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(Bacl(ground: Tetraspanin CD82/KAI1 is associated with EGF receptor and regulates its signaling.
Results: CD82 controls ubiquitylation of EGF receptor after stimulation with heparin-binding ligands and alters receptor

Conclusion: CD82 regulates communication between heparan sulfate proteoglycans and ligand-bound EGFR, thus affecting the

Significance: Lateral cross-talk initiated by CD82-dependent interactions is critical for modulation of EGFR function.
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Ligand-induced ubiquitylation of EGF receptor (EGFR) is an
important regulatory mechanism that controls endocytic traf-
ficking of the receptor and its signaling potential. Here we
report that tetraspanin CD82/KAIl specifically suppresses
ubiquitylation of EGFR after stimulation with heparin-binding
EGF or amphiregulin and alters the rate of recruitment of the
activated receptor to EEA1-positive endosomes. The suppres-
sive effect of CD82 is dependent on the heparin-binding domain
of the ligand. Deletion of the C-terminal cytoplasmic domain of
CD82 (CD82AC mutant) inhibits endocytic trafficking of the
tetraspanin and compromises its activity toward heparin-bind-
ing EGF-activated EGFR. Reduced ubiquitylation of EGFR is
accompanied by PKC-dependent increase in serine phosphory-
lation of c-Cbl in cells expressing elevated levels of CD82. Fur-
thermore, phosphorylation of threonine 654 (PKC phosphory-
lation site) in the juxtamembrane domain of the receptor is
considerably increased in CD82-expressing cells. These results
describe previously unsuspected links between tetraspanin pro-
teins and ubiquitylation of their molecular partners (e.g., EGFR).
Our data identify CD82 as a new regulator of c-Cbl, which dis-
criminatively controls the activity of this E3 ubiquitin ligase
toward heparin-binding ligand-EGFR pairs. Taken together,
these observations provide an important new insight into the
modulatory role of CD82 in endocytic trafficking of EGF
receptor.

Tetraspanins comprise a family of four transmembrane
domains proteins that function as the main structural compo-
nents and organizers of specific microdomains: tetraspanin-
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enriched microdomains (TERM).? Within TERM, tetraspanins
link together various receptors and cytoplasmic signaling mol-
ecules and regulate lateral cross-talk at the plasma membrane
(1-3). In addition, there is growing evidence that tetraspanins
have a role in trafficking, sorting in endosomes and exocytosis
of the molecules associated with TERM (4). However, endo-
cytic trafficking routes for the majority of tetraspanins and the
molecular mechanisms underlying their role in endocytic traf-
ficking of associated partners remain largely unknown.
Metastasis suppressor tetraspanin CD82/KAI1 has been
implicated in the modulation of activities of various transmem-
brane receptors such as EGFR, c-Met, and 1 integrins (5-11).
Specifically, we have previously shown that elevated expression
of CD82 in epithelial cells results in the increased internaliza-
tion rate of EGFR, thus attenuating the signaling of the receptor
(5). A more recent report described the involvement of CD82 in
controlling EGFR diffusion in the plasma membrane and its
interaction with the machinery of clathrin-dependent endocy-
tosis (12). Likewise, there is evidence that CD82 regulates sur-
face levels of 61 integrin by accelerating its ligand-depen-
dent internalization (7). Previously described modulatory
activities of CD82 were directed toward the cell surface pool of
the associated receptors. Indeed, until recently, the intracellu-
lar distribution of CD82 has been studied mainly in hematopo-
etic cells, where it was shown to be abundant in multivesicular
bodies in B lymphocytes (13) and in endolysosomal tubules in
dendritic cells (14). In their recent report Xu et al. (15) con-
firmed that in prostate epithelial cells CD82 is localized to var-
ious endocytic organelles including late endosomes and
lysosomes. They also showed that CD82 is internalized via
clathrin- and dynamin-independent pathways (15). However,
neither the intracellular pathways of internalized CD82 nor the

2The abbreviations used are: TERM, tetraspanin-enriched microdomain;
EGFR, EGF receptor; HB-EGF, heparin-binding EGF; AR, amphiregulin; EEA1,
early endosomal antigen 1; HSPG, heparan sulfate proteoglycans; PM,
plasma membrane.
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involvement of this tetraspanin in postendocytic trafficking of
its associated proteins has been investigated in previous studies.

The level and duration of EGER signaling is determined by a
variety of factors, not the least by the post-translational modi-
fications initiated by ligand binding (16). Different ligands
induce diverse cellular responses and may result in different
outcomes for the receptor (17).

In this study we have found that CD82 reduces the level of
ubiquitylation of EGFR following stimulation with HB-EGF
and AR. Heparin-binding domain of the ligand is essential for
CD82-induced changes in the ubiquitylation of the receptor.
Moreover, this correlates with delayed HB-EGF-induced phos-
phorylation of EGFR on Tyr'®*, the recruitment point for
c-Cbl to the receptor. Changes in ubiquitylation may be corre-
lated with the activation of PKC because phosphorylation of
Thr®** on EGFR (main PKC phosphorylation site) is increased
in CD82-expressing cells. Furthermore, increase in serine
phosphorylation of c-Cbl is PKC-dependent in CD82-express-
ing cells. We also found that a reduced level of ubiquitylation of
EGER resulted in diversification of its postendocytic trafficking
route. Specifically, we established that CD82 alters kinetics of
the recruitment of ligand-stimulated receptor to early endo-
somes and egress from these compartments. Importantly, these
activities of CD82 toward EGFR are dependent on the C-termi-
nal cytoplasmic region of the tetraspanin. Thus, this study has
established a new paradigm for tetraspanin-dependent regula-
tion of postendocytic trafficking of their associated receptors.

EXPERIMENTAL PROCEDURES

Mutagenesis and Viral Transduction—The mutant of CD82
(CD82AC) with the last 11 amino acids (HSEDYSKVPKY)
deleted for this study was generated by a standard PCR protocol
(sequences of the primers are available upon request). Stable
transfectants of HB2 cells with mutant and wild type CD82
were generated by using retroviral transduction. First, FLY A13
packaging cells were transfected with the plasmid containing
appropriate ¢cDNA by using Lipofectamine (Invitrogen)
according to the manufacturer’s protocol. Five days later, the
medium was harvested for use as a “transient virus.” Second,
HB2 cells were infected overnight with various dilutions of
virus. After 3 days, the puromycin selection was started. The
puromycin-resistant colonies were pooled together and sorted
by flow cytometry with an anti-CD82 mAb (IA4).

2.5.2A cells depleted of CD82 were generated using MIS-
SION shRNA library (Sigma) following the manufacturer’s pro-
tocol. Successful clones were selected in puromycin-containing
medium.

Cell Lines, Antibodies, and Reagents—Human mammary epi-
thelial cells HB2 and 2.5.2A (18) wild type cells were maintained
in DMEM (Invitrogen) supplemented with 10% FCS, 10 ug/ml
of hydrocortisone, and 10 pg/ml of insulin. HB2/CD82wt,
HB2/CD82AC, and 2.5.2A/shCD82 (3) cells were propagated in
the same medium supplemented with puromycin (2 pg/ml).

The anti-CD82 mAb M104 was kindly provided by Dr. O.
Yoshie. The anti-CD82 mAb TS82b was kindly provided by Dr.
E. Rubinstein. We are grateful to Professor M. Marsh for pro-
viding anti-CD63 mAb (1B5). Anti-EGFR mAbs (Ab-16, Ab-15,
and Ab-12) were purchased from ThermoScientific (Lab
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Vision). Anti-c-Cbl polyclonal antibody was purchased from
R&D Systems, and anti-c-Cbl mAb (A-9) was from Santa Cruz.
Anti-phosphoserine polyclonal antibody was from Abcam.
Anti-phospho-c-Cbl (Tyr’”* and Tyr**') and anti-phospho-
EGFR (Tyr'°*® and Tyr'***) rabbit monoclonal antibodies were
purchased from Cell Signaling Technology. Anti-phospho-
EGFR (Thr®**) antibody (clone 3F2) was purchased from Milli-
pore. Anti-EEA1 mAb was from Transduction Lab. Mono- and
polyubiquitinylated conjugates, mouse mAb (clone FK2) was
purchased from Enzo Life Sciences. All Alexa Fluor-conjugated
secondary antibodies for immunofluorescence were purchased
from Molecular Probes, Invitrogen/Life Sciences. IRDye800 or
IRDye680 secondary antibodies were purchased from LI-COR
Biosciences. The PKC inhibitor Calphostin C was purchased
from R&D Systems. Other reagents were from Sigma or
Thermo Fisher Scientific.

Co-immunoprecipitation of EGFR and c-Cbl and Ubiquityla-
tion of EGFR—Cells were serum-starved overnight and incu-
bated with the ligand in HEPES-supplemented DMEM for the
indicated time intervals at 37 °C. After incubation, the cells
were quickly washed with ice-cold PBS and lysed in buffer con-
taining 1% Triton X-100, 2 mm phenylmethylsulfonyl fluoride,
10 pg/ml aprotinin, 10 ug/ml leupeptin, and phosphatase
inhibitors (also supplemented with iodoacetomide (20 mm) if
lysates were used for detection of ubiquitylated species) for
1.5hat4 °C. The insoluble material was pelleted at 7000 X g for
10 min. EGFR was immunoprecipitated with the Ab-12 (anti-
EGFR mADb) for 2 h at 4 °C on the rotating wheel, and then the
mixture was incubated with protein G-agarose beads for 2 h at
4 °C as before (19). The complexes were eluted from the beads
with Laemmli loading buffer. Proteins were resolved in 10%
SDS-PAGE, transferred to a nitrocellulose membrane, and
developed with the appropriate antibody. Protein bands were
visualized using horseradish peroxidase-conjugated goat anti-
mouse antibodies (Dako) and chemiluminescence reagent
(PerkinElmer Life Sciences) or IRDye800 secondary antibody
for detection using the LI-COR Odyssey Imaging System. Pro-
duction and purification of SAHB-EGF has been described else-
where (20, 21).

Detection of Phosphorylated Proteins—Detection of phos-
phorylated proteins was carried out by Western blotting. The
cells were serum-starved overnight and, after incubation with
the ligand for indicated time intervals, were lysed with hot
Laemmli buffer supplemented with inhibitor mixture as
described above. Equal amounts of protein were resolved in
10% SDS-PAGE, transferred to a nitrocellulose membrane, and
developed with phospho-specific antibodies.

Inhibitor Treatment—HB2 and HB2/CD82 cells were plated
on 6-cm dishes 24 h before the start of the experiment. The cells
were serum-starved overnight and treated with 5 um Calphos-
tin C for 1.5 h. Subsequent incubation with HB-EGF was car-
ried out in the presence of the inhibitor. Appropriate concen-
tration of the drug was determined in a pilot experiment.

Measurement of Changes in Surface Levels of EGFR by Flow
Cytometry—The cells were incubated on ice with growth fac-
tors for 1 h, then washed, and transferred to 37 °C for the indi-
cated time intervals. After incubation, they were quickly trans-
ferred to ice, washed with ice-cold PBS, detached on ice with
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EDTA, incubated with primary antibodies for 45 min on ice,
washed twice with wash buffer (0.1% heat-inactivated BSA/
PBS), and then labeled with FITC-conjugated goat anti-mouse
IgG for 45 min on ice. After two washes, the cells were fixed
with 2% paraformaldehyde and analyzed using Coulter Epics
program (Becton Dickinson).

Immunofluorescence—The cells were grown on glass cover-
slips in complete medium for 24—-36 h, serum-starved over-
night, and incubated with ligand (and/or mouse monoclonal
antibody against CD82 (TS82b)) for the indicated time inter-
vals. After incubation, the cells were fixed with 2% paraformal-
dehyde/PBS for 10 min and, if necessary, permeabilized with
0.1% Triton X-100/PBS for 2 min. Staining with primary and
fluorochrome-conjugated secondary antibodies was carried
out as previously described (22). The images were captured
using Zeiss LSM510 META confocal system with 63X oil
immersion objective (NA 1.4). Z-stack sections were collected
at 0.3—0.4-um intervals. Quantification of co-localization was
carried out on 40 —50 cells from two or three experiments using
Image] Plugin JACOP (23).

Microplate Internalization Assay—The cells were plated on
96-well flat-bottomed plates at the density 5 X 10> cells/well, 6
wells for each time point. After 48 h, the cells were washed three
times with ice-cold PBS and incubated with the primary anti-
body (anti-CD82 mAb, TS82b) at 4 °C for 1 h. Three washes
with PBS were followed by incubation at 37 °C in full medium
for various time intervals. Then cells were fixed with 2% para-
formaldehyde for 10 min, blocked with 1% heat-inactivated
BSA in PBS, and incubated with IRDye 800CW goat anti-mouse
IgG from LI-COR Biosciences. After three washes with PBS, the
plates were dried, and fluorescence was quantified in 800-nm
channel by the Odyssey Infrared Imaging System (LI-COR Bio-
sciences). Experiments were carried out at least three times.
Statistical significance was calculated by paired, two-tailed ¢
test.

Electron Microscopy—For immunoelectron microscopy,
cells were fixed in 2% paraformaldehyde, 0.125% glutaralde-
hyde (Sigma-Aldrich) in 0.2 M phosphate buffer (pH 7.4) and
recovered from the culture plates using cell scrapers. The cells
were embedded in 10% gelatin and infused with 2.3 M sucrose as
described previously (24, 25). Gelatin blocks were frozen in lig-
uid nitrogen, and ultrathin sections were collected on drops
containing a mixture of methylcellulose and sucrose (25),
deposited on Formvar carbon-coated copper grids and single-
or double-immunogold labeled using indicated antibodies and
protein A coupled to 10- or 15-nm gold particles. Protein
A-conjugated 10- or 15-nm gold particles (PAG10 or PAG15)
were purchased from the microscopy center of Utrecht Univer-
sity (Utrecht, the Netherlands). Grids were contrasted/embed-
ded in 0.4% uranyl acetate, 1.8% methylcellulose and dried. For
conventional electron microscopy with pre-embedding label-
ing, cells grown on coverslips were incubated with anti-CD82
mADb (TS82b or 1A4) at 4 °C for 1 h. After three washes (to
remove unbound antibody), the cells were incubated with pro-
tein A coupled to 10-nm gold particles at 4 °C for 1 h. After
three washes (to remove unbound gold particles), the cells were
chased at 37 °C in full medium for the indicated time intervals.
The cells were then fixed with 2.5% glutaraldehyde in 0.1 M
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cacodylate buffer for 90 min, post-fixed with 2% OsO4, dehy-
drated in ethanol, and embedded in Epon. Ultrathin (60-70
nm) sections were examined using a Philips CM120 electron
microscope (FEI Company, Eindhoven, the Netherlands)
equipped with a digital camera Keen View (OSIS, Miinster,
Germany).

RESULTS

HB-EGF-induced Ubiquitylation of EGFR Is Impaired in
Cells with High Expression Level of CD82—EGF receptor signal-
ing potential depends on a delicate balance between processes
of recycling and degradation. The fate of the receptor is decided
in sorting endosomes following ligand-induced internalization.
One of the critical regulatory mechanisms of intracellular traf-
ficking of the activated EGFR is ubiquitylation (17). Following
earlier reports describing the role of CD82 in EGF-induced
internalization of EGFR (5, 12), we investigated whether ligand-
induced ubiquitylation of the receptor is influenced by this tet-
raspanin. We examined three ligands (EGF, AR, and HB-EGF)
that are known to induce different levels of ubiquitylation and
have distinct effects on the postendocytic trafficking of EGFR
(26). Cells with low or high levels of CD82 (Fig. 1A) were serum-
starved overnight, and kinetics of ubiquitylation of EGFR in
response to the ligands were investigated after a chase with a
ligand for up to 30 min at 37 °C. Stimulation of the control cells
(HB2) with EGF and HB-EGF induced robust ubiquitylation of
EGER (Fig. 1, B and C, lanes 1-5), reaching the maximum at
5-15 min. Amphiregulin induced weaker ubiquitylation of the
receptor with a maximum at 5 min (Fig. 1D, lanes 1-5). Weaker
AR-induced ubiquitylation of EGFR was previously reported
and linked to the initiation of higher recycling rate of AR-acti-
vated receptor (26, 27).) When the cells with high expression
level of CD82 (HB2/CD82) were stimulated with EGF, we
observed similar kinetics and degree of EGF-induced ubiquity-
lation of the receptor (Fig. 1B, lanes 6 —10). By contrast, ubiq-
uitylation of EGFR stimulated with either HB-EGF or AR was
markedly impaired (2—3-fold, depending on ligand and time
point) in HB2/CD82 cells when compared with control cells
(Fig. 1, C and D, lanes 6-10). These data were further con-
firmed when we used different concentrations of EGF and HB-
EGF for stimulation (supplemental Fig. S1).

To provide further evidence that HB-EGF-induced ubiquity-
lation of EGFR is, indeed, regulated by CD82, we used shRNA
approach to selectively deplete CD82 in 2.5.2A breast cancer
cells. Ubiquitylation of HB-EGEF-stimulated EGFR in CD82-de-
pleted cells increased (up to 3-fold) when compared with
parental cells (Fig. 24), confirming the role of CD82 in modu-
lation of EGFR ubiquitylation. 2.5.2A cells express EGER at a
similar level to HB2 cells but have higher expression levels of
CD82 (Fig. 1A and 2B).

Two ligands (HB-EGF and AR) that cause CD82-dependent
decrease in ubiquitylation of EGFR contain heparin-binding
domain, and we have previously reported that the activity of
HB-EGF is controlled by its heparin-binding (HB) region via
interaction with heparan sulfate proteoglycans (HSPG) (20).
Thus, we examined whether HB domain of HB-EGF is essential
for changes in the ubiquitylation of the receptor in cells
expressing CD82. Notably, ubigitylation of EGFR in both HB2
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FIGURE 1. Ubiquitylation of EGFR is impaired in CD82-overexpressing
cells. A, expression levels of CD82 and EGFR in HB2, HB2/CD82, and HB2/
CD82AC cells were determined by Western blotting (WB) with anti-CD82 mAb
(TS82b) or with anti-EGFR (Ab-15) mAb, respectively. WB with anti-actin mAb
is a control for equal loading. B-D, HB2 and HB2/CD82 cells were serum-
starved overnight and incubated with 15 ng/ml EGF (B) or 20 ng/ml HB-EGF
() or 15 mg/ml AR (D) for the indicated time intervals. After incubation, the
cells were lysed in Triton X-100 (1%), EGFR was immunoprecipitated (/P) with
anti-EGFR mAb (Ab-12; Neomarkers), and ubiquitylation (Usiq) of the receptor
was determined by Western blotting with anti-ubiquitin mAb (FK2; Enzo). The
membranes were reblotted with anti-EGFR pAb (Cell Signaling). The results of
one of three independent experiments are shown. Densitometric analysis
was carried out on the films of equal exposure time using the ImagelJ
program.

and HB2/CD82 cell lines was robust and comparable following
stimulation with sAHB-EGF, HB-EGF with deleted HB domain
(Fig. 2, C and D). The changes in ubiquitylation after stimula-
tion with sSAHB-EGF could not be attributed to the different
receptor-binding parameters of the ligand because we have
reported earlier that binding of soluble AHB-EGF is compara-
ble with that of the wild type (21). The lower total ubiquityla-
tion levels in these experiments were due to the lower concen-
tration of the ligand (10 mg/ml). Taken together, these data
indicate that CD82 selectively regulates ligand-induced ubiqui-
tylation of EGFR through a novel mechanism that possibly
involves surface heparan sulfate proteoglycans.

Postendocytic Trafficking of CD82 and Activated EGFR—W'e
expected that CD82-dependent decrease in EGFR ubiquityla-
tion would affect intracellular trafficking of the receptor. Thus,
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FIGURE 2. Impairment of ubiquitylation of HB-EGF-stimulated EGFR is
dependent on CD82 expression level and heparin-binding domain of the
ligand. A, 2.5.2A/wt and 2.5.2A/shCD82 cells were serum-starved overnight
and incubated with 25 ng/ml HB-EGF for indicated time intervals. After incu-
bation, the cells were lysed in Triton X-100 (1%), EGFR was immunoprecipi-
tated (/P) with anti-EGFR mAb (Ab-12; Neomarkers), and ubiquitylation (ubiq)
of the receptor was determined by Western blotting (WB) with anti-ubiquitin
mAb (FK2; Enzo). The membranes were reblotted with anti-EGFR pAb (Cell
Signaling). The results of one of three independent experiments are shown. B,
expression levels of CD82 and EGFRin 2.5.2A wild type and CD82 knockdown
cells were determined by Western blotting with the appropriate antibodies.
Equal loading was controlled by WB with anti-actin mAb. C, HB2, HB2/CD82
cells were serum-starved overnight, incubated with 10 ng/ml sAHB-EGF for
indicated time intervals. Ubiquitylation of the receptor was determined by
Western blotting with anti-ubiquitin mAb (FK2; Enzo) after immunoprecipi-
tation as described above. The results of one of two independent experi-
ments are shown. D, schematic structures of wild type and mutant forms of
HB-EGF (adapted from Ref. 21).

we investigated trafficking of the receptor in HB-EGF-stimu-
lated cells in more detail. It is well established that activated
EGER is initially delivered to the EEAl-positive endosomes
(26). Hence, we compared the dynamics of EGFR trafficking
through this compartment in HB2 and HB2/CD82 cells after
stimulation with HB-EGF. The cells were incubated with ligand
on ice for 1 h, then washed, and transferred to 37 °C for indi-
cated time intervals. Then cells were fixed, permeabilized, and
labeled for EGFR and EEA1 (Fig. 3A4). Quantification analysis of
the collected z-stacks of images showed that after 2 min of
incubation with HB-EGF, the proportion of EGFR co-localized
with EEA1 was significantly higher in control cells (Fig. 3B)
(27% in HB2 and 17% in HB2/CD82 cells). The difference was
also observed in cells after 5 min of incubation, although less
pronounced (Fig. 3B) (37% for HB2/CD82 cells and 30% for the
control cells). Maximum (and comparable) co-localization has
been reached after 15 min in both cell lines (38 and 43%, respec-
tively) with sharp decline (from 43% to 30%) in HB2/CD82 cells
at 30 min (Fig. 3B). In contrast, in HB2 cells co-localization of
EGER with EEA1 did not change over the 5-30-min time inter-
val. We conclude that we observed slow delivery of EGER to
EEA1-positive endosomes and fast egress from this compart-
ment in HB2/CD82 cells. In contrast, EGFR in control cells was
fast delivered to and retained in EEA1-labeled endosome over
the indicated time interval.

We also investigated intracellular trafficking of EGFR in cells
expressing CD82AC (C-terminal deletion mutant of CD82).
Interestingly, recruitment of EGER to the EEA1-positive com-
partment at earlier time points in these cells was comparable
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FIGURE 3. Postendocytic trafficking of EGFR following HB-EGF stimulation is altered in the presence of CD82. A and B, HB2, HB2/CD82wt, and HB2/
CD82AC cells plated on coverslips were serum-starved overnight and incubated with HB-EGF (25 mg/ml) at 37 °C for indicated time intervals. The cells were
fixed and labeled for EGFR (anti-EGFR mAb; Ab-15) and the early endosomal marker EEA1 (anti-EEAT mAb; Transduction Labs) (as described under “Experi-
mental Procedures”). A, Representative confocal images of the cells following 15 min of EGFR internalization. Bars, 10 wm. B, quantification of the amount of
EGFR co-localizing with EEA1 in an average of 40-50 cells for each time point is presented as Pearson’s coefficient (average of three experiments). The p values
were determined by paired two-tailed t test. C, ubiquitylation (ubig or Ubi) of EGFR in HB2 and HB2/CD82AC cells was determined by immunoprecipitation (/P)
as described under “Experimental Procedures.” The results of one of three independent experiments are shown. D, time course of EGFR recycling in HB2 and
HB2/CD82 cells following stimulation with HB-EGF. The cells were incubated on ice with the ligand, washed, and incubated at 37 °C for indicated time intervals.
The amount of EGFR at the cell surface was determined by flow cytometry. The values presented are means (percentages) = S.D. from four experiments. WB,
Western blotting.

with that seen in control cells (Fig. 3B). Thus, deletion of the differences in HB-EGF-induced trafficking may be due to
C-terminal part of CD82 renders this protein inactive toward decreased ubiquitylation of EGFR, it was important to compare
EGFR in this assay. Because we proposed that CD82-dependent  ubiquitylation kinetics in the control and CD82AC-expressing
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at the interval of 0.30-0.35 wm. Scale bar, 10 um.

cells. As illustrated in Fig. 3C, HB-EGF-induced ubiquitylation
of EGFR in HB2/CD82AC cells was even increased when com-
pared with HB2 cells. Taken together, these data show that
CD82-dependent attenuation of EGFR ubiquitylation in cells
stimulated with HB-EGF correlates with the delayed recruit-
ment of the receptor to EEA1-positive endosomes and acceler-
ated egress from these compartments. Importantly, this activity
of CD82 is dependent on the cytoplasmic C-terminal part of the
protein.

Decreased ubiquitylation and changed dynamics of recruit-
ment to early endosomes may be an indication of the receptor’s
diversion to a recycling route. We compared cell surface levels
of EGFR after HB-EGF stimulation in HB2 control and HB2/
CD82 cells as measured in pulse-chase experiments by flow
cytometry (Fig. 3D). In accordance with the ubigitylation data
described above, the number of HB-EGF-activated receptors
on the cell surface in HB2/CD82 cells was higher than in control
cells (15 min after stimulation). Furthermore, after 60 min incu-
bation with HB-EGF the number of receptors was increased.
Although the newly synthesized receptors were not taken into
account in these experiments, the number would not be greatly
changed because of a relatively short time course. Taken
together, these data clearly indicate that CD82 expression alters
trafficking routes of HB-EGF-stimulated EGFR.

Trafficking of CD82 Is Controlled by the C-terminal Cytoplas-
mic Domain of the Protein—The C-terminal cytoplasmic
region deleted in CD82AC mutant contains a classical tyrosine-
based sorting signal (YSKV). As we have described above, its
deletion negated effects of CD82 on the ubiquitylation and
intracellular trafficking of EGFR.

Thus, it was important to compare trafficking routes of
CD82wt and CD82AC from the plasma membrane in more
detail. Initially, we measured the rate of the mAb-induced inter-
nalization of CD82 using a microplate internalization assay in
cells stably transfected with CD82wt or CD82AC (the expres-
sion levels of both proteins were comparable; Fig. 44). The
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internalization rate of antibody-bound CD82wt was slow with
only ~23% of CD82wt being removed from the cell surface after
1 h of chase (Fig. 4B). After 2 h of chase ~54% of CD82wt could
still be detected at the cell surface. Internalization of antibody-
bound CD82AC appeared to be even slower with only ~11% of
the protein being removed after 1 h and ~35% being removed
after 2 h (Fig. 4B). Immunofluorescence analysis of the internal-
ized CD82 at the 1-h time point following anti-CD82 mAb
binding illustrated the difference in the distribution patterns of
CD82wt and CD82AC (Fig. 4C). The wild type protein was
found in round puncta in perinuclear area (Fig. 4C, left panel).
On the other hand, internalized CD82AC was found in the
CD63-negative “polymorphic” structures close to the plasma
membrane (Fig. 4C, right panel).

We also studied the distribution of internalized CD82wt and
CDB82AC between various intracellular compartments by elec-
tron microscopy. We used two different approaches: immuno-
gold labeling of cryosections prepared from the cells after anti-
body chase and EPON embedding of the samples after chase
with antibody-bound gold. The images from the second set of
experiments are shown because they are more illustrative. After
5 min of chase at 37 °C, gold-labeled CD82 was found at the
plasma membrane (Fig. 54, arrows) and in the uncoated invagi-
nations of plasma membrane (PM) (Fig. 5B, arrows). Interest-
ingly, CD82 was not detected in coated invaginations of the PM
(Fig. 5C, arrowheads), but it was found on the uncoated internal
vesicles (Fig. 5C, arrows). CD82 could often be detected in the
rosette-like endosomal structures, thereby highlighting the
diversity of CD82 trafficking pathways (Fig. 5, D, arrows, and K).
After a 60-min chase, CD82 was distributed in various multive-
sicular endosomes at different stages of biogenesis and at the
PM (Fig. 5, E and F, arrows). Occasionally, gold-labeled CD82
was found on extracellular vesicles (Fig. 5F). Lack of a visible
coat and the morphology of the PM invaginations labeled for
CD82, together with the data from siRNA knockdown experi-
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FIGURE 5. Distribution of CD82 after 5 and 60 min of chase with anti-CD82 mAb analyzed by electron microscopy. HB2/CD82wt and HB2/CD82AC were
incubated with anti-CD82 mAb (TS82b) for 1 h and then with protein A gold 10 nm for 40 min at 4 °C and subsequently chased for 5 or 60 min at 37 °C. Then the
cells were fixed and processed according to the protocol described under “Experimental Procedures.” A, B, and G, after 5 min of chase, CD82wt and CD82AC
were distributed to the plasma membrane and in the uncoated invaginations of PM. C (main panel and inset), after 5 min of chase, internalized CD82wt was
found in the uncoated structures (arrow) but not coated vesicles (arrowheads). D, after 5 min of chase, CD82wt was observed in rosette-like endosomal
structures. E, after 60 min of chase, internalized CD82wt was mainly distributed to the intracellular multivesicular compartments (arrows) and found occasion-
ally at the PM. F, after 60 min of chase, gold-labeled CD82wt was also found on extracellular vesicles (arrows). H-J, CD82AC after 60 min chase was found on
internal (H and J) and on extracellular (/) vesicles. K, quantification of the distribution of gold particles (average 1500) between various membranous compart-

ments after 5 and 60 min of chase with anti-CD82 mAb in HB2/CD82wt and HB2/CD82AC cells. Scale bar, 200 nm.

ments of AP-2 (data not shown), excluded involvement of
clathrin-coated pits in the internalization of CD82.

Similarly to the wild type, after a 5-min chase, the C terminus
deletion mutant of CD82 (CD82AC) was found mainly at
the cell surface and in the uncoated invaginations (Fig. 5G,
arrows). At a later time point (60 min), CD82AC was occasion-
ally found in multivesicular endosomes/lysosomal structures
with enlarged internal vesicles (Fig. 5, H and J, arrows) and on
the extracellular vesicles (Fig. 51, arrow), but it was mainly dis-
tributed at the PM (Fig. 5, H and ], arrowheads). Study of the
intracellular morphology and quantification of immunogold
labeling data confirmed that the C-terminal cytoplasmic
domain is involved in the postendocytic sorting and intracellu-
lar trafficking of CD82 (Fig. 5K). Compartmental distribution of
CD82 and CD82AC after internalization was profoundly differ-
ent (Fig. 5, A-K).

Having established the importance of the C-terminal cyto-
plasmic region in trafficking of CD82, we next examined the
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co-trafficking of EGFR and CD82 after stimulation with HB-
EGEF. To follow trafficking of the receptor in relation to the
surface pool of CD82, these experiments were performed in
the presence of anti-CD82 mAb (we found that the presence
of this antibody did not affect ligand binding to EGFR or did
not alter receptor-mediated signaling (not shown)). Cells
were incubated with the ligand and antibody on ice for 1 h,
then washed, and incubated at 37 °C for various time inter-
vals. We observed partial co-localization of internalized
EGFR and CDS82 proteins at all time points: the receptor and
tetraspanin were detected in vesicles localized in close prox-
imity to the plasma membrane and in the perinuclear region
(Fig. 6A). The quantification analysis of confocal images
demonstrated a substantial degree of co-localization of the
internalized receptor and the wild type CD82 throughout the
60-min chase: the difference in co-localization between
the first and last time points was ~13% (Fig. 6B). Notably, the
co-localization for the EGFR-CD82AC pair in a similar assay
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FIGURE 6. Co-localization of internalized CD82 and EGFR after HB-EGF
stimulation. HB2/CD82 and HB2/CD82AC cells were incubated with HB-EGF
(25 ng/ml) and anti-CD82 mAb (TS82b) at 4 °C for 1 h. After three washes, the
cells were chased at 37 °C for the indicated time intervals. The cells were fixed,
permeabilized, and co-stained with anti-EGFR mAb. Co-localization of CD82
and EGFR was assessed using isotype specific Alexa Fluor-conjugated goat
anti-mouse antibodies. A, representative confocal images of cells following
60 min of chase are presented. Scale bar, 10 um. B, quantification of co-local-
ized EGFR and CD82 after internalization was calculated in an average 40-50
cells at each time point in each cell line after collection of z-sections. The data
are presented as Pearson'’s coefficient. The values are means from three inde-
pendent experiments. The p values were determined by paired two-tailed t
test.

was considerably decreased with the corresponding differ-
ence being more than 33%. These data indicate that the
C-terminal region is important for a prolonged association
of CD82 with EGFR in endocytic compartments, and the
divergence in trafficking routes between the wild type pro-
tein and the mutant may, indeed, underlie the functional
deficiency of the CD82AC toward EGFR after HB-EGF
stimulation.

CD82 Regulates Serine Phosphorylation of c-Cbl in HB-EGF-
stimulated Cells: the Role of PKC—Ligand-induced ubiquityla-
tion of EGFR is dependent on the interaction of Cbl E3 ubiqui-
tin ligases with the activated receptor (17). Phosphorylation of
the receptor on Tyr'®*® and Tyr'?® leads to the direct or indi-
rect (via Grb2) recruitment of c-Cbl (28). First, we studied HB-
EGF induced phosphorylation of EGFR on Tyr'*** and Tyr'*®®
in both HB2/CD82 and control cells (Fig. 7A). Although there
were minor variations in phosphorylation at individual time
points, we observed no consistent differences in kinetics of
Tyr'°® phosphorylation between the cell lines. On the other
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FIGURE 7. CD82 and recruitment of c-Cbl to HB-EGF-stimulated EGFR.
A, serum-starved HB2 and HB2/CD82 cells were incubated with HB-EGF (15
ng/ml) at 37 °C for indicated time intervals. Equal amounts of protein
(~10 ng) were loaded onto polyacrylamide gels, and kinetics of phosphor-
ylation was determined by Western blotting (WB) with the appropriate anti-
bodies. Blots were developed using HRPO-conjugated secondary antibody
from Dako. The levels of total EGFR were also tested. The data presented are
from one of three independent experiments. Quantification of this experi-
ment is shown in a graph. Densitometry was carried out using ImageJ. B,
interaction of c-Cbl with EGFR in HB-EGF-stimulated cells was studied by
immunoprecipitation (/P) with anti-c-Cbl antibody. EGFR was detected by
Western blotting with anti-EGFR polyclonal antibody as described under
“Experimental Procedures.” The same membrane was redeveloped with anti-
c-Cbl goat antibody. The results of a representative experiment are shown
(three in total).

1045

hand, presence of CD82 affected the kinetics of Tyr “** phos-
phorylation. In the control cells, phosphorylation of Tyr'®*
peaked at 5-15 min (Fig. 7A, top panel). This correlated with
the kinetics of ubiquitylation of HB-EGF-activated receptor in
HB2 cells (see above). In contrast, phosphorylation of the
receptor on this residue in HB2/CD82 cells was minimal at the
5-min time point and then steadily increased up to 30 min (Fig.
7A). Notably, phosphorylation of Tyr'®** at the 5-min time
point in HB2/CD82 cells was ~2.5 times lower when compared
with control cells (Fig. 7A, compare lane 2, two top panels). We
also observed that decay of Tyr'°** phosphorylation was faster
in CD82-expressing cells over extended time course (Fig. 74,
lanes 6 and 7, two top panels). Notably, despite these differ-
ences, the interaction between EGFR and c-Cbl was not
affected by either the presence of CD82 or the treatment of cells
with HB-EGF (Fig. 7B). Therefore, we concluded that CD82
dependent differences in ubiquitylation are not due to differen-
tial assembly of the EGFR-Cbl complex in the control and HB2/
CD82 cells.

The activity of c-Cbl is regulated by tyrosine and serine phos-
phorylation of the protein (29, 30). Thus, we investigated
whether phosphorylation of ¢c-Cbl upon HB-EGF stimulation is
affected in the presence of CD82. Although we observed no
qualitative or quantitative differences in phosphorylation of
¢-Cbl on tyrosines 774 and 731 in HB2 and HB2/CD82 cells
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FIGURE 8. CD82 modulates PKC-dependent phosphorylation of EGFR and c-Cbl in HB-EGF-stimulated cells. A, phosphorylation of c-Cbl on Tyr””* was
studied by Western blotting (WB) with phosphospecific anti-Cbl antibody in cells (HB2 and HB2/CD82) stimulated with HB-EGF. Total c-Cbl and actin were used
as control for loading. B, serine phosphorylation of c-Cbl in HB-EGF-stimulated cells (HB2 and HB2/CD82) was studied by immunoprecipitation (IP) with
anti-c-Cbl mAb followed by Western blotting with anti-phosphoserine polyclonal antibody. The same membrane was redeveloped with anti-c-Cbl polyclonal
antibody to confirm that equal amount of protein was immunoprecipitated in each sample. In parallel experiments, cells were pretreated for 1.5 h with 5 um
(final concentration) of anti-PKC inhibitor Calphostin C (CalC) before stimulation with HB-EGF. The data presented are from one of three independent
experiments. C, phosphorylation of EGFR on Thr®>* was studied by Western blotting with phosphospecific anti-EGFR™®>* antibody (Millipore). The blot is a
representative of three independent experiments. Quantification of three experiments is presented on the graph. The p value was determined in paired
two-tailed t test.

(Fig. 84, and data not shown), HB-EGF-induced serine phos- DISCUSSION
phorylation of c-Cbl was more pronounced (by ~2-fold) in The role of tetraspanin proteins in regulation of various sig-
CD82-expressing cells (Fig. 8B, lanes 2 and 5). PKCa has been
reported to phosphorylate c-Cbl on serine residues (30, 31).
Given that CD82 is known to recruit PKC to plasma membrane
(32), we investigated to what degree PKC is responsible for ser-
ine phosphorylation of c-Cbl in HB-EGF-stimulated cells. We
used the specific inhibitor of PKC Calphostin C for treating
control and CD82-expressing cells before and during stimula-
tion with HB-EGF. Serine phosphorylation of c-Cbl was
decreased by almost 3-fold in HB2/CD82 cells compared with
1.5-fold in control cells (Fig. 8B, lanes 3 and 6). We concluded
that PKC contributes to serine phosphorylation of ¢-Cbl fol-
lowing HB-EGF phosphorylation, and this is more pronounced
in the presence of CD82.

To explore the connection between CD82, PKC and ubiqui-
tylation of EGFR further, we analyzed phosphorylation of the
receptor on Thr®>*, PKC-dependent phosphorylation of this

nal transduction pathways has been well documented (3). It has
been proposed that tetraspanins function via specialized mem-
brane microdomains by modulating activities of the associated
signaling receptors (e.g, integrins, ErbB proteins). Here we
describe a novel pathway that implicates tetraspanins in regu-
lation of ubiquitylation of their molecular partners. Specifically,
we demonstrate that the metastasis suppressor tetraspanin
KAI-1/CD82 controls ligand-induced ubiquitylation of EGFR.

Perhaps one of our most intriguing discoveries is a specific
effect of CD82 on ubiquitylation and trafficking of EGFR acti-
vated by growth factors with heparin-binding domains (HB-
EGF and AR). Variations in ubiquitylation of EGFR were attrib-
uted to differences in affinities of specific ligand-receptor pairs
(26, 27). Our results show for the first time that ligand-depen-
dent differential ubiquitylation of EGFR is also controlled by
residue in the juxtamembrane domain of EGER has been pre- CD82, a tetraspanin protein, which we previously described as a
viously linked with suppression of EGER ubiquitylation and molecular partner for the receptor (5). Furthermore, CD82-de-
diversion of receptor trafficking toward recycling (33, 34). We Ppendent molecular mechanisms (discussed below) are unlikely
found that phosphorylation of EGFR on Thr®** was signifi- toO rely on either differential ligand affinities or pH sensitivities
cantly increased in CD82-expressing cells after stimulation of HB-EGF/AR-EGFR complexes. Indeed, we found that HB-
with HB-EGF (more than 2-fold at the 5-min time point) (Fig. EGF-induced phosphorylation of the receptor’s autophosphor-
8C, lane 2, top two panels). Furthermore, Thr®>* phosphoryla-  ylation site Tyr'%® at the early time points was comparable in
tion lasted longer in HB2/CD82 cells when compared with the ~both cell lines, thereby excluding the differences in ligand
control cells (Fig. 8C, lanes 4—6). Taken together, these data  binding.

indicate that CD82 can regulate HB-EGF-induced ubiquityla- It has been previously reported that different ligands dictate
tion of EGFR at multiple levels through mechanisms involving  the postendocytic itinerary of activated EGF receptor (26), and
PKC. this correlates with the extent of EGFR ubiquitylation upon
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FIGURE 9. CD82 links HSPG-activated PKC, ligand-bound EGFR and c-Cbl.
The model depicts the role of CD82 in early events of EGFR activation by
heparin-binding domain containing ligand (e.g., HB-EGF). A, in absence of
CD82 EGFR is not recruited to the tetraspanin-enriched microdomains. HB-
EGF binding leads to robust phosphorylation of the receptor, recruitment of
c-Cbl, and further ubiquitylation. B, when CD82 is expressed, a subset of EGFR
associated with the tetraspanin is recruited to TERM where it is placed in close
proximity to syndecans. Stimulation with HB-EGF leads to activation of PKC
recruited to TERM by syndecans and CD82. PKC attenuates EGFR signaling
by affecting c-Cbl recruitment to this subset of receptors. Additionally,
active PKC negatively regulates activity of E3 ligase by serine/threonine
phosphorylation.

ligand binding. Although more pronounced ubiquitylation is
typically linked to increased targeting of the receptor to lyso-
somes (26), it has been also reported that the level of ubiquity-
lation does not always correlate with degradation of EGFR (35).
Indeed, our results show that despite differences in EGFR ubigq-
uitylation, total levels of the receptor in HB2 and HB2/CD82
cells remain similar and unchanged over the extended period of
exposure to HB-EGF (Fig. 7A). Thus, our data indicate that
CD82-dependent differences in HB-EGF-induced ubiquityla-
tion most likely affect trafficking pathways preceding lysosomal
targeting of EGFR.

What could be the mechanisms underlying the regulatory
specificity of CD82 toward ligand-induced ubiquitylation of
EGFR? Our data with sAHB variant of HB-EGF strongly suggest
that CD82 acts via HSPG. Binding of many heparin-binding
growth factors including HB-EGF and AR to their receptors is
influenced by HSPG (21, 36, 37). These ligand-HSPG interac-
tions may either enhance or attenuate the activity of the recep-
tors (20, 21). Importantly, it has previously been reported that
the activity of HB-EGF (but not EGF) is dependent on synde-
cans, the most prominent family of cell-associated proteogly-
cans (38, 39). Therefore, one can envisage a scenario whereby
CD82 and its tetraspanin partners (e.g., CD9, which is known to
associate with syndecans (3, 5)) facilitate formation of the tri-
partite EGFR-growth factor-HSPG complex, which activates
not only receptor but also HSPG. CD82 and activated HSPG
(e.g., syndecans) could, in turn, recruit PKCa (40, 41), thereby
increasing effective concentration of the enzyme in proximity
to its targets (i.e., EGFR, c-Cbl). Consequently, increased phos-
phorylation of threonine 654 in EGER on one hand and serine
phosphorylation of c-Cbl on the other would lead to changes in
both ligand-induced ubiquitylation of the receptor and altera-
tion of its postendocytic trafficking route (33) (Fig. 9). Although
the proposed model explains the regulatory specificity of CD82
toward various EGFR ligands (indeed, the activity of CD82 can
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be observed only when growth factors engage HSPG), future
work will be required to establish molecular mechanisms
underlying the CD82-dependent functional dynamics between
the complexes of HSPG-PKC on one side and EGFR-c-Cbl on
the other.

We found that reduction of HB-EGEF-induced ubiquitylation
of EGFR also influenced its intracellular trafficking: dynamics
of receptors’ recruitment to the early/sorting endosomes and
their egress from these compartments were changed in CD82-
expressing cells. The timing of EGFR co-localization with
EEA1-containing endosomes was delayed, which could be due
to the altered ubiquitylation and subsequent endocytosis of the
receptors associated with HSPG in TERM. Syndecans are
known to mediate endocytosis of heparin-binding ligands and
proteins (e.g., FGF2 or eosinophil cationic protein) by macropi-
nocytosis (42, 43). This pathway is slow and involves formation
of uncoated vesicles that eventually fuse with sorting endo-
somes. The fate of the cargo-HSPG complex is decided accord-
ing to the ubiquitylation status of cargo or HSPG (e.g., synde-
cans) interactions (44, 45) and may progress either to the
lysosomal degradation or to the recycling route (44). The role of
CD82 in this diversion could be in bringing EGFR in proximity
to HSPG and regulating ubiquitylation on one side (discussed
above) and in providing suitable lipid surroundings (e.g., gan-
gliosides and/or cholesterol content) on the other (6).

Our report demonstrates for the first time the functional
importance of the C-terminal cytoplasmic part of CD82: dele-
tion of this region compromises the activity of this tetraspanin
toward EGFR upon stimulation with HB-EGF. Importantly,
functional deficiency of CD82AC correlates with changes in the
endocytic trafficking of this mutant. First, we found that the
C-terminal cytoplasmic region regulates internalization of
CD82. Given that this part of the protein carries a “classical”
tyrosine-based motif (YSKV), the involvement of AP-2 and,
consequently, clathrin would be anticipated. However, our
electron microscopy data clearly demonstrate that CD82 is
excluded from the clathrin-coated pits and coated vesicles.
These results further strengthen a recent observation by Xu et
al. (15), who showed that CD82 is internalized via clathrin- and
dynamin-independent pathway(s). Second, we found that
endocytosed CD82AC mutant (but not the wild type protein) is
concentrated in the polymorphic compartment close to the
plasma membrane. Although the exact identity of these struc-
tures remains unknown, these results strongly suggest that the
C-terminal region of CD82 also contributes to postendocytic
trafficking of the protein. How does the deficiency in trafficking
affect the activity of CD82AC toward EGFR? We observed that
the time of co-localization with the HB-EGF-activated receptor
is decreased for the mutant when compared with the wild type
CD82. Hence, a possible physical link between HB-EGF-bound
EGEFR and HSPG (see above) may also be short-lived (or desta-
bilized) in CD82AC-expressing cells.

In summary, our results describe CD82 as a novel regulator
of ligand-induced ubiquitylation of EGF receptor. This newly
established activity of CD82 suggests a new paradigm in tetras-
panin-dependent regulation of endocytic trafficking of the
associated transmembrane cargos. Although HB-EGF is a
potent mitogen for various cell types, its binding may also lead
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to decreased proliferation in certain cellular contexts (20).
Although the underlying mechanisms of the HB-EGF opposing
activities are still unknown, it is not unfeasible that the differ-
ential expression of CD82 and its involvement in ligand-in-
duced ubiquitylation of EGFR is, in fact, a critical factor that
controls the alternative signaling pathways.
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