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The epidermal growth factor receptor (EGFR) is targeted for lysosomal degradation by ubiquitin-mediated interactions
with the ESCRTs (endosomal-sorting complexes required for transport) in multivesicular bodies (MVBs). We show that
secretory carrier membrane protein, SCAMP3, localizes in part to early endosomes and negatively regulates EGFR
degradation through processes that involve its ubiquitylation and interactions with ESCRTs. SCAMP3 is multimonou-
biquitylated and is able to associate with Nedd4 HECT ubiquitin ligases and the ESCRT-I subunit Tsg101 via its PY and
PSAP motifs, respectively. SCAMP3 also associates with the ESCRT-0 subunit Hrs. Depletion of SCAMP3 in HeLa cells
by inhibitory RNA accelerated degradation of EGFR and EGF while inhibiting recycling. Conversely, overexpression
enhanced EGFR recycling unless ubiquitylatable lysines, PY or PSAP motifs in SCAMP3 were mutated. Notably, dual
depletions of SCAMP3 and ESCRT subunits suggest that SCAMP3 has a distinct function in parallel with the ESCRTs
that regulates receptor degradation. This function may affect trafficking of receptors from prelysosomal compartments as
SCAMP3 depletion appeared to sustain the incidence of EGFR-containing MVBs detected by immunoelectron micros-
copy. Together, our results suggest that SCAMP3, its modification with ubiquitin, and its interactions with ESCRTs

coordinately regulate endosomal pathways and affect the efficiency of receptor down-regulation.

INTRODUCTION

The internalization of cell surface receptors and transporters
coupled to degradation or recycling is critical for nutrient
uptake and regulating cell signaling. The epidermal growth
factor receptor (EGFR) has been studied extensively as a
prototypical receptor that is targeted for lysosomal degra-
dation after ligand-stimulated internalization. Disrupted
degradation of the EGFR and other receptors has been
linked to the pathogenesis of many diseases including sev-
eral cancers. An essential element in the down-regulation
process is ubiquitin conjugation to EGFR by Cbl, an E3
ubiquitin ligase (reviewed in Marmor and Yarden, 2004). It
is thought that the ubiquitin enables successive passage of
the receptor to the endosomal-sorting complexes required
for transport: ESCRT-0, I, II, and III. These complexes are
evolutionarily conserved and specialize in targeting and
packaging of membrane proteins into intraluminal vesicles
(ILVs) upstream of lysosomal degradation. The ESCRT-0
complex is composed of Hrs, STAM, and Epsl5b and is
enriched in flat clathrin patches on early endosomes via
interactions involving Hrs” FYVE and coiled-coiled domains
(Raiborg et al., 2001a, 2002, 2006; Bache ef al., 2003b; Roxrud
et al., 2008). Ubiquitin-interacting motifs (UIMs) in ESCRT-0
subunits bind ubiquitylated ligands such as EGFR; interac-
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tion of Hrs with the UEV domain of ESCRT-I protein Tsg101
is thought to facilitate passage of the receptor to ESCRT-I
(Polo et al., 2002; Bache et al., 2003a; Lu et al., 2003). ESCRT-I
in turn recruits ESCRT-II, which may function in sequential
ligand transfer, although there is currently some uncertainty
whether ESCRTs assemble serially and if ESCRT-II is neces-
sary for EGFR down-regulation (Bowers ef al., 2006; Malerod
et al., 2007; Nickerson et al., 2007). ESCRT-III is thought to
mediate packaging of ligands into ILVs, although a more
distal involvement in multivesicular body (MVB) biogenesis
and/or transport to lysosomes has also been suggested
(Bache et al., 2006; Muziol et al., 2006; Shim et al., 2006;
Hanson et al., 2008).

Along with the ESCRT complexes, an array of additional
proteins is known to contribute to regulating sorting and
degradation. Ubiquitin ligases, such as Nedd4 and Tal, have
been implicated in ubiquitylating Hrs and Tsg101, respec-
tively, to negatively regulate their ability to bind ubiquity-
lated cargo (Polo et al., 2002; Amit et al., 2004). Besides the
RING finger ubiquitin ligase Cbl, HECT ubiquitin ligases of
the Nedd4 family are known to ubiquitylate and down-
regulate receptors and channels (e.g.,, ENaC and CXCR4;
Henry et al., 2003; Marchese et al., 2003). Two deubiquitylat-
ing enzymes, UBPY and AMSH, have also been implicated
in receptor degradation, although currently, their distinct
roles in receptor recycling and/or ubiquitin salvage before
degradation are still unclear (McCullough et al., 2004; Mi-
zuno et al., 2005; Bowers et al., 2006; Row et al., 2006, Alwan
and van Leeuwen, 2007). ESCRT-III also recruits the AAA-
ATPase VPS4 and associated proteins that enable ESCRT
disassociation, disassembly from clathrin patches, and in-
traluminal vesicle formation (Sachse et al., 2004; Stuchell-
Brereton et al., 2007). Also the sorting nexin, SNX3, and
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annexin I have emerged as proteins with complementary
roles to ESCRTs in facilitating cargo sorting and formation of
ILVs (White et al., 2006; Strochlic ef al., 2007; Pons et al., 2008).

Within the large spectrum of processes involved in endo-
somal sorting and down-regulation, most functional insights
have featured proteins (e.g., ESCRTs, Rabs, and Rab effec-
tors) that are peripheral components of endosomal mem-
branes, associating mainly through lipid-binding domains
(reviewed in Maxfield and McGraw, 2004; Hurley and Emr,
2006; Williams and Urbe, 2007). Information regarding how
transmembrane proteins that are not cargoes might contrib-
ute to these processes is more limited, although endosomal
acidification and turnover of selected cargoes are known to
involve transmembrane machinery (Harvey et al., 2002; Het-
tema ef al., 2004; Maxfield and McGraw, 2004; Shearwin-
Whyatt et al., 2004). We have been interested in the possi-
bility that secretory carrier membrane proteins, SCAMPs,
might contribute to sorting events in endosomes. SCAMPs
are tetraspanning, integral membrane proteins that reside in
the cell surface recycling system including the trans-Golgi
network, early sorting and recycling endosomes, and
plasma membrane (Castle and Castle, 2005). In mammalian
tissues, the SCAMP family includes four ubiquitous iso-
forms, SCAMPs 1-4, and a predominantly neuronal isoform
SCAMP5 (Fernandez-Chacon and Sudhof, 2000; Hubbard
et al., 2000). SCAMP function is presumably conserved
through the transmembrane core but is modulated by focal
differences in amino acid sequences of the N- and C-termini.
This may contribute to subtle differences in localization and
more importantly may enable individual SCAMP isoforms
to function analogously in distinct membranes and bring
unique interactions to complex processes such as regulated
exocytosis (Castle and Castle, 2005; Liao et al., 2008).

In the present study, we have focused on SCAMP3 and
provide evidence that it acts as a regulator of EGFR traffick-
ing within endosomal membranes. Whereas our previous
studies have hinted at a potential functional association of
SCAMP3 and EGFR (Wu and Castle, 1998), we now show
that this SCAMP is an important determinant of EGFR sort-
ing and rate of receptor degradation. Interestingly, regula-
tion appears to involve ubiquitylation of SCAMP3, its inter-
actions with the ESCRT machinery, and a distinct function in
MVB formation or maturation. Other SCAMPs, in particular
SCAMP1 and 2, do not appear to participate in these pro-
cesses.

MATERIALS AND METHODS

Antibodies and Reagents

Monoclonal pan-SCAMP antibody 7C12, SCAMP1 Abs 1o and 1o, SCAMP2y
Ab, and SCAMP3 have been characterized previously (Singleton ef al., 1997;
Wu and Castle, 1998; Guo et al., 2002). Mouse mAb, 8E8, to the C-terminus of
SCAMP3 ([c]-agvfsnpavrt) was made in the Lymphocyte Culture Center
(University of Virginia) according to standard procedures. Other antibodies
were obtained as follows: EGFR mAb (F4, having a cytoplasmic epitope) and
Flag M2 mAb (Sigma, St. Louis, MO); transferrin (TfR) receptor H68.4 mAb
(ATCC, Rockville, MD); Nedd4 mAb and +y-adaptin antibodies (BD Bio-
sciences, San Jose, CA); myc mAb 9E10 hybridoma cells were obtained from
J. Thorner (University of California, Berkeley); green fluorescent protein
(GFP) mAb (Santa Cruz Biotechnology, Santa Cruz, CA); HA mAb (Covance,
Richmond, CA); Hrs and Vps24 polyclonal antibodies were gifts of H. Stenmark
(Norwegian Radium Hospital, Norway); Tsg101 mAb (Genetex, San Antonio,
TX); and CHMP6 polyclonal antibody was a gift of W. Sundquist (University
of Utah). The EGFR mAb 13A9 used for immunostaining and gold conjuga-
tion was obtained from Genentech (San Francisco, CA) and has been de-
scribed previously (Burke et al., 2001).

Protein A Sepharose, N-ethylmaleimide (NEM), protein kinase A, and
human holotransferrin (Sigma); glutathione Sepharose and Sephadex G-50
(Amersham Pharmacia Biotech AB, Uppsala, Sweden); HRP-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratory, West Grove, PA);
Super Signal West Pico ECL Reagent (ThermoScientific, Rockford, IL); Immo-
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bilon Western ECL Reagent (Millipore, Billerica, MA); Alexa 488-EGF, Alexa
fluor secondary antibodies, and mouse EGF (Invitrogen, Carlsbad, CA);
streptavidin agarose and Sulfo-NHS-LC-biotin (Pierce-Endogen, Rockford,
IL); c@mplete Roche Protease Inhibitor Cocktail Tablets (Roche, Mannheim,
Germany).

Expression Constructs

Glutathione S-transferase (GST) fusion proteins of SCAMP3 N-terminus wild
type, Y53A, and L61A were made by PCR amplification from bait clones used
in yeast two-hybrid studies (see below) and ligation into pGEX-2TK. Other
mutants, P51G, P137A, and L138A, were generated using QuikChange site-
directed mutagenesis (Stratagene, LaJolla, CA) to the wild-type SC3 N-
terminus in pGEX-2TK. Truncations of the SCAMP3 N-terminus, SC3-NPF
(residues 1-89) and SC3-LL (residues 90-164), were created by PCR amplifi-
cation and ligation into pGEX-2TK. Fusion proteins of GST with fragments of
wild-type SCAMP3 (61-73) and its mutant P67L were generated by ligation of
the corresponding wild-type or mutant oligonucleotide to human SCAMP3
into BamHI/EcoRI sites in pGEX vector. The SCAMP3 (61-80)-ubiquitin/
pGEX chimera was generated by oligonucleotide ligation of the SCAMP3
fragment with BamHI/HindIII sites and PCR amplification of ubiquitin with
HindIIl/Notl sites. Mouse SCAMP3 mutants Y53A, S67A, and DM (Y53A and
S67A), KR6 (K76, 103, 104, 147, 225, and 315R), and W219A were generated
using QuikChange site-directed mutagenesis or PCR amplification using
nested primers and ligation into pcDNA 3.1.

Other constructs were generous gifts from the following: pEGFP-2xFYVE,,
H. Stenmark; pKU-HA-Hrs; H. Asao (Tokuku University School of Medicine,
Japan); myc-Hrs, myc-Hrs AUIM, myc-Hrs AVHS/FYVE, myc-Hrs AVHS,
myc-Hrs Aclathrin-binding domain (ACBD) in pcDNA3, M. von Zastrow
(University of California, San Francisco) with permission of H. Stenmark;
FLAG-Nedd4-2-pcDNA 3.1, Nedd4-pCXN2, mouse Nedd4 WW1-3 and mu-
tant WW1-3 and mouse Nedd4-2 WW1-4 and mutants in pGEX2TK, S. Kumar
(Hanson Institute, Adelaide, South Australia); Rab5Q79L in pGreen Lantern,
J. Casanova (University of Virginia); UEV domain Tsg101(1-145) in pET 11d,
W. Sundquist; HA-Ub-pMT 123, D. Bohmann (University of Rochester, New
York); and pEF-HA-Ub KR4, Y. Yarden (Weizmann Institute, Rehovot, Israel).

Two-Hybrid Assay

Bait clones of SCAMP3 N-terminus (aa 1-145) were all constructed in pGBT9
(Clontech, Mountain View, VA) and transformed into yeast strain AH109
(Gietz and Woods, 2002b), whereas prey clones from a 17-d-old mouse
embryo ¢cDNA library (Clontech, Mountain View, CA) were constructed in
pVP16 (Hollenberg et al., 1995) and transformed into yeast strain Y187.
Selection was performed on -leu, -trp, -his, -ade plates according to standard
protocols (Gietz and Woods, 2002a).

Small Interfering RNAs

All SCAMP siRNAs were made against human isoforms and obtained from
Dharmacon (Lafayette, CO) or Invitrogen. Sense sequences for small interfer-
ing RNAs (siRNAs) were as follows: for SCAMP3, (1) 5'-CAGCTACTCGA-
CAGAACAA-3’ and (2) 5'-AACGGATCCACTCCTTATA-3'; for SCAMP1,
5'-TCATCTCACTAGTTAATGTT-3'; for SCAMP2, 5'-CACTGTAGCCAACT-
TGCAT-3'. siRNA sequences for Hrs, Tsg101, and Vps24 have been described
previously (Bache et al., 2003b, 2006; Razi and Futter, 2006). For controls, a
nonspecific siRNA no. 2 (Invitrogen) or a scrambled siRNA to SCAMP3
siRNA-1 (5'-GAAGCGGCGUAAUGACCAAATAT-3') was used.

Cell Culture and Transfections

HeLa and HEK-293T cells were grown in DMEM (Invitrogen), supplemented
with 10% fetal bovine serum and antibiotics. DNA plasmids were transfected
with Lipofectamine 2000 or Lipofectamine PLUS Reagent (Invitrogen) accord-
ing to manufacturer’s directions. For siRNA transfections using Oligo-
fectamine (Invitrogen), 75 nM siRNA was used to transfect HeLa cells. For
siRNA transfections using Lipofectamine RNAiMax (Invitrogen), HeLa cells
were transfected on sequential days with 8.3 nM siRNA for each transfection.
Cells were analyzed 48 h after the second transfection.

GST Pulldowns and Coimmunoprecipitation Assays

For GST pulldowns, 20-25 ug of fusion protein conjugated to glutathione
Sepharose was used. For each pulldown 100 ul of postnuclear supernatant
prepared from rat parotid gland was diluted with 2X TGE (20 mM Tris-HCI,
300 mM K-glutamate, 2 mM EDTA, pH 7.5) with protease inhibitors, and
Triton X-100 was added to 0.5%. Pulldowns were incubated overnight at 4°C
and then washed three times with TGE and 0.5% Triton X-100. For immuno-
precipitations to detect ubiquitylated SCAMP3 and interactions with Nedd4
and Nedd4-2, HEK-293T cells were lysed in RIPA buffer (1% Triton X-100, 1%
sodium deoxycholate [DOC], 10 mM Tris, 150 mM NaCl, protease inhibitors,
pH 7.4) on ice for 20 min. To the lysate, 0.1% SDS was added before incubation
with protein A-Sepharose and 2 ug SCAMP3 antibody or 10 pg rabbit IgG
for 1 h at RT or overnight at 4°C. IPs were washed three times with wash
buffer (1% Triton X-100, 150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.05%
SDS, protease inhibitors, pH 7.4) and one time with PBS. For immunoprecipi-
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tations with Hrs and EGFP-2xFYVEy;,,, HEK-293T cells were lysed in Triton
lysis buffer (1% Triton X-100, 10 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA,
pH 7.4) containing protease inhibitors and with or without 10 mM NEM and
then incubated with antibody overnight at 4°C. Protein A-Sepharose was
added the next day for 0.5-2 h. The immunoprecipitations were washed three
times with lysis buffer and one time with PBS. All pulldowns and immuno-
precipitations were resuspended in Laemmli buffer with 4% SDS and 50 mM
DTT, boiled, and run on SDS-PAGE.

Far Western Analysis of SCAMP3 N-Terminus Interaction
with Nedd4 WW Domains

Purified WW domains of mouse Nedd4 and Nedd4-2 were labeled with
[y-*?P]ATP using protein kinase A according to the manufacturer’s instruc-
tions. The reaction was quenched with 25 mm HEPES, pH 74, 125 mM
MgCl,, 20% wt/vol glycerol, 100 mM KCl, 1 mg/ml BSA, and 1 mM DTT and
fractionated on a 3-ml Sephadex G-50 column. One microgram of GST or
fusion proteins was run on SDS-PAGE and transferred to nitrocellulose or
stained with Coomassie Blue. The nitrocellulose was blocked with 5% milk in
Hyb-75 (20 mM HEPES, pH 7.7, 75 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl,,
0.05% NP-40, 1 mM DTT) for 4 h and then incubated in 5.0 X 10° cpm/ml
radiolabeled WW domains and 30 ug unlabeled GST in 1% milk in Hyb-75
overnight at 4°C. The membranes were washed three times with 1% milk in
Hyb-75 and two times in Hyb-75, dried, and exposed to a phosphoimager.

Binding Analysis by Surface Plasmon Resonance

All experiments were performed at 25°C. Purification of the UEV domain and
immobilization of GST antibody onto a research grade CM5 chip were done
as previously described (Garrus et al., 2001). Bacterial lysates expressing GST
proteins were diluted ten times in HBS-EP (0.01 M HEPES, pH 7.4, 0.15 M
NaCl, 3 mM EDTA, 0.005% vol/vol Surfactant P20) + 1 mg/ml BSA and
captured on antibody surfaces to densities of 1-1.5 kilo response units. UEV
domain (25 ul) was injected in triplicate at a flow rate of 50 ul/min. Binding-
specific responses were obtained by subtracting responses in the absence of
GST protein from responses in the presences of GST protein. The equilibrium
dissociation constants were obtained from 1:1 interaction binding isotherms
using Biaevaluation (Biacore AB, Uppsala, Sweden) and Origin 6.1 (OriginLab
Corp., Northampton, MA) (Myszka, 1999).

Immunofluorescence Microscopy and Quantitation

Immunofluorescent labeling was performed according to standard proce-
dures (Liu ef al., 2002). For staining of Hrs, cells were permeabilized briefly (2
min) with 0.05% saponin, 80 mM K-PIPES, 5 mM EGTA, and 1 mM MgCl,,
pH 6.8, before fixation as described in Simonsen et al. (1998a). Images were
captured using either a Zeiss Axiovert 100 wide-field microscope (63X oil
objective, 1.4 NA; Thornwood, NY) or a Nikon TE2000E confocal microscope
(100X oil objective, 1.45 NA, Melville, NY). For quantitation of the fluorescent
signal, Z-stack images (0.25 um) were captured using a 63X oil objective and
deconvolved using volume deconvolution, and the fluorescent intensity was
measured using Openlab software (Improvision, Lexington, MA). More than
25 cells were analyzed for each sample to obtain average fluorescence inten-
sity per cell. The Student’s ¢ test was used to determine statistical significance
between control and experimental samples.

EGF internalization was measured in HeLa cells that were starved 1-2 h in
DMEM and 0.1% BSA, labeled on ice for 1 h with 100 ng/ml Alexa 488-EGF,
chased for various times in the presence of 100 ng/ml unlabeled EGF,
washed, and processed for immunofluorescence microscopy. To visualize
internalized EGFR, cells were labeled with 1 ug/ml EGFR mAb 13A9 for 1 h
on ice, washed, stimulated with 100 ng/ml EGF at 37°C, chilled quickly, and
stripped with 200 mM glycine and 150 mM NaCl, pH 2.5 on ice for 5 min. The
cells were then processed for immunofluorescence microscopy. To quantitate
recycled EGFR, cells were labeled with 1 ug/ml EGFR mAb 13A9 for 1 h on
ice, washed, and then stimulated with 100 ng/ml EGF for 2 h. Cells were then
fixed and labeled with an anti-mouse Alexa 594 secondary antibody to detect
cell surface-bound EGFR before permeabilization and labeling with
SCAMP3 antibody and anti-rabbit Alexa 488 secondary antibody. Cells were
scored for the presence or absence of surface-associated fluorescent EGFR
signal compared with nontransfected cells.

125]-EGF and "*°I-TfR Degradation, Recycling, and Uptake
Assays

Mouse EGF and human holotransferrin were iodinated using IODO-GEN
Precoated Iodination Tubes (Pierce) according to manufacturer’s instructions.
All incubations were performed at 37°C. Cells were incubated with DMEM
and 0.1% BSA containing 0.5-1 uCi/ml '?°I-EGF or '?°I-TfR for 1-2 h or 30
min, respectively. The cells were washed and chased in DMEM and 0.1% BSA
for indicated times. An excess of unlabeled EGF was added to the chase media
for EGF assays. For TfR, the cells were stripped briefly with 50 mM glycine,
100 mM NaCl, and 1 mg/ml PVP, pH 3.0, before incubation with chase
medium. At each time point, the medium was removed and replaced with
fresh medium. After incubation, cells were lysed in 1 M NaOH and 0.1-1%
Triton X-100. For EGF assays, the chase media were precipitated with 5%
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trichloroacetic acid (TCA)/1% phosphotungstic acid (PTA) to separate de-
graded (TCA/PTA soluble) from recycled (TCA/PTA insoluble) material
(Sorkin et al., 1988). For TfR assays, all the '?°[-Tf in the medium was
considered recycled. All values were normalized to the total '2°I-EGF or
1251-Tf present in media and cells. To measure uptake of EGF, cells were
incubated in the presence of 0.5-1 pCi/ml '?5I-EGF on ice for 45 min, washed
to remove unbound ligand, and chased at 37°C for indicated times. Cells were
rapidly chilled, the medium was removed, and cells were acid stripped with
0.2 M acetic acid and 0.5 M NaCl (pH 3.0) and lysed. '25I-EGF in the lysates
was considered internalized, and the values were normalized to total 12°I-EGF
in the acid strip medium and lysate.

EGFR and TfR Degradation Assays

To monitor EGFR degradation, cells were starved 1-2 h in DMEM, 0.1% BSA,
stimulated with 100 ng/ml EGF for specified times, and lysed on ice in Triton
lysis buffer with protease inhibitors. Cleared lysates were subjected to SDS-
PAGE and immunoblotting. Chemiluminescent signal was detected using a
FujiFilm LAS-3000 imager (FujiFilm Life Sciences, Stamford, CT) and ana-
lyzed with MultiGauge 3.0 (FujiFilm Life Sciences). Protein levels were nor-
malized using an antibody to a y-adaptin or other nonaffected protein. To
measure TfR degradation, HeLa cells were starved 2 h in DMEM, 0.1% BSA
and then chilled on ice for 5 min. The cell surface was labeled with 0.5 mg/ml
Sulfo-NHS-LC-biotin at 4°C, washed, and incubated with complete media for
0-48 h at 37°C. Cells were scraped and lysed in Triton lysis buffer with
protease inhibitors. The lysates were incubated with streptavidin-agarose for
1-2 h at room temperature, washed, and subjected to SDS-PAGE. Unde-
graded, biotinylated TfR remaining at each time point was detected by
enhanced chemiluminescence (ECL) using an antibody to TfR and quantitated
as the fraction of total biotinylated TfR present initially.

Electron Microscopy

EGFR mAb 13A9 antibody was conjugated to 10-nm colloidal gold (Ted Pella,
Redding, CA), harvested, and washed by centrifugation using a previously
described procedure (Slot and Geuze, 1981). EGF-stimulated uptake of the
colloidal gold conjugate was documented by immunofluorescence micros-
copy (data not shown). HeLa cells, transfected with nonspecific control siRNA
or SCAMP3 siRNA-2, were serum starved 1 h in DMEM, 0.1% BSA. The cells
were then chilled on ice, labeled 1 h with 13A9-gold antibody, washed, and
stimulated at 37°C with 100 ng/ml EGF for 30 or 60 min. At the end of the
incubation, the samples were washed briefly with prewarmed PBS and fixed
45 min at room temperature by addition of warmed 2.5% glutaraldehyde, 0.1
M cacodylate, pH 7.5. After fixation, the samples were washed in 5% sucrose,
0.1 M cacodylate, postfixed 45 min in 0.5% OsO,, 0.1 M cacodylate containing
0.1% potassium ferrocyanide, washed in 0.1 M NaCl, and stained 40min in
0.5% uranyl acetate, and 0.1 M acetate, pH 6.1. Cells were scraped from the
culture dishes, embedded in 1.75% LMP-agarose, dehydrated, and embedded
according to standard procedures. Sections were examined unstained and
photographed at 12,000X using a Jeol 1230 TEM microscope equipped with a
digital camera (Tokyo, Japan). Grids were systematically scanned, and all
gold visualized was photographed until at least 30 images per experiment of
each sample, including >1500 um? cytoplasm over three separate experi-
ments, had been obtained. EGFR-gold was evaluated for location (MVB, late
endosome/lysosome, or tubule/vesicle/other), and when possible, the num-
ber of ILVs was manually counted and the area of EGFR-labeled MVBs and
cytoplasm was calculated using the measurements module in Image]J (http:/ /
rsb.info.nih.gov /ij/).

RESULTS
Interactions with Ubiquitin-dependent Sorting Machinery

Putative Binding Motifs in SCAMP3. Along the ESCRT
pathway, sorting is accomplished by a number of intermo-
lecular interactions involving binding of ubiquitin and se-
quence motifs such as PY and P(S/T)AP. These motifs have
been shown to interact with Nedd4 ubiquitin ligases and the
ESCRT-I subunit Tsg101 (reviewed in Morita and Sundquist,
2004). A sequence alignment across various SCAMP3 ortho-
logues revealed the presence of conserved PY and PSAP
motifs and a less conserved PTEP sequence within the cy-
toplasmic domain (Figure 1A). Interestingly, these motifs are
unique to SCAMP3 and are not found in SCAMPs 1 and 2.

Interaction with Nedd4 HECT Ubiquitin Ligases. The PY
motif is known to bind to WW domains of proteins includ-
ing those of the Nedd4 HECT ubiquitin ligase family (Staub
et al., 1996). Using the intracellular N-terminal domain of
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Figure 1. SCAMP3 contains conserved PY and P(S/T)AP motifs
and is multimonoubiquitylated. (A) Organization of SCAMP3 fea-
turing its proline-rich segment containing PY, PSAP, and PTEP
motifs. (B) Interaction of SCAMP3 N-terminus with WW domain-
containing proteins in a yeast two-hybrid screen; two Nedd4 ubiq-
uitin ligases, Nedd4 and WWP2, and a third protein, YAP65, were
identified as interaction partners. Mutation of SCAMP3’s PY motif
to PPAA (SC3Y53A) but not mutation of a distal PLPP (PAPP,
SC3L61A) abrogated the interaction. (C) Pulldowns of SCAMP3
from lysates of rat parotid gland using GST fusions of mouse Nedd4
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human SCAMP3 as bait in a yeast two-hybrid screen, two
members of the Nedd4 family, Nedd4 and WWP2, and
Yes-associated protein 1 YAP65 were identified as binding
partners (Figure 1B). We suspected that the interaction oc-
curred via the PY motif on SCAMP3 because all three bind-
ing partners contained WW domains. The prey ¢cDNA of
Nedd4 that was retrieved contained the entire second WW
domain (WW?2) and part of the third one (WW3). To confirm
that SCAMP3 could bind WW domains, we used GST fusion
proteins of individual wild-type or interaction-deficient WW
domains from mouse Nedd4 to pull down SCAMP3 from
lysates and also to detect binding on far Western blots
(Figure 1C, Supplemental Figure S1). In both cases we de-
tected strong binding of the WW2 domain and much weaker
binding of the WW3 domain; no binding was detected with
the WW1 domain. Furthermore, mutation of the SCAMP3
PY motif (Y53A) abrogated binding in both the yeast two-
hybrid and far Western assays, whereas a mutation in a
PPLP motif (L61A) did not, confirming that interactions with
Nedd4 ubiquitin ligases are mediated through SCAMP3’s
PY motif (Figure 1B, Supplemental Figure S1). We were able
to coimmunoprecipitate SCAMP3 from lysates of cells ex-
pressing Nedd4. In addition, we found that SCAMP3 also
coimmunoprecipitated with another Nedd4 ubiquitin ligase,
Nedd4-2 (Figure 1D). The PY motif is redundant as an
interaction site for WW domains in Nedd4 ubiquitin ligases.
Although these results demonstrate that SCAMP3 may have
the potential to bind several Nedd4 ligases in vivo, they do
not distinguish which ligase(s) is a physiological binding
partner.

SCAMP3 Ubiquitylation. Because SCAMP3 can interact
with Nedd4 ubiquitin ligases, we were curious whether
SCAMP3 could itself be ubiquitylated. To evaluate this pos-
sibility, we transfected cells with hemagglutinin (HA)-
tagged ubiquitin, immunoprecipitated SCAMP3, and ana-
lyzed the presence of ubiquitin by Western blotting of HA.
We observed a discrete ladder of bands, ~7-9 kDa apart,
extending upwards from ~43 kDa (~7 kDa above the bulk
of SCAMP3 antigen, Figure 1E), consistent with attachment
of multiple ubiquitin moeities to the SCAMP. We also ana-
lyzed the ability of SCAMP1 and 2, which do not contain a
PY motif, to be ubiquitylated. SCAMP1 appears to be
ubiquitylated to a small degree, whereas ubiquitylation of
SCAMP?2 was not detected (Figure 1E). Thus, ubiquityla-
tion is selective for SCAMP3.

Previous studies have shown that receptors undergoing
down-regulation are derivatized at multiple sites by monou-
biquitin (multimonoubiquitylation) although addition of

WW domains (WW1-3), corresponding mutant WW domains, and
fusion protein made from Nedd4 cDNA retrieved in yeast two-
hybrid screen (N4-Y2H). (D) Coimmunoprecipitation of untagged
Nedd4 and FLAG-tagged Nedd4-2 expressed in HEK-293T cells
using anti-SCAMP3 antibody or control IgG followed by immuno-
blotting with Nedd4 or FLAG antibody. (E) Ubiquitylation of
SCAMP3. Lysates of HA-ubiquitin-transfected cells were immuno-
precipitated with isoform-specific SCAMP1, 2, or 3 antibodies and
immunoblotted with HA antibody (top), pan-SCAMP mAb (mid-
dle), or SCAMP3 mADb (bottom). Asterisk indicates ubiquitylated
SCAMP3 species. (F) SCAMP3 is multimonoubiquitylated. Samples
were immunoprecipitated as in E from lysates expressing wild-type
or polymerization-defective HA-Ub KR4. The identical pattern of
bands for Ub and UbKR4 demonstrates multimonoubiquitylation
rather than addition of ubiquitin polymers of different length.
Closed and open arrowheads denote the positions of SCAMP3
monomer and dimer, respectively, in C, E, and F.
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ubiquitin polymers (polyubiquitylation) has been reported
as well and may facilitate sorting for degradation (Hicke,
2001; Huang et al., 2006; Barriere et al., 2007; Umebayashi et
al., 2008). Furthermore, the ubiquitin adaptors Eps15 and
epsin as well as members of the ESCRT complexes are
themselves regulated by multimonoubiquitylation (Moses-
son and Yarden, 2006). To determine if the ubiquitylated
SCAMP3 species reflect multimonoubiquitylation or polyu-
biquitylation, we used an ubiquitin mutant (KR4) in which
four of its major lysines were mutated to arginine (K11, 29,
48, and 63R), thus suppressing polyubiquitylation (Amit et
al., 2004). We observed identical banding patterns for immu-
noprecipitations from cells expressing wild-type or KR4
ubiquitin, indicating that SCAMP3 is most likely multimo-
noubiquitylated (Figure 1F).

Interaction with Tsg101. P(S/T)AP motifs have been shown
to bind the UEV domain of Tsg101 in a region that is distinct
from the ubiquitin-binding site (Pornillos et al., 2002). We
used surface plasmon resonance to evaluate the potential for
the PSAP motif of SCAMP3 to associate with the UEV do-
main of Tsgl01. A GST fusion protein containing a small
peptide from SCAMP3, which includes the PSAP motif, was
able to bind the UEV domain of Tsgl01 with significant,
albeit low affinity (Figure 2). In contrast, a peptide contain-
ing a mutation in the PSAP motif (P67L) did not detectably
bind to the UEV domain. Previous studies have shown that
covalent attachment of ubiquitin to P(S/T)AP-containing
peptides enhances binding synergistically due to the prox-
imity of the P(S/T)AP motif and ubiquitin-binding sites
(Garrus ef al., 2001). Because SCAMP3 can be ubiquitylated,
we hypothesized that ubiquitylated SCAMP3 may bind the
UEV domain more efficiently. We generated a SCAMP3
peptide—ubiquitin chimera by substituting a single ubiquitin
in place of a naturally occurring lysine in the SCAMP3
(Figure 2). When we tested its affinity, we saw a 20-fold
increase in binding to the UEV domain (Figure 2), compa-
rable to that observed for another ubiquitin chimera (Garrus
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Figure 2. Interaction of the PSAP motif in SCAMP3
with the UEV domain of Tsg101. (A) GST fusion pro-
teins of SCAMP3 used in this study and calculated Ky
from a representative binding experiment shown in B.
n.d., not determined.

et al., 2001). We attempted to coimmunoprecipitate the
Tsg101-SCAMP3 complex in cell lysates using overexpres-
sion of Tsgl01 and/or SCAMP3 but were not successful.
This may be a reflection of the low binding affinity of even
the SCAMP3-ubiquitin chimera, suggesting that the inter-
action is weak and perhaps transient or may involve only a
small fraction of the SCAMP3 and Tsg101.

Interaction with Hrs. Although our results above suggest
a possible interaction with Tsgl01, the localization of
SCAMP3 on early endosomes (see below; Castle and Castle,
2005) may allow it to have additional binding partners that
function in ubiquitin-mediated sorting. We thus considered
whether the ESCRT-0 protein, Hrs, is a putative binding
partner for SCAMP3. To test this we coimmunoprecipitated
SCAMP3 from HA-Hrs—expressing cell lysates. Inmunopre-
cipitations were carried out in parallel on lysates with or
without NEM, a sulfhydryl-blocking agent that has been
used to inhibit deubiquitylating enzymes and AAA-AT-
Pases. As seen in Figure 3A, SCAMP3 coimmunoprecipi-
tated with HA-Hrs but only in the presence of NEM. The
predominant form recovered exhibited a mobility corre-
sponding to underivatized SCAMP3 (see panel A, short
exp); however, upon longer exposure, we were able to detect
the presence of additional higher molecular weight bands.
It is likely that these bands correspond to ubiquitylated
SCAMP3.

Hrs is a multidomain protein that includes an N-terminal
VHS (Vps27/Hrs/STAM) domain, an FYVE (Fab1/YOTB/
Vacl/EEA1) domain, a UIM, a coiled-coiled domain, and a
C-terminal clathrin-binding box (Raiborg et al., 2001b). We
used deletion mutants of myc-tagged Hrs to determine
which domain was responsible for the interaction with
SCAMP3. Deletion of the clathrin-binding domain did not
affect binding. Deletion of the UIM also did not affect bind-
ing, suggesting that ubiquitylation of SCAMP3 is not neces-
sary for interaction (Figure 3B). This is consistent with the
finding that coimmunoprecipitation primarily brings down
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Figure 3. SCAMP3 interacts with Hrs. (A) HA-Hrs—transfected HEK-293T cells were lysed in the absence or presence of 10 mM
N-ethylmaleimide (NEM), immunoprecipitated with anti-HA or control IgG, and immunoblotted with anti-SCAMP3 (top and middle panel)
or anti-Hrs antibodies (bottom panel). The top panel is a short exposure, and the middle panel is a longer exposure of the same immunoblot
to show ubiquitylated SCAMP3 species. (B). Mapping of the site on Hrs involved in SCAMP3 interaction. Lysates from cells expressing
myc-tagged wild-type Hrs or indicated deletion mutants (AUIM, AVHS, AV/F, and ACBD) were immunoprecipitated with anti-myc antibody
in the presence of 10 mM NEM and immunoblotted with anti-Hrs (top) or anti-SCAMP3 (bottom). (C) Interaction of the FYVE domain with
SCAMP3. Lysates expressing GFP or GFP-2xFYVEy,, were immunoprecipitated with SCAMP3 antibody and immunoblotted with SCAMP3
mAb (top panels) or GFP (bottom panels). (D) Cells expressing myc-tagged Hrs were incubated for 30 min in the presence or absence of 100
ng/ml EGF, lysed, immunoprecipitated as in B, and immunoblotted with Hrs (top) or SCAMP3 antibody (bottom). (E) Endogenously
expressed Hrs and SCAMP3 are partially colocalized. HeLa cells were permeabilized before fixation and immunostained for Hrs and

SCAMP3. Bar, 10 um.

nonubiquitylated SCAMP3 (Figure 3A). Interestingly, we
found a significant decrease in binding when the VHS do-
main is deleted and complete abrogation of the interaction
when both the VHS and FYVE domains are deleted (Figure
3B). Binding of Hrs” VHS domain has been implicated pre-
viously in several interactions, but interaction with the
FYVE domain was unexpected (Nielsen et al., 2001; Puertol-
lano et al., 2001; Zhu et al., 2001). To test further that the
FYVE domain can contribute to association of Hrs with
SCAMP3, we attempted a coimmunoprecipitation from
HEK-293T cells expressing the GFP-2xFYVE,,, chimera. We
found that SCAMP3 could specifically coimmunoprecipitate
the dual FYVE,, domain alone (Figure 3C). Finally, we
inquired whether the interaction between Hrs and SCAMP3
was affected by addition of EGF; however, we found that a
30-min stimulation had no effect, suggesting that the asso-
ciation is constitutive (Figure 3D). To date our efforts to
detect coimmunoprecipitation of endogenous Hrs and
SCAMP3 have been unsuccessful. Comparative examination
of their distributions by immunofluorescence revealed a
pattern of partial overlap (Figure 3E), thus supporting a
potential interaction of endogenous proteins. The inability to
detect it by coimmunoprecipitation could reflect any of sev-
eral factors including its low affinity, transient nature, or
mediation by other proteins.
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SCAMP3 Localizes to Early Endosomes That Traffic EGFR

SCAMP3 has been shown to colocalize with endocytosed
TfR in early sorting endosomes (Castle and Castle, 2005).
Also, electrostatic associations with polyanionic phospholip-
ids, especially phosphoinositides, have been implicated as a
conserved property of SCAMPs (Ellena ef al., 2004; Liao et al.,
2007). Consequently, we sought to determine if SCAMP3
localized to sorting portions of early endosomes, which are
known to be enriched in phosphatidylinositol-3-phosphate
(PI3P). For this purpose we transfected cells with constitu-
tively active GFP-Rab5 (Rab5Q79L), GFP-2xFYVE,,, or
myc-Hrs, each of which causes early endosomes to enlarge
and accumulate PI3P (Stenmark et al., 1994; Komada et al.,
1997; Gillooly et al., 2000). We observed localization of en-
dogenous SCAMP3 in enlarged endosomes in Rab5Q79L-
and 2xFYVE,-expressing cells, but SCAMP3 was unevenly
concentrated along and protruding from the more evenly
stained profiles of the two GFP constructs (Figure 4, A and
B). Expressed SCAMP3 also localized with enlarged endo-
somes of Hrs expressing cells (Figure 4C).

Previous studies from our lab using EGFR-overexpressing
cells indicated the possibility that the receptor traffics
through SCAMP3-containing compartments (Wu and Cas-
tle, 1998). To revisit this issue for endogenous EGFR, we

1821



Q. L. Aoh et al.

o
» N
SC3 Rab5QL sSC3 I%FYVE

SC3

Figure 4. Localization of SCAMP3 in relation to enlarged early endosomes. HeLa cells were transfected with GFP-Rab5Q79L (A) or
GFP-2xFYVEy,, (B) or cotransfected with myc-Hrs and untagged mouse SCAMP3 (C). All samples were immunostained for SCAMP3; sample
in C was also stained for myc. Enlargements of indicated areas are shown below the respective panels and illustrate focal localization of
SCAMP3 along the membranes of expanded early endosomes stained by GFP (A and B) and substantial overlap with Hrs (C). Bar, 10 um.

labeled the surface of HeLa cells with an antibody to the
EGEFR, stimulated the cells with EGF, and tracked antibody
appearance in SCAMP3 compartments. As seen in Figure 5,
there is moderate colocalization of internalized EGFR and
SCAMP3 at 15 min, mainly in smaller peripheral puncta. At
later times, 30 and 60 min, colocalization increases in larger
perinuclear puncta (Figure 5). The timing of colocalization
corresponds well with the presence of SCAMP3 in early
endosomes as well as endosomally derived carrier vesicles.
Notably, SCAMP3 is not found in late endosomes and lyso-
somes marked by BMP/LBPA and Lamp1 (data not shown;
Brand et al., 1991).

15min

60min

Figure 5. EGEFR traffics to SCAMP3-rich compartments. HeLa cells
were labeled with EGFR Ab 13A9, washed, and stimulated with 100
ng/ml EGF for 15, 30, or 60 min. Cells were then acid-stripped with
low pH glycine to remove surface-associated EGFR antibody, fixed,
permeabilized, and immunostained to detect internalized EGFR and
SCAMP3. Bar, 10 pm.
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Knockdown of SCAMP3 Accelerates EGFR Degradation

We next set out to determine whether SCAMP3 has a role in
regulating EGFR degradation by evaluating the trafficking of
EGF and EGEFR in HelLa cells that had been transfected with
siRNAs designed specifically to human SCAMP3. Two dif-
ferent siRNAs each reduced the level of SCAMP3 expression
>90% compared with control transfected cells (see example
in Figure 7C). Initially, we followed trafficking of fluores-
cently labeled EGF (Figure 6). Labeling in control and
SCAMP3 knockdown cells was similar at early time points,
5 and 15 min, and was characterized by fine punctate stain-
ing dispersed throughout the cytoplasm. At 30 min, EGF
concentrated into bright perinuclear accumulations in con-
trol cells as observed in early studies (e.g., Shearwin-Whyatt
et al., 2004). However, in cells depleted of SCAMP3, the
fluorescent ligand was found in smaller more widely dis-
tributed puncta. At 60 min, EGF fluorescence was notably
decreased, especially in SCAMP3 knockdown cells, where
puncta were barely visible (Figure 6A). To compare ligand
levels quantitatively, the average fluorescent EGF signal per
cell was measured and compared at each time point between
control and knockdown samples. This analysis revealed a
significantly lower signal at 30 and 60 min in SCAMP3-
depleted cells (Figure 6B). Accelerated loss of fluorescent
EGF was observed with two independent siRNAs for
SCAMP3 but was not observed for SCAMP1 knockdown,
which produced profiles similar to the control (Figure 6B
and data not shown).

The disappearance of fluorescently labeled EGF in
SCAMP3-depleted cells could indicate an acceleration of the
rate of recycling or degradation. To distinguish between
these two possibilities, we used two complementary assays:
analysis of the fate of internalized '*®I-labeled EGF and
analysis of EGFR levels by quantitative Western blotting.
Knockdown of SCAMP3 did not affect uptake of '°I-EGF
into the cells (Supplemental Figure S2). As shown in Figure
7, A and B, knockdown of SCAMP3 accelerated degradation
while concurrently decreasing the rate of '*°I-EGF recycling
compared with the control. Consistent with this outcome,
Western blotting of the receptor in lysates confirmed that
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min:

scrambled

siRNA tfxn:

SCAMP3

0.6

avg Flgp / avg Flgg,

0.4 4

0.2 4

SCAMP3 Regulates EGFR Trafficking

I scram
[ SC1KD
[_1SC3KD

0.0

min EGF: 5 15

30 60

Figure 6. RNAi-mediated knockdown of SCAMP3 enhances disappearance of fluorescent EGF. HeLa cells were transfected with scrambled,
SCAMP1-, or SCAMP3-specific siRNA (no. 1), labeled with 100 ng/ml Alexa-488 EGF at 4°C, washed, and chased with 100 ng/ml EGF for
indicated times at 37°C. (A) Representative images of cells transfected with scrambled or SCAMP3-specific siRNAs are shown; bar, 10 um;
asterisks at 60 min identify positions of cells in the images. (B) EGF fluorescence/cell was quantitated from Z-stacks of deconvolved images
as described in Materials and Methods and was expressed as the average fluorescence ratio (knockdown/control) for each time point. The ratio
for cells transfected with scrambled siRNA was set to 1.0. Error bars, SEM; * p < 0.01.

degradation was accelerated in the absence of SCAMP3. The
same results were obtained using two different siRNAs in
both assays, confirming the specificity of SCAMP3 knock-
down on EGFR degradation (Figure 7, C and D, and data not
shown). The rate of receptor degradation was not affected in
cells depleted of either SCAMP1 or 2 (data not shown).
Potentially, acceleration of EGFR degradation and inhibi-
tion of recycling may reflect a general shift such that more
cargo is directed toward lysosomal degradation. We there-
fore looked at whether degradation or recycling of the TfR
receptor, which normally recycles with high efficiency, was
similarly affected by knockdown of SCAMP3. To measure
degradation of TfR, we followed the disappearance of bio-
tinylated surface TfR over 48 h. There was no significant
difference in the amount of receptor recovered between con-
trol and SCAMP3-depleted cells at any time point (Figure
8A). To complement this finding, we examined the fate of
125[-TfR in cells preloaded to steady state. The results show

Vol. 20, March 15, 2009

that knockdown of SCAMP3 did not affect recycling (Figure
8B). Therefore, SCAMP3 depletion does not affect constitu-
tive recycling.

Overexpression of Normal but Not Mutant SCAMP3
Increases EGFR Recycling

Because knockdown of SCAMP3 enhances EGFR degrada-
tion and inhibits receptor recycling, we hypothesized that
overexpression of SCAMP3 may have the opposite effect of
increasing receptor recycling. To test this possibility, we
developed an assay to monitor recycled EGFR using fluo-
rescent secondary antibody to detect the appearance of re-
ceptor-antibody complexes at the cell surface after 2 h of
EGF stimulation as described in Materials and Methods. Be-
cause internalization of EGF and EGFR was not affected
(Figure 9G, inset, and Supplemental Figure S3), we could
reasonably assume that the presence of surface-associated
receptors at 2 h is indicative of recycling. Moreover, we
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Figure 7. Knockdown of SCAMP3 accelerates EGF and EGFR degra-
dation. Degradation (A) and recycling (B) of '*I-EGF in HeLa cells de-
pleted of SCAMP3 (siRNA no. 2). Results from four independent experi-
ments show that EGF degradation is accelerated and recycling inhibited
compared with control cells. (C and D) Degradation of EGFR in HeLa cells
transfected with control or SCAMP3-specific siRNA (no. 2). Cells were
stimulated with 100 ng/ml EGF for indicated times, and the lysates were
immunoblotted with specified antibodies. (C) A representative experi-
ment is shown. (D) Quantitation of EGFR remaining after each time point
from three independent experiments. EGFR levels were normalized for
protein loading and quantitated as fraction of EGFR at time 0. Error
bars, SEM.
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Figure 8. Knockdown of SCAMP3 does not affect turnover and
trafficking of transferrin receptor (TfR). (A) Surface-biotinylated
cells were incubated for indicated times, lysed, adsorbed with
streptavidin-agarose, and immunoblotted for TfR. The amount of
TfR was normalized to the total biotinylated TfR (time 0). Results
are averaged from three independent experiments and show no
significant difference between control transfected or SCAMP3-de-
pleted cells. Error bars, SEM. (B) Recycling of transferrin (**°I-TfR) is
the same in control transfected and SCAMP1- or 3-depleted HeLa
cells. Recycling was measured in triplicate in three experiments as
described in Materials and Methods. A representative experiment is
shown. Error bars, SEM.

confirmed in separate controls 1) that cell surfaces were
largely cleared of anti-EGFR at 30 min (Supplemental Figure
S3) and 2) that intracellular antigen EEA1 was not detected
without permeabilization, thereby documenting surface ex-
posure of recycled complexes. We found that 66% of
SCAMP3-transfected cells had enhanced surface-associated
EGFR compared with 12% in vector-transfected cells (Fig-
ure 9, B-F and G). Thus, overexpression of SCAMP3 in-
creases receptor recycling.

Our biochemical data suggest that SCAMP3 function may
be closely tied with its ability to be ubiquitylated and to
interact with the ESCRT-I protein Tsgl01. Using this recy-
cling assay, we then tested whether ubiquitylation sites and
putative interaction motifs on SCAMP3 were necessary to
observe recycling. We made the following mutations in
mouse SCAMP3: 1) Y53A, in which the ubiquitin ligase
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Figure 9. Recycling of EGFR is induced by SCAMP3 overexpression and is dependent on an intact PSAP motif and ubiquitylation. HeLa
cells were transfected with vector (A and B), wild-type (WT) mouse SCAMP3 (C and D), SCAMP3 PY mutant Y53A (E and F), or other
mutants not shown: PSAP mutant (567A), double mutant (DM), ubiquitylation-deficient KR mutant (KR6), or W219A. Cells were surface
labeled with EGFR Ab 13A9 and then stimulated with 100 ng/ml EGF for 2 h. After fixation, surface-associated EGFR was labeled with
Alexa-594 secondary antibody (B, D, and F), and the cells were then permeabilized and immunostained for SCAMP3 using a low
concentration of antibody to distinguish transfected from nontransfected cells (A, C, and E). Asterisk indicates nontransfected/low-
expressing cells; bar, 10 um. (G) Transfected cells were scored for the presence of surface-exposed EGER relative to neighboring nontrans-
fected cells. The average of 3—-4 experiments is shown in the bar graph. * p < 0.05 compared with vector alone, ** p < 0.05 compared with
wild-type (WT) transfected. Inset, internalization of EGF is not affected in overexpressing cells. Cells were labeled with 100 ng/ml Alexa-488
EGF at 4°C, washed, incubated with 100 ng/ml unlabeled EGF for 15 min at 37°C, and processed for immunostaining with a low
concentration of SCAMP3 antibody. EGF fluorescence of SCAMP3 WT or mutant-expressing cells was quantitated as described in Materials
and Methods, and results are expressed as average fluorescence ratio: SCAMP3 constructs overexpressed (OE):vector transfected (vec). Error
bars, SEM.
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binding site PPxY was abrogated; 2) S67A, in which the residue that in SCAMP2 creates a dominant inhibitor of
PSAP motif was altered to inhibit possible binding to the exocytosis (Liu et al., 2002). Expression of each of these
ESCRT-I protein Tsg101; 3) a double mutation Y53A, S67A mutants yields immunostaining that closely approximates
(DM); 4) KR6, in which six of the nine cytoplasmic lysines that of endogenous and exogenous wild-type SCAMP3, al-
were mutated to arginine, rendering SCAMP3 incapable of though the efficiency of transfection, particularly for DM
being ubiquitylated (K76,103,104,147, 225, and 315R; data and W219A, was lower than for wild-type SCAMP3 (Sup-
not shown); and 5) W219A, a change of a highly conserved plemental Figure S4, data not shown). Also, each of these
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Figure 10. Overexpression of wild-type SCAMP3 but not a double mutant inhibits EGF degradation and increases recycling. HeLa were
transfected with vector (pcDNA 3.1), wild-type mouse SCAMP3, or DM-SCAMP3. (A) Degradation of '*I-EGF. (B) Recycling of '*’I-EGF.

Error bars, SEM, determined from three separate experiments.

mutants did not affect internalization of EGF (Figure 9G,
inset). Notably, all the mutations substantially reduced the
ability of overexpressed SCAMP to elicit increased EGFR
recycling. DM (Y53A, S67A) was especially potent in this
regard (Figure 9G).

As a complementary approach to analyzing the effect of
overexpression of SCAMP3 and select mutants on EGFR
recycling, we examined the recycling versus degradation of
125[-EGF. As shown in Figure 10, overexpression of SCAMP3
decreased degradation and increased recycling as compared
with cells transfected with vector alone. Quite interestingly,
overexpression of the DM mutant slightly enhanced degra-
dation and decreased recycling as compared with vector-
transfected cells. The effect of this mutant resembles the
effect of SCAMP3 knockdown and suggests that the mutant
acts in a dominant-inhibitory manner. In a separate set of
analyses, overexpression of mutant KR6 decreased recycling
as compared with wild-type SCAMP3, but the effect was not
as strong as for the mutant DM (data not shown). In these
experiments, the levels of overexpression of mutants KR6
and DM were about one-third and the same as wild-type
SCAMP3, respectively. Taken together, these results of the
EGFR and '*°I-EGF recycling assays provide strong support
that SCAMP3 interaction with ESCRT machinery and its
ubiquitylation promote EGFR recycling.

SCAMP3 Functions Coincidentally with ESCRT
Complexes

One current model of ESCRT-mediated degradation sug-
gests that ubiquitylated receptors are passed serially
through ESCRT complexes to facilitate packaging into inter-
nal vesicles (Babst, 2005). A corollary of this model is that
knockdown of subunits of ESCRT complexes inhibits EGFR
degradation. Indeed, previous studies have shown that
knockdowns of the ESCRT proteins Hrs, Tsgl01, and
Vps24/CHMP3, individually severely inhibit EGFR degra-
dation (Bache et al., 2006; Raiborg et al., 2008). Given that the
distribution of SCAMP3 encompasses at least the early por-
tion of the degradative pathway where the ESCRTSs function
and that SCAMP3 is thought to interact with Hrs and
Tsgl01, we were curious whether SCAMP3 functions in
series with the ESCRTs. To this end, we used siRNAs to
deplete the ESCRT proteins Hrs, Tsg101, and Vps24 individ-
ually and in paired combination with SCAMP3 (Supplemen-
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tal Figure S5) and followed degradation of EGFR. As in the
earlier studies, we found that single knockdowns of Hrs,
Tsgl01, and Vps24 inhibited EGFR degradation compared
with control transfected cells (Figure 11, A-C). We antici-
pated that if SCAMP3 functions solely in series with the
ESCRT complexes then inhibition of receptor degradation in
paired SCAMP3/ESCRT knockdowns would be comparable
to ESCRT knockdown alone. However, we consistently
found that all paired knockdowns of SCAMP3/ESCRT sub-
units resulted in a rate of receptor degradation that was
faster than for knockdown of the ESCRT subunits alone but
slower than for knockdown of SCAMP3 alone (Figure 11,
A-C). These outcomes would seem to rule out a strictly
serial relationship between SCAMP3 and the ESCRTs and
raise the possibility that they may have parallel roles or that
SCAMP3 has compound functions acting both in series and
in parallel with ESCRTs.

To complement these findings we carried out the same
knockdowns of ESCRTs, alone and in combination with
SCAMP3, and measured cellular fluorescence of Alexa488-
EGF-labeled cells 1 h after stimulation. We included an
additional set where the ESCRT-III subunit CHMP6 was
knocked down. As expected, we found that cells with knock-
downs of individual ESCRT subunits had significantly more
Alexa488-EGF than control cells, ~1.5-4.5-fold increase, in-
dicating that degradation was inhibited (Figure 11D). When
we tested the effect of paired knockdowns with SCAMP3,
there was, in most cases, an increase in fluorescence com-
pared with control, ~0.8-1.75-fold; however, it was less
than for knockdowns of individual ESCRT subunits alone
but greater than for knockdown of SCAMP3 alone (Figure
11E). Except in the case of TsglO1, these results do not
appear to be a consequence of defects in internalization
(Supplemental Figure S6) and support the possibility that
SCAMP3 function may coincide with and complement ES-
CRT function.

Knockdown of SCAMP3 Perturbs EGFR-containing MVBs

To search for changes in endosomal morphology accompa-
nying SCAMP3 knockdown more quantitatively and at
higher resolution, we examined compartments containing
internalized EGFR by immunoelectron microscopy. HeLa
cells were labeled with EGFR mAb 13A9-gold, stimulated
with EGF, and processed for observation at 30 and 60 min.
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Figure 11. Accelerated degradation of EGFR in SCAMP3-depleted cells is not blocked by simultaneous knockdown of ESCRT subunits. HeLa
cells were transfected with control siRNA, SCAMP3 siRNA, and Hrs siRNA or Hrs and SCAMP3 siRNAs (A), Tsg101 siRNA or Tsgl101 and
SCAMP3 siRNAs (B), and Vps24 siRNA or Vps24 and SCAMP3 siRNAs (C). The cells were stimulated with 100 ng/ml EGF for 60 min, lysed, and
immunoblotted for EGFR using ECL for quantitation. EGFR levels were normalized for protein levels and calculated as the fraction of total from
time 0 (fraction EGFR,_(,,—¢) in three independent experiments. Error bars, SEM. (D and E) EGF degradation in HeLa cells after knockdown of
SCAMP3 and ESCRT subunits alone (D) and in paired combination (E). Cells were labeled with Alexa488-EGF and chased with 100 ng/ml EGF
for 60 min. EGF fluorescence was quantitated as described in Materials and Methods, and results are expressed as average fluorescence ratio:

knockdown:control transfected. Error bars, SEM; * p < 0.01.

Three separate experiments resulted in very similar out-
comes. We found that gold-labeled MVBs from SCAMP3-
depleted cells and control cells were similar in size and
morphology (Figure 12, Table 1). Also, the number of inter-
nal vesicles/um? MVB cross-sectional area was about the
same, indicating that ILV formation is not affected (Table 1).
Together, these results indicated that depletion of SCAMP3
did not detectably affect the structure of individual MVBs.
However we found an interesting difference in the density
(number/um? cytoplasm) of EGFR-labeled MVBs between
SCAMP3 knockdown and control cells. Although both types
of cells exhibited the same density at 30 min after initiating
uptake, this density decreased by one-third in control cells
but was unchanged at 60 min in knockdown cells. Notably,
the density of gold-labeled late endosomes/lysosomes was
essentially the same in both types of cells at 30 and 60 min
(Table 2). Therefore it appears that depletion of SCAMP3
does not affect the kinetics of trafficking to lysosomes but
rather the number of gold-labeled MVBs enroute to the
lysosome. When we examined the EGFR-gold containing
MVBs from both control and SCAMP3-depleted cells more
closely, we often found small buds or tubules extending
from and occasionally into them, suggesting that these
MVBs are actively sorting cargo and have not fully matured

Vol. 20, March 15, 2009

(Figure 12, B, D, F ,and G; Woodman and Futter, 2008). We
also examined the sections for the presence of EGFR-labeled
tubulovesicular compartments, which may represent an in-
termediate for recycling cargo between MVBs and the ERC
or TGN. We were able to identify some compartments that
appeared tubulovesicular in morphology (data not shown);
however, we were not able to sufficiently resolve these com-
partments to quantify them. Occasionally we also found
gold residing on the plasma membrane and on extracellular
material. Nevertheless, these results suggest that depletion
of SCAMP3 affects trafficking of EGFR upstream of degra-
dation in the lysosome, possibly during maturation or for-
mation of MVBs (see Discussion,).

DISCUSSION

We have shown that SCAMP3 contributes to the regulation
of EGFR trafficking and degradation and have identified
novel interactions between SCAMP3 and the endocytic ma-
chinery involved in ubiquitin-mediated receptor degrada-
tion. SCAMP3 can be ubiquitylated at multiple sites, prob-
ably via association of its PY motif with one or more Nedd4
ubiquitin ligase(s); it contains a PSAP motif that can bind
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Figure 12. EGFR-containing MVBs from SCAMP3-depleted cells have normal morphology. HeLa cells were transfected with control (A, B, E, F,
and G) or SCAMP3 siRNA (C, D, H, [, and J), labeled with EGFR mAb 13A9 conjugated to gold, stimulated with 100 ng/ml EGF for 30 (A-D) or
60 min (E-J), and then processed for immunoelectron microscopy. Arrowheads indicate buds/tubules extending from the MVB. N, nucleus; LE,

late endosome; bar, 0.25 um.

Tsgl01, and it can associate with Hrs, by an interaction
involving Hrs” VHS and FYVE domain. As the FYVE do-
main binds PI3P and contributes to Hrs localization to early
endosomes, the association with SCAMP3 may either en-
hance targeting or otherwise influence Hrs function in sort-
ing (Raiborg ef al., 2001a). It will be interesting to determine
the reciprocal interaction module on SCAMP3 and whether
SCAMP3-FYVE domain association is involved in other en-
docytic processes, such as Rab5 binding to EEA1 (Simonsen
et al., 1998b).

Ubiquitylation of SCAMP3 and its interactions with ESCRTs
are reminiscent of several adaptors that function in endoso-
mal sorting. In particular, Ndfipl/2 and the yeast adaptors
Bsd2, Earlp, and Ssh4p are all membrane proteins that
contain PY motifs and are ubiquitylated by Nedd4/Rsp5p
(Harvey et al., 2002; Konstas et al., 2002; Hettema et al., 2004;
Shearwin-Whyatt et al., 2004; Oberst et al., 2007; Leon et al.,
2008). Additionally, Nedd4 ubiquitylates GGA3 to promote
transport of the membrane protein LAPTMS5 to lysosomes
(Pak ef al., 2006). The PSAP motif of Hrs recruits Tsg101 to
facilitate cargo transfer from ESCRT-0 to ESCRT-I (Garrus et
al.,, 2001; Katzmann et al.,, 2003; Pornillos et al., 2003;
Yanagida-Ishizaki et al., 2008), and similar to SCAMP3, PY
and PSAP motifs on the membrane protein SIMPLE/LITAF
bind Nedd4 and Tsgl01, probably to support lysosomal
sorting from the Golgi and plasma membrane (Shirk et al.,
2005).

Given the similarities with these adaptors and SCAMP3’s
localization to membranes, including PI3P-rich endosomes
(present studies; Castle and Castle, 2005), we sought to

determine whether knockdown or overexpression of
SCAMP3 affected trafficking of EGFR. Surprisingly, deple-
tion of SCAMP3 accelerated receptor degradation, whereas
overexpression enhanced recycling. Moreover, the ability to
enhance receptor recycling depended on SCAMP3’s PY and
PSAP motifs and its capability to be ubiquitylated. Together,
these observations imply that unlike the adaptors described
above, which promote degradation, SCAMP3 inhibits lyso-
somal degradation of EGFR. One mode of SCAMP3 function
may involve inhibition of ESCRT-mediated sorting through
competitive binding of Hrs and Tsg101, a process that may
be enhanced by SCAMP3 ubiquitylation. This would be
consistent with various studies that show Hrs and Tsgl01
promote EGFR degradation and reduce recycling (Razi and
Futter, 2006; Raiborg et al., 2008). Therefore, SCAMP3 may
oppose Hrs and Tsgl01 function at this level to support
recycling.

However, our results suggest SCAMP3 has additional
function(s), in parallel to ESCRTs that contribute to EGFR
sorting. First, simultaneous knockdown of SCAMP3 with
Hrs or Tsg101 did not inhibit EGF/EGFR degradation to the
same extent as knockdown of Hrs and Tsg101 alone. Second,
SCAMP3 knockdown in combination with the downstream
proteins, Vps24 or CHMPS, also reduced the rates of EGF/
EGEFR degradation compared with knockdown of ESCRT-III
subunits alone. Third, recycling of EGFR in SCAMP3-over-
expressing cells was suppressed when a mutation of a
highly conserved residue (W219A) was introduced. This
residue is found in a cytoplasmic domain that likely contrib-
utes to the conserved function of all SCAMPs (Guo ef al.,

Table 1. Characteristics of EGFR-gold labeled MVBs

EGFR-gold labeled
MYVBs area (um?)?

No. of ILVs/EGFR-gold

No. of ILVs/um? EGFR-gold

labeled MVB labeled MVB area

control, 30min 0.091 = 0.005
SC3KD, 30min 0.085 = 0.006
control, 60min 0.107 = 0.007
SC3KD, 60min 0.100 = 0.006

9.5+ 0.6 116.1 = 5.3
85 *0.7 106.3 = 5.2
11.7 £ 0.8 1146 £ 6.1
10.5 = 0.7 111.8 = 44

a2 MVBs were identified by presence of internal vesicles and the absence of lamellae.
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Table 2. Cytoplasmic densities of EGFR-gold labeled MVBs and late endosomes/lysosomes

No. of EGFR-gold

No. of EGFR-gold
labeled LE or

No. of EGFR-gold labeled MVBs/ No. of EGFR-gold LY/pum?
um? Cytoplasm labeled MVBs um? cytoplasm labeled LE/LY? cytoplasm
Control, 30 min 1892 118 0.062 20 0.011
SC3KD, 30 min 1936 121 0.062 18 0.009
Control, 60 min 1765 70 0.040 37 0.021
SC3KD, 60 min 1855 120 0.065 39 0.021

2 LE/LY, late endosome/lysosome, were identified by increased density, lamellae, and may or may not contain internal vesicles.

2002; Liu et al., 2002, 2005; Liao et al., 2007), but is not
involved in ESCRT binding or ubiquitylation. Together,
these results clearly conflict with the idea that SCAMP3
merely antagonizes ESCRT-EGFR interaction.

To further understand SCAMP3'’s role in regulating EGFR
sorting, we examined whether MVB structure, formation,
and incidence were also affected by SCAMP3-depletion. Our
analysis by electron microscopy (EM) indicated that the
structure of EGFR-labeled MVBs (size and incidence of
ILVs), was not affected in SCAMP3-depleted cells. And the
equal densities of labeled MVBs (number/cytoplasmic area)
in control and knockdown cells at 30 min suggested to a first
approximation that the rate of EGF-induced MVB formation
(White et al., 2006) was not altered. However, we observed a
striking disparity in the incidence of EGFR-labeled MVBs at
60 min. In control cells, the density of MVBs decreased
one-third, but in SCAMP3-depleted cells the density re-
mained unchanged. This could not be accounted for by an
increase in transport to lysosomes because appearance of
EGFR-labeled late endosomes/lysosomes in control and
SCAMP3-depleted cells at both time points was similar.
Possibly a portion of EGFR relocated to the cell surface or to
other endocytic organelles (non-MVB/late endosomal/lyso-
somal), and although we attempted to assess this quantita-
tively, no consistent picture has emerged. Nevertheless, the
decrease of EGFR-labeled MVBs in control cells implies the
presence of a previously unrealized process by which
SCAMP3 normally facilitates loss of EGFR from this com-
partment.

On the basis of our results, we propose that SCAMP3
regulates EGFR trafficking by inhibiting ubiquitin-depen-

A

dent sorting through competitive binding of ESCRTs and by
promoting recycling. We have thought of two mechanisms
of SCAMP3 action that could account for the loss of EGFR-
labeled MVBs (Figure 13). First, SCAMP3 may promote
formation of MVBs that function in recycling rather than
degradation. There is already precedence for heterogeneity
among MVBs (White et al., 2006) and including those that
might be specialized for exocytosis (Trajkovic et al., 2008).
Also EGFRs and Ndfipl, which is structurally similar to
SCAMP3, have been identified in exosomes, probably result-
ing from exocytosis of MVBs (Putz et al., 2008; Sanderson et
al., 2008). The formation of specific MVBs from PI3P-con-
taining endosomes may be supported by SCAMP3 because
SCAMPs are thought to contribute to the formation and
function of polyphosphoinositide-containing domains in
other contexts (e.g., exocytosis; Liu et al., 2005; Liao ef al.,
2007, 2008). In the second possibility, SCAMP3 may facilitate
removal of receptors from maturing, lysosomally directed
MVBs to a recycling pathway largely distal to those used by
TfR or induced by low EGF concentration (Sigismund et al.,
2008). In this model, SCAMP3 antagonizes ESCRT function
by preventing (or reversing secondarily through retrofusion;
van der Goot and Gruenberg, 2006) sorting of receptors into
ILVs and redirects them into tubules (seen in many of our
EMs) that facilitate recycling. Notably, SCAMP3-regulated
recycling may apply to receptors that are not polyubiquity-
lated and are subjected to deubiquitylation (Clague and
Urbe, 2006; Umebayashi ef al., 2008). Moreover, the two
mechanisms suggested are not mutually exclusive and may
even occur in tandem.

Figure 13. Model of SCAMP3 function in in-
hibiting EGFR degradation and promoting re-
cycling. After internalization, a fraction of
EGFRSs is sorted for lysosomal degradation in
an ubiquitin and ESCRT-dependent manner.
This sorting is negatively regulated by
SCAMP3 through at least two possible mech-
anisms. (A) SCAMP3 inhibits ESCRT-medi-
ated sorting of receptors into lysosomally di-
rected MVBs and also promotes formation of a
distinct population of MVBs destined for re- vy
cycling. (B) Receptors are sorted into MVBs
that mature en route to the lysosome.
SCAMP3 inhibits ESCRT-mediated sorting of
receptors into ILVs and facilitates their re-
moval from maturing MVBs and trafficking
through the endocytic recycling compartment
(ERQ).

IEGFR

C¥
MVB ™ ~,
B .
Q)

late
ITR endosome

ESCRTs
O ) g

SCAMP3

exosome
SCAMP3

late =

lysosome endosome

lysosome

Vol. 20, March 15, 2009

1829



Q. L. Aoh et al.

A final point comes from realizing the extensive loss of
fluorescent EGF by 60 min in SCAMP3 knockdown cells
(Figure 6), the same time point when most gold-labeled
EGEFR is upstream of lysosomes. This loss of fluorescent EGF
may indicate that depletion of SCAMP3 leads to prelysoso-
mal digestion in MVBs, perhaps because of increased acid-
ification. Indeed, SCAMPs have been proposed to control
the trafficking of NHE7 and the Na*/H™ exchanger that
may restrict endosomal acidification (Lin ef al., 2005; Or-
lowski and Grinstein, 2007). Depletion of SCAMP3 may
prevent association of NHEs or other pH regulatory machin-
ery with MVBs.

In conclusion, by studying the effects of SCAMP3 knock-
down and overexpression, we have been able to show that
SCAMP3 can regulate the degradative versus recycling fate
of the EGFR. This regulation putatively involves SCAMP3
ubiquitylation and interactions with ESCRTs and may entail
formation of recycling MVBs or recycling from lysosomally
directed MVBs. In the future, a major challenge will be to
clarify SCAMP3’s specific contributions to receptor sorting
and recycling, how its function is regulated by ubiquityla-
tion/deubiquitylation and tyrosine phosphorylation, and
how these events influence EGFR’s growth-promoting ac-
tions.
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