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Abstract

In eukaryotic cells, clathrin-mediated endocytosis (CME) is a central pathway for the

internalization of proteins from the cell surface, thereby contributing to the mainte-

nance of the plasma membrane protein composition. A key component for the for-

mation of endocytic clathrin-coated vesicles (CCVs) is AP-2, as it sequesters cargo

membrane proteins, recruits a multitude of other endocytic factors and initiates

clathrin polymerization. Here, we inhibited CME by depletion of AP-2 and explored

the consequences for the plasma membrane proteome. Quantitative analysis rev-

ealed accumulation of major constituents of the endosomal-lysosomal system

reflecting a block in retrieval by compensatory CME. The noticeable enrichment of

integrins and blockage of their turnover resulted in severely impaired cell migration.

Rare proteins such as the anti-cancer drug target CA9 and tumor markers (CD73,

CD164, CD302) were significantly enriched. The AP-2 knockdown attenuated the

global endocytic capacity, but clathrin-independent entry pathways were still operat-

ing, as indicated by persistent internalization of specific membrane-spanning and

GPI-anchored receptors (PVR, IGF1R, CD55, TNAP). We hypothesize that blocking

AP-2 function and thus inhibiting CME may be a novel approach to identify new

druggable targets, or to increase their residence time at the plasma membrane,

thereby increasing the probability for efficient therapeutic intervention.
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1 | INTRODUCTION

Endocytosis is a fundamental pathway in eukaryotic cells, by which

parts of the plasma membrane, extracellular macromolecules and cel-

lular receptors are internalized into the cytoplasm. In this way, endo-

cytosis contributes to the distribution of lipids and proteins in the

plasma membrane and affects more complex processes such as

signaling,1 antigen presentation2 and cell migration.3,4 More than half

a dozen different endocytic pathways have been described, however,

their individual contribution to the overall endocytic flux of molecules

is unclear.5,6

The best-studied endocytic route in mammalian cells is

clathrin-mediated endocytosis (CME), which is characterized by an

increasing invagination of the plasma membrane and the formation of
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clathrin-coated pits and vesicles (CCPs/CCVs). Besides the coat pro-

tein clathrin, which shapes a lattice-like structure and facilitates bend-

ing of the plasma membrane, numerous other cytosolic factors are

involved in CME and contribute to the initiation, progression, scission

or disassembly of CCVs.7,8

The heterotetrameric protein complex AP-2 is the second most

abundant protein in CCVs.9 It is composed of the two large subunits

α- and β2-adaptin (�100 kDa), one medium-sized μ2-subunit

(�50 kDa), as well as one small-sizedσ2-subunit (�20 kDa). AP-2

recruits clathrin and more than 20 other endocytic factors, mostly via

the hinge-regions and the carboxy-terminal appendages (ears) of its

two large subunits.10 AP-2 binds to the plasma membrane at sites rich

in PtdIns4,5P2, which triggers a conformational change of the adaptor

complex that initiates its subsequent binding to sorting signals of

cargo membrane proteins and recruitment of clathrin.11

Besides CME, multiple clathrin-independent endocytosis (CIE)

pathways contribute to the maintenance of lipid and protein homeo-

stasis of the plasma membrane. By definition, clathrin is not involved

and membrane scission can be either dependent or independent of

dynamin GTPases.5 The cytoskeleton seems of critical importance,

most likely because these pathways can internalize a large fraction of

the total plasma membrane surface area within minutes.12 Based on

the molecular machinery, different clathrin-independent pathways

can be categorized, for example, fast endophilin-mediated endocytosis

(FEME),13 macropinocytosis14 or the CLIC/GEEC pathway.15 The lat-

ter one is considered a major route for internalization of

glycosylphosphatidylinositol (GPI)-anchored proteins, while FEME

facilitates endocytosis of selected G protein-coupled receptors

(GPCRs). In a different functional context, large amounts of fluid and

nutrients can be taken up by macropinocytosis, which serves as a

sampling of the environment.

Here, we used an acute depletion (knockdown [KD]) of the AP-

2μ2-subunit to perturb CME through destabilizing AP-2

heterotetramers. We then quantified changes in the plasma mem-

brane proteome and measured the global endocytic capacity, uptake

of receptors and GPI-anchored proteins that utilize either clathrin-

dependent or clathrin-independent entry pathways and determined

the functional consequences of defective integrin turnover.

2 | RESULTS

2.1 | The cell surface proteome is altered in AP-2
depleted cells

Endocytosis from the cell surface can occur by various pathways

and may be clathrin-dependent or -independent. To address the

consequences of inhibited CME, we used acute depletion of the AP-

2μ-subunit by siRNA oligonucleotides. This approach is known to

result in instability and loss of AP-2 and thus inhibits the efficient

formation of endocytic CCVs.16-20 Our protocol for the KD of μ2

resulted in ≥90% depletion of μ2 mRNA and an equivalent decrease

in protein expression (Figure S1A-C). The concomitant drop of

α-adaptin expression by more than 60% (Figure S1A) revealed desta-

bilization of the AP-2 complex and is indicative of the known sus-

ceptibility of its subunits for premature degradation.16 Expression of

subunits of AP-1 and AP-3 remained unaffected (Figure S1A) and

localization of both complexes by immunofluorescence was equiva-

lent in mock-treated control and μ2 KD cells (not shown), thus indi-

cating that the knockdown specifically affected AP-2. As expected,

staining of endocytic CCPs/CCVs by immunofluorescence almost

vanished in μ2 KD cells (Figure S1D), and endocytosis of known

cargoes, such as transferrin bound to its receptor, or surface-

exposed LAMP1 was severely inhibited, as visualized by confocal

microscopy (not shown) and quantified by flow cytometry

(Figure S1E).

In fact, blockage of CME should affect hundreds of cell surface

proteins, which for example serve as receptors, constitute channels or

function as enzymes or adhesion factors. Furthermore, CME depen-

dent retrieval of membrane proteins from intracellular organelles (eg,

small vesicles, endosomes, lysosomes, diverse granules, etc.), which

temporarily appear at the cell surface, should be compromised by

depletion of AP-2. Hence, we determined these effects by quantita-

tive proteomics. Stable isotope labeling by amino acids in cell culture

(SILAC) was established, cells were either mock- orμ2 siRNA-treated

and proteins at the cell surface were labeled with aminooxy-

biotin,21,22 followed by their capture from cell lysates with

streptavidin-coated beads. Finally, captured proteins were processed

for quantitative mass spectrometry (see Material and Methods and

Figure 1A for illustration). As a first result, a total of 2412 proteins

were identified based on their presence in at least three of six individ-

ual biological replicates. These proteins thus represent the HeLa sur-

face proteome (surfaceome) of this study. The complete data set is

documented in Table S1 (sheet A) and the mass spectrometry raw

data are accessible via the Pride repository (data set identifier

PXD014925). The list of hits was not further filtered for possible con-

taminating proteins, for example, those with Gene Ontology

(GO) annotations of nucleus, endoplasmic reticulum (ER), cytosol,

cytoskeleton or other, because a significant number of them could

have been captured via direct or indirect interactions with plasma

membrane proteins.

We next used the data derived from mock-treated control HeLa

cells and ranked proteins by their intensity-based absolute quantifica-

tion (iBAQ) light values, which reflects their relative abundance.23 A

graphical representation is depicted in Figure 1B and the complete

ranking is given in Table S1 (sheet C). This ranking revealed that the

seven most abundant proteins already accounted for 20% of the total

cell surfaceome mass. In the same way, only few proteins covered

40% (n = 25) and 80% (n = 187) of the total protein mass. This illus-

trates that a rather small number of integral and GPI-anchored mem-

brane proteins dominate the HeLa cell surface proteome. These

values are in line with published data sets that describe an almost

identical ranking for the highly abundant proteins 4F2hc, Basigin,

CD44, CD59, ATP1B1 and ITGB1. Furthermore, the matching

between the complete surface proteome data sets is very similar (see

Venn diagram in Figure 1C),24-26 allowing us to conclude that the
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capture of proteins via the biotinylation labeling/streptavidin capture

strategy was successful.

The depletion of AP-2 had a major impact on the surface prote-

ome, which is graphically illustrated in the volcano plot of the

surfaceome data (Figure 2). Among all 2412 identified proteins (dots

in the graph), a fraction of 1628 hits is above the dashed, horizontal

significance line (false discovery rate [FDR] < 0.01). These proteins

F I G U RE 1 Cell surface proteomics of HeLa mock andμ2 KD
cells. A, Workflow of quantitative surface proteomics in μ2 KD cells.
After SILAC labeling with heavy or light lysine/arginine isotopes,
heavy labeled HeLa cells were subjected toμ2 KD, while light labeled
cells were mock-treated. Subsequently, equal numbers of cells were
mixed 1:1, followed by cell surface biotinylation, cell lysis and
isolation of labeled proteins by streptavidin immunoprecipitation (IP).
After washing and tryptic digestion, proteins were identified by
quantitative mass spectrometry. This workflow was carried out for six
biological replicates. B, Graph displaying the cumulative protein mass
from the highest to the least abundant protein. Data result from
intensity-based absolute quantification (iBAQ) values of all identified
proteins (surface proteome) of mock-treated HeLa cells. Names of the
seven most abundant proteins, which accounted for 20% of the total
protein mass, are given. The cumulative number of proteins that
represented 20%, 40%, 60%, 80% or 100% of the total protein mass
is displayed (blue boxes). C, Venn diagram illustrating coverage of the
surface proteome of this study compared with two published data
sets.24,25 The total number of proteins identified in the respective
surface proteomes are in brackets

F I G U R E 2 Loss of AP-2 leads to profound changes in the plasma
membrane proteome. The volcano plot displays all 2412 identified
surface proteins and their changes in surface expression upon KD of
AP-2. Increased or decreased expression is reflected by positive or
negative log2 values of the H/L-ratio. Data quality for each hit in the
complete data set is indicated by the respective−log10 P-values. The
horizontal, dashed line indicates a false discovery rate (FDR) of 0.01.
Hits that were affected by a ≥1.5-fold decrease or increase are
displayed left or right of the two vertical lines. The 50 most increased
proteins are labeled in red (see also Table 1) and selected hits with
depleted (blue), increased (red) or unchanged expression (purple) are
given with their gene names
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can be subdivided into three major categories: proteins with

(A) increased, or (B) decreased surface expression and (C) proteins that

are marginally or not affected. The vast majority of 1310 hits exhibit

≥50% increased surface expression (log2≥ 0.59, dots in upper right

area) upon depletion of AP-2, whereas only a small fraction of 34 pro-

teins is depleted (log2≤ −0.59, dots in upper left area). Proteins that

are not, or only slightly affected by loss of AP-2 account for �12% of

the surface proteome (n = 284, dots between the dashed vertical

lines). To rule out the possibility that differences in labeling with the

respective isotopes had influenced the heavy/light (H/L)-ratios, we

confirmed an equivalent efficiency of labeling by shotgun analysis of

peptides derived from cytosolic proteins, which remained in the

supernatants of the biotin/streptavidin immune-isolations (not shown).

In conclusion, we observed that depletion of AP-2 and the accompa-

nying inhibition of CME led to major alterations in the plasma mem-

brane proteome that affected at least half of all constituents.

For further inspection of the effects caused by μ2 KD, we

focused on proteins with log2 values ≥1.5 (n = 103), which we desig-

nated “top-upregulated” (see Table S1 sheet B). The first 50 proteins

in this group (see Table 1 and Figure 2, red dots in volcano plot) were

elevated by 3.5-fold to more than 10-fold and one would expect AP-2

dependent cargo or other membrane proteins that depend on func-

tional CME to be represented in this group. This indeed was the case:

90% of the hits (n = 45) were integral membrane proteins, of which

23 contain known or putative tyrosine-, acidic dileucine- or other

endocytic sorting motifs within their cytoplasmic parts. All remaining

22 hits were either known cell surface receptors, channels or trans-

porters, or they have been described to localize to and function in the

endomembrane system. Even among the five hits that have been

annotated as cytosolic or secreted, NDRG1, collagen 4A1, as well as

Glia-derived nexin and PCSK9 are intimately linked to receptor bind-

ing and may therefore represent“true” hits.

Surprisingly, the transferrin receptor (TfR), a prominent receptor

and known CME cargo was not among the top hits. This seems incom-

patible with published work and our own functional data (Figure 8)

that show >5-fold increase upon KD of AP-2.17,27,28 Importantly,

these values, however, were obtained from quantitative fluorescence

microscopy or flow cytometry using assays that probe receptor sur-

face expression by Tf ligand binding or with anti-receptor antibodies.

To sort this out, we inspected the mass spectrometry raw data and

noticed unusual variations in H/L-ratios of most peptides from the

extracellular part of the receptor, while H/L-ratios of the four pep-

tides derived from the intracellular cytoplasmic tail were almost iden-

tical, resulting in a log2 H/L value of 1.75. This is equivalent with a

3.4-fold surface increase upon KD of AP-2 (Figure S2). We excluded a

systematic problem, because inspection of the peptide spectra of

dozens of other receptors revealed consistent H/L-ratios in all other

cases. Remarkably, our mass spectrometry data on TfR surface

expression are very similar to those of two other published studies

that include surface proteomics of AP-2 depleted cells29,30 which

leads us to propose that surface expression of this particular receptor

is underestimated by proteomics in AP-2 depleted cells. We assume

that the noticeable surface accumulation of the hereditary

hemochromatosis protein (HFE, log2 + 1.54) increases the probability

of direct binding to the TfR receptor. In fact, HFE is an important reg-

ulator of TfR function and known to compete with Tf for receptor

binding.31,32 In addition, two endosomal factors of iron

homeostasis,33,34 the ferrireductase STEAP333 (log2 + 0.89) and the

iron transporter NRAMP234 (SLC11A2, DMT1; log2 + 2.8) became

surface exposed as well and are likely to be located in the intimate

vicinity of the TfR. As a result, a significant surface area of the recep-

tor is engaged in interactions, leading to decreased availability for

biotinylation and capture from μ2 KD cells. While being relevant for

mass spectrometry, none of the TfR interactions will affect the above

mentioned assays (Tf ligand binding, anti-receptor antibodies),

because the strong affinities of both interactions in the sub-

nanomolar range will displace HFE and/or other interactors.

Despite this particular detail and with the exception of only a sin-

gle cytosolic metabolic enzyme, strongly increased surface expression

of the remaining 49 most upregulated hits in μ2 KD cells (and further-

more including the TfR) can be attributed directly to the knockdown

of AP-2 and the block of CME.

2.2 | KD of μ2 affects surface expression of a
diverse range of membrane proteins

The KD of AP-2 most strongly affected surface expression of the four

membrane proteins CA9, TMEM123, TMEM106B and PTTG1IP,

which were increased by more than 8-fold (log2 H/L > +3). The latter

three contain known endocytic tyrosine sorting signals,35-38 while

sorting signals in the carboxyterminal cytoplasmic tail of CA9 remain

unknown. The four proteins are functionally diverse: TMEM106B is

implicated in regulation of lysosomal activity and reported to drive

lung cancer metastasis,39 TMEM123/Porimin is a cell surface receptor

for mediating oncotic cell death,35 PTTG1IP is a proto-oncogene40

and CA9 is a regulator of extracellular carbon dioxide and an impor-

tant anti-cancer drug target.41 The latter functions as a cell surface

exposed enzyme, it has a low surface abundance (iBAQ rank 1887)

and is a type-I transmembrane protein with a short, 23 residues span-

ning cytosolic tail. To test for the presence of a functional sorting sig-

nal, we fused the CA9 cytoplasmic tail to the membrane-spanning and

extracellular part of a CD8 reporter protein and probed endocytosis

by immunofluorescence.42 CD8-LAMP1, which served as a positive

control, underwent rapid uptake and had a predominant vesicular

localization, while tail-less CD8 resided at the plasma membrane. To

our surprise, CD8-CA9 showed prominent surface staining as well and

no sign of any uptake was detectable (Figure 3). At first glance, this

seems in conflict with CA9 being the most strongly affected protein in

AP-2 KD cells. However, others have shown that CA9 requires its

intact cytoplasmic tail for delivery to the cell surface,43 and two recent

studies show intimate association of CA9 with a variety of receptors,

monocarboxylate- and amino acid transporters, as well as MMP14

and integrins at the plasma membrane.44,45 Altogether, we propose

that CA9 may enter cells in direct association with interacting cell sur-

face proteins that utilize CME.
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T A B L E 1 Identified surface proteins with highest enrichment upon KD of μ2

Mean value,
log2 H/L UniProt ID Protein name

Type of
protein

Endo.
lyso.

iBAQ
ranking

Sorting signal known/
putative

3.34 Q16790 Carbonic anhydrase 9 Type-1 1877

3.32 E9PKT4 Porimin Type-1 965 YRTIDEHDAII

3.28 Q9NUM4 Transmembrane protein 106B Type-2 + 734 YVGF…ENQLVALI

3.26 P53801 PTTG binding factor Type-1 488 YGLF…YARF

2.99 P42892 Endothelin-converting enzyme 1 Type-2 81 DEEDLV…YPNGL

2.95 A0A0D9SFM4 Sodium/hydrogen exchanger,
isoform

Multi-pass 697

2.88 P07093 Glia-derived nexin Secreted 890

2.83 Q92581 Sodium/hydrogen exchanger 6 Multi-pass 874

2.83 P49281 NRAMP2 Multi-pass o 813 YLLN

2.79 D6R9B4 Sialomucin core protein 24 Type-1 807 YHTL

2.72 A0A1B0GV11 Sodium/hydrogen exchanger,
isoform

Multi-pass o 1866

2.58 F8W1P7 NRAMP2, isoform Multi-pass o 2208 YLLN

2.57 P98155 Very low-density lipoprotein
receptor

Type-1 1225 NPVY

2.56 Q8IX05 CD302 antigen Type-1 1801

2.55 Q9Y5Z0 Beta-secretase 2 (BACE2) Type-1 o 954

2.50 P34810 Macrosialin Type-1 + 1558 YQAL

2.38 Q9P1W3 Transmembrane protein 63C Multi-pass 2299

2.32 F8W022 LAMP3/Tetraspanin/CD63 Tetraspanin + 101 YEVM

2.32 Q9NRX5 Serine incorporator 1 Multi-pass 640

2.26 Q9H1B5 Xylosyltransferase 2 Type-2 2373

2.25 Q8TCT8 Signal peptide peptidase-like 2A Multi-pass + 718 YQMM

2.23 P56817 Beta-secretase 1 (BACE1) Type-1 o 2234 DDISLL

2.20 Q6ZRP7 Sulfhydryl oxidase 2 Single-pass 361

2.18 E7ESU6 SCL38A9 Multi-pass + 833

2.15 P02462 Collagen alpha-1(IV) chain Secreted 1867

2.15 Q9BXP2 Solute carrier family 12 member 9 Multi-pass 2111

2.14 Q6PCE3 Glucose 1,6-bisphosphate
synthase

Cytosolic 2175

2.13 Q9NP58 ABC transporter 6 Multi-pass o 1036

2.09 Q9UIQ6 Leucyl-cystinyl aminopeptidase Type-2 447 ESSAKLL

2.05 P51790 H(+)/Cl(−) exchange transporter 3 Multi-pass + 1115 YDDF…YNGF

2.04 P25116 Proteinase-activated receptor 1 Multi-pass 1834 YSIL

2.02 Q86W33 Transmembrane protein 227 Putative
GPCR

993

2.01 Q5T4K4 Zinc transporter ZIP1 Multi-pass 1279 ETRALL

2.00 P42702 Leukemia inhibitory factor
receptor

Type-1 2404 YPDI…YCPPI…YIDV

1.98 Q6UXD5 Seizure 6-like protein 2 Type-1 + 760 YSPI…NPLY

1.96 O60637 Tetraspanin-3 Tetraspanin 379 YELLI

1.96 A0A0J9YYJ3 Transmembrane protein 184B Multi-pass o 2203

1.96 O75071 EFCAB14 Unknown 2337

1.94 Q9BXB1 G-protein coupled receptor 48 Multi-pass 1302

1.94 Q8NBN3 Transmembrane protein 87A Multi-pass o 452
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The list of upregulated hits in Table 1 contains one protein of

unknown function, which is termed SMIM29 (small integral membrane

protein 29; C6orf1). The full-length sequence comprises 102 amino

acid residues with a predicted single transmembrane helix (type-I, resi-

dues 20-42). For analysis of putative sorting signals in the cytoplasmic

tail of SMIM29, the carboxy-terminal 61 amino acid residues were

fused to the CD8 reporter (CD8-SMIM29) and endocytosis of anti-

CD8 antibodies was monitored. The reporter was rapidly internalized

from the cell surface as indicated by a bright intracellular staining pat-

tern (Figure 3). We next introduced mutations in the CD8-SMIM29

cytoplasmic tail at five different sites which may resemble either

tyrosine- or dileucine-based sorting signals. Two of these mutants,

L54A/L55A and Y60A exhibited heavily compromised uptake, while

mutations at L73/L74, G89/Y90 and L97/L98 only marginally

affected uptake. We conclude that the SMIM29 cytoplasmic tail is

sufficient to drive endocytosis of a CD8 reporter because of the pres-

ence of at least two functional endocytic sorting motifs (Figure S3).

Various types of sorting signals can be recognized by AP-2,46

while other cargo-recognizing clathrin adaptors are more restrictive.

One such cargo-specific adapter is Dab2, which binds to NPXY-motifs

and thereby initiates internalization of the LDL receptor and other

related receptors.47,48 Since Dab2 is a known AP-2 interactor,49 the

depletion of AP-2 should, at least to a certain extent, affect the same

cargo. This indeed is the case: surface expression of the LDL receptor

was elevated (log2 H/L = +1.71), as well as levels of LRP5 (+0.81),

LRP8 (+1.23), LRP10 (+0.94) and LRP11 (+1.09). Other prominent

Dab2 dependent cargo proteins are various integrins, whose balanced

turnover requires direct binding for subsequent endocytosis.50 Con-

sistent with these data, we found eight integrin subunits (α2, α4, α5,

αV, ß1, ß5, ß6, ß8) with increased surface expression, while only two

subunits, integrin α1 and ß3 were decreased (−0.58 and −1.01). Func-

tional integrins are α/ß heterodimeric cell adhesion receptors and

thereby essential for cell interactions with extracellular matrix compo-

nents.51 Here, we observed perturbed integrin turnover at the cell

surface of AP-2 KD cells and hence a cellular process such as migra-

tion might be affected.52 To test this, we performed time-lapse video

microscopy of cells seeded onto either plastic, collagen type I or fibro-

nectin. Cell migration was monitored over 24 hours and the migrated

distance was calculated by measuring the area covered by the cell

sheet at the indicated time points. As shown in Figure 4, migration of

μ2 KD cells strongly decreased compared to mock-treated control

cells, clearly indicating that the balance of integrin expression at the

cell surface and their turnover by CME was abrogated.

2.3 | Inhibition of CME blocks retrieval of endo-
lysosomal constituents

The inspection of all significant hits in the surface proteome (see

Figure 2) that belong to either the most-abundant, the top-up-/-

down-regulated or unchanged proteins for GO annotations of cellular

components (Figure 5) revealed the expected dominance of trans-

membrane and plasma membrane associated proteins. Only few hits

have been annotated as secreted proteins, constituents of the ER,

Golgi or mitochondria, illustrating the quality of this surface proteome.

Another noticeable detail is the exclusive enrichment of endosomal/

lysosomal constituents in the fraction of top-upregulated proteins

(red arrow in Figure 5). Their increased presence most likely reflects

T A B L E 1 (Continued)

Mean value,
log2 H/L UniProt ID Protein name

Type of
protein

Endo.
lyso.

iBAQ
ranking

Sorting signal known/
putative

1.93 B7Z3R2 Two pore calcium channel
protein 1

Multi-pass + 1190

1.93 Q4G148 Glucoside xylosyltransferase 1 Type-2 1825

1.92 L8E8G6 Small integral membrane protein
29

Unknown 1023 LRHLL…SYDPA

1.91 P11279 LAMP1 Type-1 + 90 YQTI

1.89 O43657 Tetraspanin-6 Tetraspanin + 465 YEIV

1.89 Q8N0Z9 VSIG4 Type-1 980

1.87 Q92597 Protein NDRG1 Cytosolic 2026

1.87 Q68CP4 HGSNAT Multi-pass + 2270

1.84 J3KNP4 Semaphorin-4B Type-1 1893 GYQSL

1.83 Q8NBP7 PCSK9 Secreted 921

Note: After SILAC and KD of the AP-2 μ2-subunit in HeLa cells, cell surface proteins were biotinylated, captured by streptavidin beads and the proteome
was determined by quantitative proteomics in six biological replicates. Hits with positive H/L-values were enriched in the surface proteome of KD cells
and those with the highest positive ratio and a false discovery rate (FDR) < 0.01 are listed here. For each hit, a reported localization in endosomes (endo.,
o) or lysosomes (lyso., +), the respective ranking in surface abundance based on intensity-based absolute quantification (iBAQ) values of control HeLa cells
(light isotopes), the known/predicted topology or association with the plasma membrane and any known/putative endocytic sorting signals are displayed.
The complete list of enriched surface proteins inμ2 KD cells, the ranking of all identified proteins according to surface abundance and relevant literature
are part of Table S1 (sheets B and C, respectively).
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an altered exchange between the endomembrane system and the

plasma membrane inμ2 KD cells. In healthy cells, two major pathways

contribute to the appearance of endosomal/lysosomal membrane pro-

teins at the cell surface: (A) delivery of newly synthesized proteins,

and (B) fusion with endo/lysosomal organelles. In a pioneering work,

Bonifacino and coworkers usedμ2-depleted HeLa cells to show that a

significant fraction of newly synthesized LAMP1, LAMP2 and CD63

reaches late endosomes/lysosomes by indirect trafficking via the

plasma membrane.20 In addition, these highly abundant lysosomal

membrane proteins and other constituents of the endo/lysosomal sys-

tem can become surface exposed when lysosomes fuse with the limit-

ing membrane, for example, during repair of the plasma membrane

after mechanical damage.53,54 In the same way, fusion of multi-

vesicular bodies with the plasma membrane is intimately linked to the

formation and release of exosomes.55 As a result of fusion, the con-

stituents of an endo/lysosomal sub-compartment will intermingle with

the components of the plasma membrane and finally, rapid

endocytosis is required to maintain the equilibrium between the cell's

limiting membrane and the endomembrane system.56 Upon depletion

of AP-2 this balance of exchange between intracellular compartments

and the plasma membrane is perturbed as a result of impaired

retrieval from the plasma membrane and thus cargo accumulates at

the cell surface. This explains why major endosomal/lysosomal mem-

brane proteins including LAMP1, LAMP2a/b, LIMP2, NCU-G1, CD63,

the cobalamin transporter LMBRD1 or the lysosomal enzyme acid

phosphatase appeared as strongly upregulated. The significance of

this view is further supported by published data from many labs,

which identified sorting motifs for AP-2 in all mentioned hits. 57

2.4 | Protein networks are affected by depletion of
AP-2

Integral plasma membrane proteins can interact with intracellular fac-

tors, which for example are required for trafficking, or maintain stable

surface exposure via interactions with the cytoskeleton. Likewise,

membrane-spanning helices and extracellular domains of neighboring

membrane proteins can establish lateral interactions, or bind extracel-

lular soluble ligands, matrix components or surface proteins of con-

tacting cells. A summary of such known and predicted interactions

can be visualized based on data that have been deposited in the

STRING database (https://string-db.org/). Such data mining revealed

that LAMP1 and all its network interactants were increased in the

surfaceome of μ2 KD cells (Figure 6A, red arrows). The interactors

include Rab5c, which likely accumulated at the plasma membrane

because of stalled CCV formation,58 and Vamp8, a SNARE that here

became detectable at the plasma membrane as a result of endo/lyso-

some fusion with the plasma membrane, which had no longer been

balanced by efficient CALM/AP-2-dependent endocytosis.59 Consis-

tent with our approach of plasma membrane proteomics, interactors

of LAMP1 that are cytosolic components of the GATOR1/2 and

TORC1 complexes and associate on the cytosolic site of the endo/

lysosomal membrane were not identified in the proteome.60

Similar to LAMP1, another protein with increased (5-fold) surface

expression in μ2 KD cells was CD63 and again, five of its interactors

were increased in abundance, too (Figure 6B, red arrows). However, two

other interactors, BST2 (tetherin) and STOM (stomatin) were decreased

(blue arrows). Interestingly, both are thought to be enriched in lipid

rafts,61,62 which represent specialized areas in the plasma membrane and

may engage AP-2/clathrin-independent entry pathways (see below).

The major cell surface proteases ADAM10 and BACE1/2 have

essential functions in a wide variety of signal transduction and protein

turnover processes and stand out for their cleavage of the amyloid

precursor protein APP.63,64 Analysis of the interactomes (Figure 6C

and D) revealed increased expression levels of their major substrates,

APP and its relative, the amyloid-like protein 2, APLP2.64,65 This sug-

gests that the surface-exposed proteases may not be fully active.

Indeed, their activity can be modulated by negative regulators or

inhibitors such as RTN3 and TIMP1,66,67 which were also increased in

surface expression. In this context, it is interesting to note that the

F I G U RE 3 Characterization of putative sorting signals in CA9 and
SMIM29. The relevance of putative endocytic sorting signals in the
cytoplasmic tail sequences of CA9 and SMIM29 was analyzed with
CD8 reporter constructs. The indicated variants of CD8 that either
lack a cytoplasmic tail (negative control), or contain the full-length
cytoplasmic tail sequences of LAMP1 (positive control), CA9 and
SMIM29 were cloned and transiently expressed in HeLa cells.
Endocytosis was monitored for 30 minutes at 37�C in the presence of
anti-CD8 antibodies, after which cells were fixed, permeabilized and
incubated with Alexa488-conjugated secondary antibodies to
visualize CD8. In additional experiments with an identical setup,
CD8-SMIM29 variants with mutations in different cytoplasmic tail
residues were analyzed (see Figure S3). Scale bar: 10μm
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activity of cell surface proteases including ADAM10, ADAM17 and

BACE1/2 can be modulated by tetraspanins, such as CD81, CD151,

Tspan14 and Tspan15. As constituents of a tetraspanin web, they may

have an impact on localization, compartmentalization and substrate

selectivity 68,69. An obvious follow-up of this study could therefore

include the comprehensive analysis of cell surface protease activity and

its possible impact on the secretome inμ2 KD cells. However, such an

elaborate study is beyond the scope of this work and has to be covered

by future experiments.

2.5 | Clathrin-independent pathways are operating
in AP-2 KD cells

Internalization via CME represents a major, albeit not exclusive entry

pathway into cells, which utilize various CIE pathways to maintain

internalization.70 To explore this issue, we determined the global

endocytic flux of proteins, which had been labeled at the cell surface

with NHS-AEDP-ATTO488.29 The cleavable disulfide containing

linker in this fluorescent dye allows easy removal of the surface

bound fraction by using an appropriate reducing buffer (22). After

labeling on ice, one set of cells was immediately washed and

processed for immunofluorescence or flow cytometry, while another

batch was washed and incubated at 37�C to follow endocytosis.

Subsequently, cells were placed on ice, washed and incubated in

reducing buffer to remove any ATTO488 label from the cell surface,

followed by further processing for imaging or flow cytometry. These

experiments showed a 50% to 60% reduced internalization of

ATTO488 labeled proteins within a 15 minutes time frame in μ2 KD

cells (datanot shown). This further implies that significant uptake into

AP-2 depleted cells by alternate clathrin-independent pathways is

ongoing.

The surface expression of cargo proteins that preferentially or

exclusively utilize CIE should remain unaffected by loss of AP-2, or

eventually even decrease if CIE is elevated as part of a compensatory

response to the KD of AP-2. Inspection of the proteome data revealed

that a number of markers for CIE including CD44 (hyaluronic acid

receptor),71 CD155 (poliovirus receptor),72 or IGF1R (IGF1

receptor),73 as well as various GPI-anchored proteins including the

complement restricting factors CD55 and CD59,74,75 or the folate

receptor FOLR1 remained almost unaffected by loss of AP-2 (see

Figure 2 and Table S1).76 To substantiate these data, we directly

quantified endocytosis of CD155/PVR, IGF1R, CD55, CD59 and

FOLR1 by flow cytometry and found no significant change in uptake

for 2 minutes at 37�C between mock-treated control and μ2 KD cells,

while endocytosis of the TfR was almost completely abrogated

(Figure 7). The same findings were obtained for longer uptake inter-

vals extending for up to 15 minutes (not shown).

F I G U RE 4 Cell migration is compromised inμ2 KD cells. As a
readout of functional integrin surface expression and turnover, cell
migration of μ2 KD and mock-treated cells was monitored. Equal
numbers of cells were seeded in a defined fibronectin-coated area
and observed for 24 hours by time-lapse video microscopy. At
different time points, images were used to measure the covered area.
Representative pictures of mock- (upper panel) andμ2 siRNA-treated
cells (lower panel) at 0 and 24 hours are shown. Scale bar: 100μm. A
quantification of the measurements is given in the bar graph.P-values
of data from two biological replicates were determined by GraphPad
Prism 5.0 and a two-way ANOVA (*P < .05; ***P < .005)

F I G U R E 5 Gene Ontology (GO) annotation of the surface
proteome derived from control and μ2 KD cells. The most abundant
proteins covering 80% of the total protein mass of the HeLa
surfaceome, the top-upregulated hits (H/L-ratio ≥ 1.5), unaffected
(not-regulated) proteins and the top-downregulated hits in μ2 KD
cells (H/L-ratio ≤ 1.5) were analyzed for the GO annotations of
cellular compartments. A red arrow points to the data bar showing
enrichment of endosomal/lysosomal constituents. See Table S1 for
full data; (n.d.: not detected) [Correction added on 29 December
2020, after first online publication: Figure 5 has been corrected.]
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The internalization of GPI-anchored proteins is thought to occur

via the clathrin-independent CLIC/GEEC pathway,12,77 although

others proposed strong requirement of CME.29 In this context, we

can again consult the surface proteome data to explore the conse-

quences of blocked CME on all 22 identified GPI-anchored proteins

(Table S1, sheet D). Half of them (n = 11) belong to the fraction of hits

that were not affected by the AP-2 KD, while three members (TNAP,

MSLN, CPM) were depleted from the surface, and eight GPIs

exhibited increased expression, with NT5E (50-nucleotidase, CD73)

being most strongly affected (2.8-fold increase). In summary, these

numbers suggest that both, clathrin-dependent and independent

entry pathways operate in the turnover of GPI-anchored proteins at

the plasma membrane in HeLa cells. To verify the proteome data, we

next probed surface expression of several proteins by

F I G U RE 6 Impact of μ2 KD on protein association networks. Known and predicted protein-protein interaction networks are displayed for the
lysosomal membrane proteins LAMP1, A, and CD63, B, as well as for the membrane-associated proteases BACE2, C, and ADAM10, D. All data
are available through the STRING database (https://string-db.org). Arrows indicate elevated (red) or decreased (blue) surface expression uponμ2
KD. Proteins without label were not identified by surface proteomics presented in this study
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immunofluorescence and confocal microscopy (see Material and

Methods for details). The surface staining and the respective quanti-

fied mean pixel intensities of CD55 (Figure 8A) and CD59

(immunofluorescence not shown, quantification in Figure 8B) were

equivalent between control and AP-2 KD cells, whereas TNAP

staining was decreased by more than half in AP-2 KD cells. This pat-

tern was reversed in case of NT5E, whose surface staining was

increased more than 2-fold in KD cells, which is a value that almost

exactly matches the data obtained by surface proteomics. In addition

to the analysis of four GPI-anchored proteins, we used the same

approach to show significant surface increase of the TfR (�6-fold),

α2-integrin (7-fold) and CD63 (1.6-fold) (quantification in Figure 8B).

Taken together, surface proteomics data in combination with direct

quantification of surface expression levels and endocytosis for individ-

ual GPI-anchored proteins suggest heterogeneity in the underlying

uptake pathways. In other words, CIE is a major entry route for GPIs,

but a selection of them indeed require CME for turnover at the

plasma membrane.

3 | DISCUSSION

CME is an essential process in mammalian cells and complete loss of

the AP-2μ-subunit in ap2μ1 gene knockout mice is lethal before day

3.5 postcoitus.78 This vital, indispensable and very early function in

embryonic development makes it difficult to study CME and the

requirement of individual factors by classical genetic tools. Alternative

strategies involved chemical inhibitors such as Dynasore and related

F I G U RE 7 Markers of clathrin-independent endocytosis are
internalized by μ2 KD cells. Endocytosis of the indicated
transmembrane (TfR; CD155; IGF1R) and GPI-anchored (CD55,
CD59, FOLR1) proteins was determined by flow cytometry inμ2 KD
and mock-treated cells. The fraction of internalized receptors
represents the calculated ratio of fluorescence signal intensities
obtained after labeling on ice with endocytosis for 2 minutes at 37�C
and total labeling at the cell surface on ice without endocytosis. Note
that CD155, IGF1R, CD55, CD59 and FOLR1 are published markers
for clathrin-independent endocytosis. Error bars represent the SEM of
data from three biological replicates (**P < .01; two-way ANOVA)

F I G U RE 8 The surface expression of individual GPI-anchored proteins is altered inμ2 KD cells. Immunofluorescence at steady-state on non-
permeabilized cells was used to analyze the cell surface expression of the indicated proteins, A. For quantification, the surface area of individual
cells was marked (see examples in upper two images) and the derived mean intensity per pixel was normalized to the respective values of mock-
treated cells. Boxplots show the median (central line) extended from 25th to 75th percentiles (box), minimum and maximum (Whiskers), as well as
mean value (cross). Scale bar: 10μm. B, Quantification of surface expression (analyzed as in A) of transmembrane (TfR, CD63, ITGA2) and GPI-
anchored (CD59) receptors. Fluorescence quantification was performed using ImageJ and GraphPad Prism 5.0. Student'st-test revealed
significance between mock-treated andμ2 KD cells. **P < .01; ***P < .005; ns: not significant)
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compounds, which target dynamin function,79,80 or Pitstop2 and

endosidin9 derivatives, which target clathrin heavy chain.81,82

Despite the general risk of unwanted site effects, no chemical inhibi-

tors of AP-2 and no mice or human cells that lack any of the four

AP-2 subunits are available. Here, we used siRNA-based KD ofμ2 in

HeLa cells and achieved 90% depletion of the subunit. Furthermore,

quantitative mass spectrometry of cytosolic AP-2 after SILAC rev-

ealed equal depletion of the ß2-subunit, while significant amounts of

α- and σ2-adaptins remained detectable (not shown). This is in line

with the structural organization of AP-2, which is composed of two

heterodimers (α/ σ2 and ß2/μ2), with strong interactions between

the respective subunits.83 In μ2 KD cells, lack of μ2 inhibits forma-

tion of ß2/ μ2 heterodimers during biosynthesis and thus leads to

degradation of the ß2-subunit. The resulting lack of sufficient ß2/μ2

hemicomplexes blocks full complex assembly and thereby indirectly

induces degradation ofα/ σ2-heterodimers.

Surface proteomics on AP-2 depleted cells is already available

from two other published studies. In 2014, Nichols and coworkers

used depletion of the AP-2 α-subunit to inhibit endocytosis, followed

by quantitative surface proteomics. However, it is surprising to note

that hardly any membrane protein was among the top-50 hits with

highest sensitivity to the depletion of AP-2 and none of these pro-

teins was a known AP-2 cargo (compare Table 1 of this work and sup-

plementary Table in Bitsikas et al.29). It may therefore be possible that

the intended degree of AP-2 depletion was not achieved in cells sub-

jected to surface proteomics. A second surface proteome was publi-

shed recently,30 while this study was ongoing. The authors used cells

with blocked CME to focus on CIE pathways and to show that

endophilin-A2 and galectin-8 in particular control internalization of

CD166. Again, less than half out of the top-50 hits that were most

susceptible to AP-2 depletion were plasma membrane constituents

and furthermore it is interesting to note that the two AP-2 subunits

μ2 and ß2 were detected at iTRAQ ratios equivalent to a less than half

reduction of AP-2 (see supplementary Table). The authors identified

CD166 (gene name ALCAM) as being strongly depleted from the sur-

face of their μ2 KD cells, whereas CD166 remained almost unaffected

by the loss of AP-2 in all six biological replicates we analyzed (H/L-

ratio = −0.18). Still, this stationary expression of CD166 is fully com-

patible with the view that CD166 can be regarded as an AP-2/CME

independent cargo membrane protein.

The surface proteome of AP-2 depleted cells presented here was

determined by a “classical” approach that involved SILAC combined

with biotinylation/streptavidin capture of surface proteins. The

derived material was then rigorously washed prior to all further steps

of proteome identification. As a result, we are able to provide a com-

prehensive list of 2412 captured proteins, together with quantitative

data on their relative surface abundance and the resulting changes in

response to inhibited CME. The consequences include massive accu-

mulation of major families of integral membrane proteins at the

plasma membrane of μ2 KD cells, for example, nutrient receptors,

integrins, transporters of various families, GPCRs, receptor-tyrosine

kinases, immuno-regulatory proteins, death receptors and numerous

other constituents such as proteases and more. A significant number

of hits have been described to reside in endosomes and lysosomes,

however, their accumulation at the cell surface is a logic consequence

of the block in CME, which normally serves as a major retrieval path-

way after fusion of vesicles and organelles with the plasma mem-

brane. The data presented here may therefore be considered a first

reference for changes in the protein composition of the plasma mem-

brane in response to altered CME.

How do cells respond to acute inhibition of a major endocytic

pathway? In principle, alternate entry pathways may operate uni-

mpeded or even at elevated levels as part of a compensatory

response.84 In case of individual membrane proteins, the altered bal-

ance between biosynthesis/surface delivery and endocytosis/

recycling may induce elevated intracellular degradation and stalled

biosynthesis. For μ2 KD cells, we found slightly decreased prolifera-

tion (BrdU assay,not shown), but unchanged total protein levels of

several receptors (TfR, LDLR, MPR46 and MPR300), lysosomal mem-

brane proteins and acid hydrolases (LAMP1, CD63, CaD, ßHex), which

were detected in western blots of total cellular lysates (not shown).

However, others indeed noticed enhanced degradation of certain CIE

cargo (CD44, SLC7A5 and BSG) inμ2-depleted cells 85. We did not

directly test degradation of these proteins, however, all three were

identified by surface proteomics but only marginally affected (log2 H/

L = ± 0.4). Given the fact that CD44, SLC7A5 and BSG belong to the

most abundant proteins at the cell surface (Table S1, sheet C), this

clearly indicates their dependence on clathrin-independent pathways,

which is fully consistent with the original studies by the Donaldson

group.74

HeLa andμ2 KD cells have a comparable shape, size and volume

when analyzed by light scattering in flow cytometry (Figure S1E), or

when observed by bright field- and fluorescence microscopy (not

shown), which further indicates the activity of clathrin-independent

endocytic routes to maintain a certain surface-to-volume ratio in

μ2-depleted cells. This notion gains support from experiments that

demonstrate efficient endocytosis of seven known transmembrane-

and GPI-anchored marker proteins for CIE inμ2-depleted cells (see

Figures 7 and 8). Noteworthy, surface proteomics revealed that eight

of the 22 identified GPIs were increased in expression uponμ2 KD,

with NT5E being most strongly affected (Table S1, Figure 8). Others

showed that surface expression of NT5E, which hydrolyzes extracellu-

lar nucleotides, depends on kindlin-2 (FERMT2, log2 H/L = +0.8). This

factor, which is enriched in focal adhesions, is thought to mediate

CME indirectly via transmembrane CD39 and a direct interaction with

clathrin heavy chain.86 It seems thus likely, that individual GPI-

anchored proteins may indeed enter cells by CME, for example, in a

“piggy-back” mode through interactions with neighboring transmem-

brane proteins.

Mass spectrometry and proteomics can be essential for the iden-

tification of individual factors of the CCV-forming machinery,9,87,88

but such proteins were mostly excluded in our data set as a result

from the rigorous washing of the captured surface protein samples.

This also applies to the machinery of clathrin-independent pathways,

because neither cavins or caveolins, nor GRAF, a major factor of the

CLIC/GEEC pathway, were present. Other factors such as Galectin-3,
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CDC42, RhoA, Rac1 and Arf1 were identified and increased in the

surfaceome (log2 0.58 - 0.85), which correlates with upregulated

clathrin-independent entry routes.5 However, it requires future exper-

iments with a focus on the various clathrin-independent entry routes

in order to unravel regulation and plasticity in cells with blocked CME.

A complete loss of an AP-2 subunit is unknown in humans, but

already critical point mutations cause disease, such as familial

hypocalciuric hypercalcemia type 3 (FHH3, MIM 600740).89,90 The

identified missense mutations affect the gene ap2s1 at a triplet that

codes for Arg15 in the σ2-subunit at a site that participates in binding

of dileucine signals by AP-2.91 More recently, genetic screening of

individuals with neurodevelopmental disorders and generalized epi-

lepsy led to identification of a small group of patients with a mutation

in the μ2 gene (ap2m1) resulting in Arg170Trp substitution, which is

postulated to affect the conformational change in AP-2 and thus

cargo recognition during the early phase of CME.92 But still for both

reported defects, it remains to be elucidated to what extend the

mutants affect cargo recognition. Such questions can be addressed

with the approach we describe here by using patient-derived cells, or

by using established human cell-lines in which endogenous AP-2 sub-

units are replaced by disease-causing mutants.

In this context, it is interesting to note that in the central ner-

vous system, interference with CME can block delivery to lysosomes,

thereby modifying the autophagic capacity, which ultimately may

result in accumulation and deposition of toxic protein aggregates.

Such a scenario is relevant for the clearance of APP-derived frag-

ments in Alzheimer's disease and may also contribute to the patho-

genesis of other neurodegenerative disorders.93-95 Besides

membrane proteins and receptor/ligand complexes, any alteration of

CME will further affect trafficking of SNARE proteins and thus will

impact on the SNARE composition of intracellular organelles and

their fusogenic activity. This explains why altered expression of

CALM/PICALM, which binds to AP-2 and is required for endocytosis

of SNAREs such as Vamp2, Vamp3 and Vamp8,59 leads to disturbed

autophagy and exacerbates tau-mediated toxicity in a zebrafish

transgenic model.96

Although our study is based on HeLa cells as a standard cell cul-

ture model, we provide a first comprehensive and quantitative analy-

sis of the surface proteome in response to blocked CME. The robust

workflow, if applied to primary tumor cells, might help to identify

new markers or targets for therapeutic antibodies. In epithelial cells,

for example, of endothelia or the intestine, functional endocytosis at

the apical or basolateral membrane domains of a polarized epithelial

cell is a prerequisite for efficient transcytosis of molecules to the

opposite membrane domain. The strategy described here could shed

light on so far overlooked receptors that may bind and deliver thera-

peutics into cells or across an epithelium, which so far mainly

depends on delivery via the TfR.97-100 Finally, if any modulation of

endocytosis becomes therapeutically relevant, one should be aware

of unwanted side effects caused by the massive changes in the sur-

face proteome that affect target cells, their secretome, as well as

interactions with the surrounding extracellular matrix and neighbor-

ing cells.

4 | MATERIALS AND METHODS

4.1 | Antibodies

The following antibodies were used: anti-α adaptin (610502), anti-γ

adaptin (610385), anti-δ adaptin (611329), anti-CD63 (556019) from

BD BioSciences; anti-μ2 adaptin (109397), anti-CD59 (9182) and anti-

IGF1R (182408) from Abcam; anti-CD155 (MA5-13493) and

Transferrin-Alexa488 (T13342) from Invitrogen; anti-CD55 (311302)

and anti-TNAP (327302) from BioLegend; anti-GAPDH from Millipore

(MAB374); anti-FOLR1 from Novus (MAB5646); anti-TfR from R&D

systems (AF2474); anti-LAMP1 (clone H4A3) and anti-δ adaptin (clone

SA4) from the DSHB hybridoma bank; anti-CD8 (sc1177) and anti-

CALM (sc6433) from Santa Cruz Biotechnology; anti-CD49b from

BioRad (MCA2025); anti-CD73 (MABD122) from Sigma-Aldrich. Sec-

ondary antibodies were from Invitrogen.

4.2 | Cell culture and RNAi

All experiments were performed in HeLa cells (93 021 013, ECACC),

grown at 37�C and 5% CO2 in DMEM, 10% (v/v) FBS. The AP-

2μ2-subunit was depleted by using siRNA

AGUGGAUGCCUUUCGGGUCAUU(Dharmacon), which targets base

pairs 241-260 of the human mRNA sequence (NM_004068; see Mot-

ley et al.16 for details). μ2 siRNA was transfected with Oligofectamine

(12 252 011, Invitrogen) in Opti-MEM (31 985 047, Thermo Fisher) in

two rounds 24 and 72 hours after cell seeding and assays were per-

formed 48 hours after the last transfection. Mock-treated control cells

were subjected to the identical protocol except for the lack of siRNA.

4.3 | Plasmids and transfection

dsDNA (Thermo Fisher) coding for the cytoplasmic 24 amino acids of

CA9 (RRQHRRGTKGGVSYRPAEVAETGA), the 60 amino acid residues

coding sequence of the SMIM29 cytoplasmic tail (derived from A431

cDNA) and the 11 amino acids coding sequence for the LAMP1 cyto-

plasmic tail were cloned into CD8_pIRESpuro3 using AflII and NotI.

Mutations in the cytoplasmic tail coding sequence of CD8-SMIM29

were generated using the Q5 Site-Directed Mutagenesis Kit (E0554S,

NEB) to obtain the following variants: Y60A, L54A/L55A, L73A/L74A,

G89A/Y90A and L97A/L98A. All plasmids were transfected with

FuGENE HD Transfection Reagent (E2691311, Promega) according to

manufacturer's protocol. After transfection, the cells were subse-

quently incubated for at least 48 hours.

4.4 | Real-time PCR

cDNA was prepared by reverse transcription of 2μg RNA with oligo

dT (18) using Omniscript RT Kit (205 111, Qiagen) and used for real-

time PCR with the GoTaq Kit (A600A, Promega). Gene-specific
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primers of 22-26 bases directed against the 30 region of the

corresponding genes were selected for product sizes of 200-300

bases. qPCR was performed in triplicates for 40 cycles, results were

normalized based on the GAPDH control and mean values were

calculated.

4.5 | SILAC, plasma membrane biotinylation and
mass spectrometry

The general workflow is summarized in Figure 1A. HeLacells were split

into aliquots, grown in SILAC-DMEM (88 364, Thermo Fisher), 10% (v/v)

dFBS (281 000 900, Silantes) with light (L8622/A6969, Sigma-Aldrich) or

heavy lysine/arginine isotopes (211 604 102/201604102, Silantes) and

kept for 2 weeks. Cells in “heavy” medium were subsequently used for

KD of the μ2-subunit, while cells in “light” medium were mock-treated.

For analysis of the plasma membrane proteome, equal amounts (5× 107

cells) ofμ2 KD and mock-treated cells were mixed. All subsequent steps

were adapted from Weekes et al., including biotinylation of the plasma

membrane, capture of labeled proteins with streptavidin-beads and fur-

ther processing for mass spectrometry.21 In brief, the mixed suspension

of KD and mock-treated cells was incubated with 1 mM sodium meta-

periodate at 4�C to oxidize sialic acid residues. The reaction was stopped

and quenched by addition of glycerol to a final concentration of 1 mM.

Cell surface proteins were biotinylated by incubation with 200 μM

aminooxy-biotin and 10 mM aniline in PBS, pH 6.7 for 90 minutes at

4�C. Cells were lysed for 30 minutes at 4�C in lysis buffer (10 mM Tris

pH 7.6, 1% Triton X-100, 150 mM NaCl, 5 mM IAA, 0.1 mg/mL PMSF,

1:100 protease inhibitor cocktail). Then, nuclei and debris were removed

by centrifugation and biotinylated cell surface proteins were captured

from the resulting supernatant using high capacity streptavidin agarose

beads (20 359, Pierce; 10μL beads/1 × 107 cells). Supernatants were

kept for additional analysis, includingimmune-isolation of AP-2, determi-

nation of protein content, or analysis of heavy/light isotope incorpora-

tion into cytosolic proteins. Beads were transferred to snap cap spin

columns and washed with 20 mL lysis buffer and PBS, 0.5% SDS. For

reduction and alkylation of cysteines, beads and plasma membrane pro-

teins were incubated first with 100 mM DTT and subsequently with

50 mM IAA, each in PBS, 0.5% SDS for 20 minutes. The material was

then subjected to five washing steps including 6 M urea in 100 mM Tris-

HCl, pH 8.5; 5 M NaCl; 100 mM Na2CO3; PBS and HPLC water. Subse-

quently, the beads were incubated with trypsin (V5111, Promega;

2 μg/5 × 107 cells) in 50 mM NH4HCO3, 2 M urea for overnight diges-

tion at room temperature. The derived peptide-containing supernatants

were acidified with formic acid to a final concentration of 1% (v/v) and

transferred to StageTips containing two layers of SDB-RPS discs (SPE-

Disk-Bio-RPS-47.20, Affinisep).

LC/MS analysis was performed with a Q-Exactive Plus mass spec-

trometer coupled to an EASY nLC1000 UPLC (Thermo Fisher). The

details of peptide loading, operation of the mass spectrometer, data

processing and database searches are described elsewhere102 and the

full methodology is available upon request. GO annotations and data

of protein-protein interactions were identified with the UniProt

(https://www.uniprot.org/) and STRING (https://string-db.org/) data

repositories. For comparative data analysis and generation of a Venn

diagram (Figure 1C), we used the web-based interface Meta-Chart.

com. All mass spectrometry proteomics data were deposited to the

ProteomeXchange Consortium via the PRIDE partner repository with

the data set identifier PXD041925.

4.6 | Cell migration assays

Cell migration assays were performed in 24-well tissue culture plates

as previously described.103 In brief, wells were coated with 30 μg/mL

purified bovine dermal collagen type I (LS001663, CellSystems) or

10 μg/mL purified human fibronectin (11 080 938 001, Roche) diluted

in PBS + 0.1 mM CaCl2. Potential nonspecific binding sites were

blocked with 1% heat-denatured BSA in PBS. Semi-confluent layers

of cells were treated with 1.6 μg/mL mitomycin-C for 2 hours to

arrest cell growth prior to further use. The cells (2 × 105/well) were

seeded in cloning rings (0.5 mm diameter), placed on top of uncoated

and coated wells and incubated for 2 hours at 37�C. After removal of

rings, the wells were washed twice with PBS and fresh media was

added. The plates were placed under a microscope stage (Olympus

IX81; Olympus Biosystems) and heated to 37�C in a humidified atmo-

sphere. Pictures of two distinct positions from each colony were

taken every half hour for 24 hours. Areas migrated by cells at different

time points were calculated using ImageJ software (http://rsb.info.nih.

gov/ij).

4.7 | Labeling of cell surface proteins with
ATTO488 dye

The global endocytic capacity of cells was determined by immunofluo-

rescence and quantified by flow cytometry. In a first step, proteins at

the cell surface were labeled on ice with NHS-AEDP-ATTO488

(AttoTech) at a final concentration of 0.1 mg/mL. After 12 minutes, the

cells were washed and any remaining unconjugated dye was quenched

with 50 mM glycine in PBS++ (0.9 mM CaCl2, 0.5 mM MgCl2). In a sec-

ond step, endocytosis was initiated by rapid exchange of buffer for pre-

warmed medium (37�C). After defined periods of time, cells were

placed back on ice and ice-cold PBS++ was added to stop endocytosis.

In a third step, any cell surface exposed ATTO-dye was removed by

incubation with glutathione in cleavage buffer (50 mM glutathione,

75 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1% BSA, 5 mM DTT, 0.075 N

NaOH). After 40 minutes, cells that contained the endocytosed, intra-

cellular ATTO488 labeled surface proteins were washed and then sub-

jected to either immunofluorescence or flow cytometry.

4.8 | Immunofluorescence and image analysis

To visualize endocytosis in cells, their growth medium was exchanged

for pre-warmed (37�C) medium supplemented with a primary antibody
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or a fluorochrome-conjugated ligand. After defined periods of time,

cells were placed on ice and medium was exchanged for ice-cold PBS++

to stop endocytosis. Depending on the experimental set up, cell surface

associated ligands or antibodies were then removed by incubation with

PBS++ adjusted to pH 4.0 (2 × 5 minutes). Afterwards, cells were fixed,

permeabilized (if required) and incubated with appropriate

fluorochrome-conjugated secondary antibodies. For steady-state locali-

zation of proteins by immunofluorescence, cells were removed from

the culture, quickly washed with PBS, then fixed with paraformalde-

hyde followed by permeabilization with saponin, incubation with pri-

mary antibodies and their subsequent detection with appropriate

secondary antibodies. Fluorescence microscopy was performed with a

confocal setup (Leica SP8, Leica). Cell surface expression was quantified

using data of signal intensities obtained from confocal sections after

immunofluorescence at steady-state on non-permeabilized cells with

the ImageJ software. The surface area of individual cells was marked in

the derived sections and subsequently, the intensity of each individual

pixel in an area was quantified and the mean intensity per pixel was cal-

culated. Using GraphPad Prism 5.0, the data were normalized to the

intensity of mock-treated control cells, and mean values, median, as

well as 25th and 75th percentiles were calculated. The significance

between mean values was calculated using the Student'st-test.

4.9 | Flow cytometry

Sets of mock- andμ2 siRNA-treated HeLa cells were placed on ice, washed

with PBS++ and subsequently incubated with primary antibodies at a final

concentration of 1 μg/mL. After 15 minutes, cells were either kept on ice

or incubated at 37�C for different periods of time. Thereafter, cells were

again put on ice, washed and incubated with 10% (v/v) goat serum in PBS.

Primary antibodies at the cell surface were detected by incubation for

15 minutes with appropriate, fluorochrome-conjugated secondary anti-

bodies. Cells were then washed and detached with trypsin. Afterwards,

protease activity was inhibited with PBS supplemented with 5% (v/v) FBS.

Cells were collected by centrifugation (400 × g, 5 minutes, 4�C) and

resuspended in FluoroFix buffer (422101, BioLegend). After passing

through a 40 μm filter membrane, cells were subjected to flow cytometry

(FacsCanto II, BD). All data were processed using FACSDiva software (BD).

4.10 | SDS-PAGE and Immunoblotting

Proteins of total cellular lysates were separated by SDS-PAGE

followed by transfer onto nitrocellulose membranes that were after-

wards probed for 4 hours at room temperature with primary and

30 minutes with horseradish peroxidase-conjugated secondary anti-

bodies. Final visualization was performed by use of SuperSignal West

Pico PLUS Chemiluminescent Substrate (34 580, Thermo Fisher).
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