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ABSTRACT

Our aims were to evaluate the involvement of heparin-binding EGF-like growth factor (HB-EGF) in liver
fibrogenesis of humans and mice and to elucidate the effect of HB-EGF deficiency on cholestatic liver
fibrosis using conditional HB-EGF knockout (KO) mice. We first demonstrated that gene expression of
HB-EGF had a positive significant correlation with that of collagen in human fibrotic livers, and was
increased in bile duct ligation (BDL)-induced fibrotic livers in mouse. We then generated conditional
HB-EGF knockout (KO) mice using the interferon inducible Mx-1 promoter driven Cre recombinase trans-
gene and wild type (WT) and KO mice were subjected to BDL, After BDL, KO mice exhibited enhanced
liver fibrosis with increased expression of collagen, compared with WT mice. Finally, we used mouse
hepatic stellate cells (HSCs) to examine the role of HB-EGF in the activation of these cells and showed that
HB-EGF antagonized TGF-p-induced gene expression of collagen in mouse primary HSCs. Interestingly,
HB-EGF did not prevent the TGF-p-induced nuclear accumulation of Smad3, but did lead to stabilization
of the Smad transcriptional co-repressor TG-interacting factor. In conclusion, our data suggest a possible
protective role of HB-EGF in cholestatic liver fibrosis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Chronic liver injury and wound healing response result in the
accumulation of extracellular matrix (ECM) and the replacement
of normal parenchyma by scar tissue, causing liver fibrosis and cir-
rhosis [1,2]. In fibrotic livers, hepatic stellate cells (HSCs) are known
to be a key player in producing ECM [1,2]. The activation of HSCs
has been shown to be caused by a variety of cytokines or growth

factors, including TGF-f or PDGF, during the liver fibrosis process .

Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; BDL,
bile duct ligation; EGF, epidermal growth factor; H&E, hematoxylin and eosin; HB-
EGF, heparin-binding EGF-like growth factor; HSCs, hepatic stellate cells; KO,
knockout; poly I:C, polyinosinic:polycytidylic acid; RT-PCR, reverse-transcription
polymerase chain reaction; T.Bil, total bilirubin; TGF-p, transforming growth factor-
; TNF-g, tumor necrosis factor-o; WT, wild type.
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[1,2]. Among these factors, the role of epidermal growth factor
receptor (EGFR) ligands in this process has been poorly understood.

The heparin-binding epidermal growth factor-like growth fac-
tor (HB-EGF) belongs to the EGF family of growth factors and asso-
ciates with and stimulates EGF receptors (EGFR) and EerbB4 [3,4].
HB-EGF has been shown to be synthesized as a type 1 transmem-
brane protein (pro HB-EGF) [3,5]. Cleavage of membrane anchored
pro HB-EGF at the juxtamembrane domain results in the shedding
of mature HB-EGF (soluble HB-EGF) [6]. Soluble HB-EGF has a
mitogenic effect on several cell types, such as vascular smooth
muscle cells, fibroblasts and keratinocytes [3,4]. Previously, we
reported that HB-EGF has a capacity to stimulate hepatocyte prolif-
eration both in vitro and in vivo [7,8]. We have also reported that
HB-EGF was induced during liver regeneration after partial
hepatectomy [9] and that hepatocyte-specific HB-EGF transgenic
mouse showed accelerated proliferation of hepatocytes during li-
ver regeneration after partial hepatectomy [10]. Because abnormal
liver regeneration is known to be associated with liver fibrosis, we
hypothesized that loss of HB-EGF may affect liver fibrosis during
chronic liver injury. Recently, it has been reported that traditional
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HB-EGF KO mice showed enhanced liver fibrosis in chemical-
induced liver fibrosis [11]. However, the role of HB-EGF in chole-
static liver fibrosis remains unclear.

Because HB-EGF null mice die immediately after birth due to
severe heart failure [12], we recently generated conditional
HB-EGF knockout mice using the interferon-inducible Mx1-Cre
transgene and examined the role of HB-EGF during toxin-induced
acute liver injury [13]. In the present study, we investigated the
role of HB-EGF in cholestatic liver fibrosis using these conditional
HB-EGF KO mice.

2. Materials and methods
2.1. Human liver tissues

Non-tumorous liver tissues were obtained from 16 patients
undergoing partial liver section at Ikeda Municipal Hospital, Japan.
The degree of liver fibrosis was classified as FO (absent), F1 (portal
fibrosis), 2 (portal fibrosis with few septa), F3 (septal fibrosis), or
F4 (cirrhosis). Detailed information of the patients is presented in
the Supplemental Information. Informed consent was obtained
from all patients and the study was approved by the Ethical Com-
mittees of Osaka University Hospital and lkeda Municipal Hospital.

2.2. Mice

Generation of C57BL/6 mice carrying the HB-EGF gene flanked
by loxP sites (HB-EGF™/* mice) was described previously [12].
HB-EGFox/'o% mijce were further bred with Mx1-Cre transgenic
(TG) C57BL/6 mice (Jackson Laboratories, West Grove, PA, USA)
to generate Mx1-Cre HB-EGF™/%* mijce. To delete HB-EGF from
the liver, Mx1-Cre HB-EGF'¥/'™* (KO) mice and HB-EGFo¥/'°% (WT)
mice were injected with 250 pg of polyinosinic:polycytidylic acid
(poly I:C) (P1530 Sigma, St. Louis, MO) intraperitoneally three
times at 2-day intervals as previously described [13]. The experi-
mental protocol was approved by the Ethics Review Committee
for Animal Experimentation of Osaka University, Graduate School
of Medicine.

2.3. Bile duct ligation model

To induce liver fibrosis, male 8-10-week-old WT and KO mice
underwent bile duct ligation (BDL) [14]. The BDL procedure was
performed as previously described. In brief, the common bile duct
was doubly ligated under anesthesia via laparotomy. The sham
procedure was performed via similar laparotomy without BDL.

2.4. Histological analysis

To evaluate liver fibrosis, liver sections were stained in 0.1% Sir-
ius red F3B (Sigma-Aldrich, St. Louis, MO, USA) in saturated aque-
ous picric acid (Sigma-Aldrich). The hematoxylin and eosin (H&E)
stained liver sections were also used to evaluate oncotic necrosis.
The relative fibrotic or oncotic necrosis area was calculated using
Image] software. To evaluate macrophage infiltration in the injured
livers, liver sections were stained with anti F4/80 antibody (Abcam,
Cambridge, MA).

2.5. Real time RT-PCR

Total RNA was extracted from whole liver using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) as previously described [15].
Reverse transcription polymerase chain reaction (RT-PCR) and
real-time PCR were performed as previously described [15]). The
Quantitect gene assay kit (Qiagen, Hilden, Germany) was used for

analysis of human HB-EGF, human Col1a1, human Col142, human
Acta2, human TGF-B, human GAPDH, mouse HB-EGF, mouse
Collo1, mouse Col10:2, mouse Acta2, mouse TGF-B, mouse PDGF,
mouse MMP13 mouse Timp1, mouse F4/80, mouse CD68, mouse
TNF-o,, mouse IL-6, mouse MCP-1, mouse IL-1p, and mouse GAPDH.
The relative gene expression was quantified using GAPDH as an
internal control.

2.6. Isolation and culture of mouse hepatic stellate cells

Mouse HSCs were isolated from male C57BL6 mice by in situ
collagenase perfusion and Nycodenz (Sigma-Aldrich) density gra-
dients as previous described [16]. Isolated HSCs were cultured at
37 °C under 5% CO, in Dulbecco's modified Eagle medium contain-
ing 10% FCS. Activated HSCs after a few passages were used for the
experiments in this study. To assess the effect of HB-EGF on the
activation of HSCs, serum-starved HSCs were stimulated with
1 ng/ml of TGF-B (100 21, PeproTech EC, Rocky Hill, CT) with or
without 20 ng/ml of HB-EGF (259-HE-050, R&D Systems Inc. Min-
neapolis, MN) for 24 h and fibrosis related genes were examined by
real time RT-PCR. :

2.7. Western blotting

For extraction of nuclear protein, subcellular fractionation was
performed using the NE-PERTM nuclear extraction kit (Pierce,
Rockford, IL). Western blotting was performed as previously
described [15]. To examine the effect of HB-EGF on the nuclear
accumulation of Smad3 in HSCs, serum-starved HSCs were stimu-
lated with 1 ng/ml of TGF-B and increasing amount of HB-EGF
(0-100 ng/ml) for 40 min. To examine the effect of HB-EGF on
phosphorylation of TGIF in HSCs, serum-starved HSCs were stimu-
lated with 20 ng/ml of HB-EGF for 0-120 min. We used primary
antibodies specific for Smad3 (9513, Cell Signaling, Danvers, MA),
TGIF (sc-9084, Santa Cruz Biotechnology, Santa Cruz, CA), and
Histone H3 (4499, Cell Signaling, Danvers, MA).

2.8. Transient reporter gene assay

HSCs were transfected with 1 pg of reporter plasmid (pGL3-
(CAGA)o-luc) and 100 ng of control plasmids (pGL4-RLtk) using Fu-
GENEG (1815091, Roche, Basel Switzerland) in 6-well plates. After
incubation for 6 h, the cells were serum-starved overnight, then
stimulated with 1 ng/ml of TGF-f with or without 20 ng/ml of
HB-EGF for 24 h. Luciferase activity was measured with a lumino-
meter using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI). pGL3-(CAGA)g-luc [17] was gifted by Dr. S. Ehata
and Dr. K. Miyazono (University of Tokyo).

2.9. Statistical analysis

The results are presented as mean * SE. Differences between
two groups were examined for statistical significance using the
Mann-Whitney U test and multiple comparisons were made by
the Bonferroni/Dunn test. A p value less than 0.05 denoted the
presence of a statistically significant difference.

3. Results

3.1. Increased expression of HB-EGF is associated with liver fibrosis in
humans and mice

To investigate the involvement of HB-EGF in the process of liver
fibrosis, we examined the gene expression of HB-EGF in the livers
of patients with chronic liver disease. Real time RT-PCR analysis

44
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Fig. 1. Increased expression of HB-EGF gene during liver fibrosis in humans and mice. (A) Correlation between hepatic gene expression of HB-EGF and that of fibrosis-related
genes, such as Col1a1 and Col1o2 in human samples with chronic liver discase. (B) Hepatic HB-EGF expression was increased as the fibrosis developed in human samples
with chronic liver disease. (C) Increased expression of HB-EGF in murine livers during liver fibrosis after BDL.

showed that the expression of HB-EGF mRNA was increased in
fibrotic livers and was positively correlated with that of fibrosis-
related genes, such as collagen type I alpha 1 (Col1a1) and collagen
type 1 alpha 2 (Col1a:2) (Fig. 1A). We also revealed that the gene
expression of HB-EGF was increased during the development of
liver fibrosis in these patients (Fig. 1B) and that its expression
was induced by bile duct ligation (BDL) in the mouse model
(Fig. 1C). These results indicated the possible involvement of
HB-EGF in liver fibrogenesis.

3.2, HB-EGF KO mice show enhanced liver fibrosis after BDL

To investigate the role of HB-EGF in liver fibrosis, we performed
BDL in conditional HB-EGF knockout (KO) and wild type (WT)
mice. Real time RT-PCR analysis confirmed that the expression of
HB-EGF mRNA was reduced in KO mice compared with that of
WT mice (Fig. 2A). KO mice exhibited about a 1.5-fold increase in
the fibrosis area as evaluated by Sirius red staining compared with
WT mice after BDL (Fig. 2B and C). This enhanced fibrosis in KO
mice was associated with increased expression of fibrosis-related
genes, such as Collal, Collu2 or TIMP1, as assessed by real time
RT-PCR analysis, compared with WT mice (Fig. 2D). These data
indicated that loss of HB-EGF caused enhanced liver fibrosis during
chronic liver injury.

3.3. HB-EGF KO mice display enhanced oncotic necrosis and
macrophage infiltration in the liver after BDL

We next characterized the effect of HB-EGF deletion on the liver
injury after BDL by H&E staining of liver sections. KO mice dis-
played significantly more oncotic necrosis after BDL than WT mice
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(Fig. 3A). Quantification of H&E staining showed about a 2.6-fold
increase in the oncotic necrotic area in KO mice compared with
WT mice after BDL (Fig. 3B).

Kupffer cells, or resident hepatic macrophages, are known to be
involved in the development of liver fibrosis [2,18]. We therefore
examined the effect of HB-EGF deletion on macrophage infiltration
in the liver after BDL by F4/80 staining of the injured livers after
BDL (Fig. 3D). KO mice showed increased infiltration of F4/80 posi-
tive macrophages in the injured livers compared with WT mice
(Fig. 3D). Consistent with this, KO mice showed increased expres-
sion of F4/80 and CD68 in the injured livers compared with WT
mice (Fig. 3E and F). However, there was no statistically significant
difference in the hepatic expression of pro-inflammatory genes,
such as TNF-¢, IL-6, MCP-1 or IL-1B, between the WT and KO mice
(Fig. 3G-]). These data indicate that the enhanced liver fibrosis in
KO mice might not be associated with the cytokine production of
macrophages in the injured livers induced by BDL.

3.4. HB-EGF attenuates TGF-fi-induced expression of fibrosis-related
genes in murine hepatic stellate cells

Because hepatic stellate cells (HSC) are known to play a major
role in the development of liver fibrosis [2,18], we investigated
the role of HB-EGF on the activation of mouse primary HSCs
in -vitro. . HB-EGF treatment . significantly reduced the gene
expression of Colla1 or Collo2 in the HSCs activated by TGF-p
(Fig. 4A). HB-EGF treatment also significantly suppressed TGF-f-
dependent transcription and this effect was cancelled by addition
of U0126, ERK1/2 inhibitor in HSCs (Fig. 4B). We therefore exam-
ined the effect of HB-EGF treatment on the nuclear accumulation
of Smad3 induced by TGF-B in HSCs (Fig. 4C). However, Western
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blotting analysis showed that HB-EGF did not decrease TGF-B-
dependent nuclear accumulation of Smad3 in HSCs (Fig. 4C). Final-
ly, we demonstrated that HB-EGF treatment caused the stabiliza-
tion of Smad transcriptional co-repressor TG-interacting factor
(TGIF) of HSCs (Fig. 4D). These results indicate that HB-EGF treat-
ment may suppress the activation of HSCs through the inhibition
of TGF-p signaling.

4, Discussion

EGFR ligands are known to stimulate hepatocyte proliferation
and promote liver regeneration during acute liver injury [19,20].
However, their role in liver fibrogenesis remains elusive. In this
study, we investigated whether conditional loss of HB-EGF could
affect liver fibrosis after BDL, a well-established murine model of
cholestatic liver fibrosis, using conditional HB-EGF KO mice. We
demonstrated that conditional loss of HB-EGF accelerates liver
fibrosis during cholestatic liver injury. Our results suggest that
HB-EGF plays a protective role during cholestatic liver fibrosis.

Using liver samples from patients with chronic liver disease, we
first demonstrated that the expression of HB-EGF had a positive
correlation with that of fibrosis-related genes and was increased
as liver fibrosis developed. The expression of HB-EGF was also in-
creased during liver fibrosis after BDL in mice. Collectively, one
explanation for our results is that the increased expression of
HB-EGF during chronic liver injury might serve as a self-defense
mechanism to suppress an excess fibrosis respense. Consistent
with our observation, previous publications also showed that
hepatocyte growth factor (HGF) and its receptor, c-Met system
play a protective role for liver fibrosis, although the expression of
HGF increases during this process [21-23].

To investigate the molecular mechanism underlying the en-
hanced liver fibrosis in KO mice, we examined the liver injury
and macrophage infiltration in the injured livers. Histological
examinations showed larger areas of oncotic necrosis in the livers
of KO mice than WT mice. This result was consistent with the
result of our recent publication demonstrating that conditional
HB-EGF KO mice show the increased liver injury after a single
administration of CCl; [13]. Real time RT-PCR also showed
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increased expression of F4/80.or CD68, surface. markers  for
macrophages, in the injured livers of KO mice compared with WT
mice. Because non-parechymal cells, such as . Kupffer cells or
sinusoidal - endotherial cells, were the main source of HB-EGF
production in the liver, these cells might play a protective role
against inflammation by the secretion of HB-EGF. However, we
could not detect any difference in the gene expression of
pro-inflammatory cytokines, such as TNF-o or IL-1f or that of
pro-inflammatory chemokine, MCP-1. These findings raise the pos-
sibility that the loss of HB-EGF itself might affect the activation of
HSCs during liver fibrosis.

Finally, we examined the effects of direct interaction of HB-EGF
with HSCs, the major ECM-producing cells in the liver. We
demonstrated that HB-EGF could reduce TGF-p-induced expres-
sion of Collal or Collu2 in HSCs. We also demonstrated that
HB-EGF could suppress TGF-p-dependent transcription via the
ERK dependent pathway in HSCs. It is interesting to note that
HB-EGF did not affect the nuclear -accumulation of TGF-p induced
Smad3, but caused stabilization of the Smad transcriptional
co-repressor TGIF of these cells. TGIF was originally identified as
a Smad2 co-repressor in the TGF-B/Nodal/Activin . signaling

47

pathways [24]. - EGF has been shown to phosphorylate TGIF via
Ras-MAP kinase pathways, leading to the stabilization of TGIF
{25]. In lung fibroblasts, EGF also has been shown to antagonize
TGF-B-induced expression of tropoelastin, a component of elastic
fibers, via stabilization of TGIF without preventing the nuclear
accumulation of Smad2/3 by TGF-p [26]. Considering these
findings and ours suggests that HB-EGF might antagonize TGF-p-
induced expression fibrosis-related genes through an EGFR-TGIF
signaling pathway in HSCs.

Previous work has been demonstrated that over-expression of
HB-EGF in pancreatic islets resulted in pancreatic fibrosis and epi-
thelial metaplasia [27]. These reports indicated that HB-EGF has a
pro-fibrogenic potential .in the pancreas. Pancreatic fibrosis is
known to be associated with the activation of pancreatic stellate
cells as in the case of the liver fibrosis [28]. In our study, HB-
EGF suppressed the activation of HSCs, and conditional loss of
HB-EGF resulted in enhanced liver fibrosis in murine cholestatic
fibrosis models. It is interesting to note that the role of HB-EGF
in tissue -fibrosis is completely different between the liver and
the pancreas and further investigation will be needed to elucidate
this.
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Recently, Huang et al. published their work about the role of
HB-EGF on liver fibrosis using different mouse lines and models
[11]. Although they used the TAA or CCls-induced liver fibrosis
model instead of the BDL model, our results were generally in
agreement with theirs on the role of HB-EGF during liver fibrosis.
In our study, we developed conditional KO mice to suppress the
expression of HB-EGF in the liver because traditional HB-EGF KO
mice die immediately after birth due to severe heart failure [12].
According to the original paper regarding KO mice, which they
used in their fibrosis study, most of these traditional HB-EGF KO
mice die before weaning and survivors have been shown to have
enlarged, dysfunctional hearts and reduced life spans [29]. Thus,
our conditional HB-EGF KO mice might be more suitable for exam-
ining the role of HB-EGF during liver fibrosis than traditional HB-
EGF KO mice. Moreover, our results could be used to describe
the inhibitory role of HB-EGF on the TGF-B-induced activation of
HSCs.

In summary, we demonstrated in the present study that
conditional loss of HB-EGF resulted in enhanced liver fibrosis
in the murine cholestatic model and that HB-ECF suppresses
the activation of HSCs. Our findings further suggest that
HB-EGF might be a potential therapeutic target against liver
fibrosis.
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Background: 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

trafficking.

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

activity of ¢-Cbl.

Significance: Lateral cross-talk initiated by CD82-dependent interactions is critical for modulation of EGFR function.

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 EEAl-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 ¢-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 ¢-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 tetraspaning
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/IKAIl has been
implicated in the modulation of activities of various transmem-
brane receptors such as EGFR, c-Met, and 81 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 a6B1 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

?The abbreviations used are: TERM, tetraspanin-entiched 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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Regulation of Ubiquitylation of EGFR by CD82

involvement of this tetraspanin in postendocytic trafficking of
its associated proteins has been investigated in previous studies.

The level and duration of EGFR 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
¢-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 ¢-Cbl is PKC-dependent in CD82-express-
ing cells. We also found that a reduced level of ubiquitylation of
EGFR 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 (1A4).

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 mAD 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 EGER 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 pg/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 mAbD) 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 sSAHB-EGF has been described else-
where (20, 21). e i

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 pum 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
1gG 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 2436 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 4050 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
mAb (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. 14) 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
EGFR (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-EGF-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 EGFR at a
similar level to HB2 cells but have higher expression levels of
CD82 (Fig. 14 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, ubiqitylation 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
(C) or 15 ng/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 (Usio) 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 Image)
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 sAHB-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
dependenton 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). Theresults of one of three independent experiments are shown. B,
expression levels of CD82 and EGFR in 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
EGFR 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. 34). 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
EGFR with EEA1 did not change over the 5-30-min time inter-
val. We conclude that we observed slow delivery of EGFR to
EEAl-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 EGFR to the EEAl-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 ng/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 um. B, quantification of the amount of
EGFR co-localizing with EEAT 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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FIGURE 4. Mutation in C-terminal of CD82 changes intracellular trafficking of the tetraspanin. A, expression levels of CD82wt and CD82AC determined by
Western blotting (WB). B, internalization rate of CD82 in HB2/CD82 and HB2/CD82AC cells was studied using microplate internalization assay as described
under “Experimental Procedures.” Internalization of anti-CD82 mAb (IA4 or TS82b) was monitored (after-1:and 2 hof chase at 37 °C) with [RDye 800CW and
Odyssey Infrared Imaging System (LI-COR Biosciences). The graph presents average of mean fluorescence values from three experiments (- 5.D.) for each cell
line at indicated time point. The values presented in the table are ratios at particular time points relative to values at zero time point. The p value for each time
point was determined in paired two-tailed ttest. C, representative confocal images following uptake of anti-CD82 mAb (1A4) after 1 h of chase in cells expressing
CD82wtor CD82AC are shown. The cells were acid-washed, fixed, permeabilized, and co-stained with anti-CD63 (1B5) mAb (as described under “Experimental
Procedures”). Co-localization of CD82 and CD63 was assessed using isotype specific Alexa Fluor-conjugated goat anti-mouse antibodies. Z-sections were taken

at the interval of 0.30-0.35 um. Scale bar, 10 pm.

cells. As illustrated in Fig. 3C, HB-EGF-induced ubiquitylation
of EGFR in HB2/CDB82AC 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 EEAl-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
onthe 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
CD82AC 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 ], arrows) and on
the extracellular vesicles (Fig. 51, arrow), but it was mainly dis-
tributed at the PM (Fig. 5, H and J, 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-
EGF. 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 CD82 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. 6A4). 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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