for 2 h in serum-free DMEMmedia and pretreated for 1 h with cycloheximide (CHX, Sigma)

(10 mg/ml for HeLa cells, 100 mg/ml for 293T cells). As a negative control, cells were pretreated for 1 h in the

presence of CHX with Bafilomycin A1 (Sigma) to block lysosomal acidification and thus suppressing receptor

lysosomal degradation. Next, cells were stimulated with EGF (50 ng/ml, 2 and 4 h) or with fibronectin (10 mg/

ml, 3 and 6 h) in the presence of CHX in 0.5% FBS DMEM media at 37�C. After chasing the receptors for the

indicated time points, cells were lysed on ice and receptor levels were analyzed by Western blotting.

Cell surface measurements using cs-ELISA

Cell-surface ELISA-based assays were performed in live cells as described by Apaja et al. (Apaja et al.,

2010). Briefly, cells were starved for 2 h in serum-free DMEM media, labeled with integrin a5 or EGFR
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antibodies on ice, and detected with horseradish peroxidase (HRP)-conjugated secondary antibody (Jack-

son ImmunoResearch) and Amplex Red (Life Technologies). In HeLa cells, internalization was measured af-

ter 5min of EGF stimulation (50 ng/ml) at 37�C. For receptor stability experiments at the plasmamembrane,

integrin a5 and EGFR were stimulated with fibronectin (10 mg/ml, 4 h) and EGF (50 ng/ml, 20 min),

respectively.

Pulse chase experiments and immunofluorescence

HeLa cells were seeded on glass coverslips and starved for 2 h in 0.5% FBSDMEM. For EGFR internalization,

cells were stimulated with EGF (50 ng/ml, 5 min, 37�C) in 0.5% FBS DMEM. Next, EGF was washed with PBS

and fresh 0.5% FBS DMEM media was added to chase EGFR for the indicated time points at 37�C. HeLa
cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for

10 min at room temperature. Cells were labeled with primary antibodies for 1 h at room temperature fol-

lowed by labelling with fluorescent secondary antibodies (Molecular probes, Invitrogen) and mounted for

imaging. Sequential image acquisition was done on LSM780 confocal microscope (Carl Zeiss MicroImag-

ing, Inc), using the Plan-Apochromat 63x/NA 1.4 objective.

Complementation experiments and vesicular cargo tracking using FRIA

Methodology for cargo labelled vesicular pH determination in live cells using FRIA has been described in

Kazan et al. and Barriere et al. (Barriere and Lukacs, 2008; Kazan et al., 2019). Integrin a5 and EGFR were

labelled with primary antibody and fluorescein isothiocyanate (FITC)-conjugated secondary Fab (Jackson

ImmunoResearch) on ice and chased for indicated times. Transiently expressed CD4-Ub or CD4tCC-

UbAllRDG were used as before by Apaja et al. (Apaja et al., 2010). For complementation experiments,

HeLa cells, seeded in 6 well plates, were transiently co-transfected by Lipofectamine 2000 (Invitrogen)

with 0.5 mg of Endofin or HD-PTP constructs along with 100 ng of mcherry construct. 24 h post-transfection

cells were seeded on glass coverslips (1.5 mm thickness, Fisher Scientific) to perform FRIA. FITC-dextran

(10 kDa, 50 mg/ml, Molecular Probes) was used as control for lysosomal delivery. Dextran was endocytosed

for 1 h and chased for 2 h at 37�C. Zeiss Observer Z1 (Carl Zeiss MicroImaging) equipped with X-Cite 120Q

system (Lumen Dynamics Group Inc.) and MetaFluor software (Molecular Devices) were used to measure

fluorescence intensities.

HeLa cell migration assay

Migration assays were performed using xCELLigence system (ACEA Biosciences). 30,000 HeLa cells in

serum-free DMEM media were allowed to migrate for 24 h towards 10% FBS medium serving as a chemo-

attractant. As a negative control, cells were treated with a5b1 integrin blocking antibody (10 mg/ml). Rate of

cellular migration was analyzed by plotting for the slope of the real-time migration curve of each cell line

tested.

Signaling experiment

HeLa cells were starved for 2 h before treatment with EGF (5 ng/ml) or fibronectin (10 mg/ml) for the indi-

cated time points at 37�C. Cells were collected and lysed on ice in buffer B (50 mM Tris pH 7.5, 150 mM

NaCl, 1,5 mM MgCl2, 1 mM EDTA, 1% triton x-100, 5% glycerol, 20 mM NaF, 5 mM NaPPi, 1 mM

Na3VO4, 2 mM imidazole, 175 mg/ml PMSF and cOmplete (Roche) protease inhibitors). Protein extracts

were separated by SDS-PAGE and analyzed by Western blotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blots and immunofluorescence images were quantified using imageJ software. FRIA data was

quantified using MetaFluor software, and pHv peaks were drawn and further analyzed using Origin soft-

ware. Statistical analysis was performed using Microsoft Excel software. Significance was determined by

paired two-tailed Student’s t test, and data with p values: *<0.05, **<0.01 and ***<0.001 are considered

to be significant.
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