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The ERBB receptors have a crucial role in morphogenesis and oncogenesis. We have identified a new PDZ protein we
named ERBIN (ERBB2 interacting protein) that acts as an adaptor for the receptor ERBB2/HER2 in epithelia. ERBIN
contains 16 leucine-rich repeats (LRRs) in its amino terminus and a PDZ (PSD-95/DLG/Z0-1) domain at its carboxy
terminus, and belongs to a new PDZ protein family. The PDZ domain directly and specifically interacts with ERBB2/
HER2. ERBIN and ERBB2/HER2 colocalize to the lateral membrane of human intestinal epithelial cells. The ERBIN-
binding site in ERBB2/HER2 has a critical role in restricting this receptor to the basolateral membrane of epithelial
cells, as mutation of the ERBIN-binding site leads to the mislocalization of the receptor in these cells. We suggest that
ERBIN acts in the localization and signalling of ERBB2/HER2 in epithelia.

that coordinates the signalling and trafficking of receptors.

Activation of receptors endowed with tyrosine kinase activity
(RTKs) leads to the tyrosine phosphorylation of the receptor and
subsequent recruitment of cytoplasmic targets through Src homol-
ogy two (SH2) and phosphotyrosine-binding (PTB) domains". In
Caenorhabditis elegans, the receptor LET-23 activates the Ras path-
way in a very similar manner to its mammalian homologues, the
ERBB/HER receptors, and promotes vulval development. In iden-
tifying genes encoding proteins of the Ras pathway, including LET-
60, SEM-5 and LIN-45, recent genetic analyses in C. elegans have
shed light on new mechanisms important for RTK regulation’. For
example, SUR-8/SOC2, a LRR-containing protein, participates in
RTK signalling by positively regulating the Ras pathway*. The lin-
10, lin-2 and lin-7 genes encode three PDZ proteins that form a het-
erotrimeric complex important for the basolateral localization of
LET-23 in the worm vulval precursor cell (VPC)*®. Mutations
within the lin-10, lin-2 and lin-7 genes produce a vulvaless pheno-
type, analogue to that produced by defaults in LET-23 signalling, by
mislocalizing LET-23 in the VPC. In neurons, lin-10 also partici-
pates to the targeting of GLR-1, a glutamate receptor localized at the
postsynaptic elements of synapses’.

The PDZ domain found in LIN-7 binds to the cytoplasmic tail
of LET-23 (refs 6, 7). The binding specificities of PDZ domains are
dictated by a S/TxV/I/L motif (class I PDZ), in which S is serine, T
is threonine, x is any amino acid, V is valine, I is isoleucine, and L is
leucine, or the W x W tripeptide motif (class II PDZ), in which W is
ahydrophobic residue, which is found at the C terminus'®". A third
class of PDZ domain (class III PDZ) is represented by the nitric
oxide synthase (NOS) PDZ domain, which interacts with DxV
motifs (D is aspartic acid) and heterodimerizes with PSD-95 and
syntrophin PDZ domains'*"*. The LIN-7 PDZ domain falls within
the class I PDZ domains and binds to the carboxy-terminal TCL
(Thr-Cys-Leu) motif found in LET-23 (ref. 7). The LIN-7-LIN-2—
LIN-10 complex is conserved throughout evolution, but targets
receptors other than ERBB/HER'®7. Mammalian CASK/LIN-2
interacts with syndecans and neurexins, which are cell-surface
proteins'®?°, whereas LIN-7/MALS/VELI proteins bind to GBT-1

Protein—protein interactions organize the network of proteins
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and glutamate receptors in epithelia and neurons® . X11 proteins,
the mammalian homologues of LIN-10, are partners for -amyloid
precursor protein (3-APP) in the brain*.

Four LET-23 homologue receptors have been described in
mammals: the epidermal growth factor receptor (EGFR), ERBB2/
HER2, ERBB3/HER3 and ERBB4/HER4. These form homo- and
heterodimeric complexes with a wide range of signalling properties.
ERBB?2 is an orphan receptor activated by heterodimerization with
other EGFR family members that interact with epidermal growth
factor (EGF), EGF-like ligands and neuregulins. In epithelia, baso-
lateral ERBB/HER receptors bind ligands produced by the sur-
rounding stromal cells, and ERBB2 is thought to act as an amplifier
of signalling for other family members. Overexpression of ERBB2 is
frequently found in breast, ovary, lung and other epithelial cancers,
and correlates with a more aggressive phenotype and a poor
prognosis®. Numerous laboratories have unravelled the down-
stream events that follow ERBB2 activation and have analysed the
role of cytoplasmic targets, which include the Src homology and
collagen protein (SHC) and GRB2, in the oncogenic effects of the
receptor. For example, the PTB domain of SHC binds to two
NPx(p)Y motifs found in ERBB2, leading to the tyrosine phospho-
rylation of SHC, formation of the SHC-GRB2-SOS complex and
activation of the Ras pathway*. Like LET-23 and EGFR, ERBB2 is
located at the basolateral face of epithelia”. Trans-acting elements
involved in ERBB2 targeting to such locations are currently
unknown.

To identify proteins interacting with ERBB2, we screened a
mouse kidney cDNA library using the yeast two-hybrid procedure
with the nine C-terminal residues of ERBB2 as a bait. We isolated a
novel gene that encodes a protein with 16 LRRs and a single PDZ
domain in its C terminus, which we named ERBIN. ERBIN belongs
to a new family of PDZ proteins we named LAP (for LRR and PDZ),
which present a conserved structure throughout evolution. The
ERBIN PDZ domain interacts directly with the C-terminal amino
acids of ERBB2 but not with those of other related RTKs. Con-
versely, other PDZ domains have no detectable affinity for ERBB2.
ERBIN has a relative molecular mass (M,) of 180,000 (180K) and is
constitutively associated with ERBB2 in living cells. Furthermore,
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Figure 1 The cloning of erbin, a gene encoding a PDZ domain protein that
interacts with the receptor ERBB2. a, Sequences of the last nine C-terminal amino
acids found in EGFR and related receptors. PDZ-domain-binding sites in ERBB2 and LET-
23 are underlined. In ERBB2, a tyrosine present in a SHC PTB binding site is marked by
an asterisk. b, Schematic representation of partial ERBIN isolated by the two-hybrid
system. The clone pulled out from the kidney library with GAL4 BD-ERBB2 contains
residues 914 to 1,371 of mouse ERBIN and is called ERBIN (914-1,371). GST fusion
proteins were made using ERBIN (914-1,371), ERBIN (914-1,240) and ERBIN (1,240~
1,371) peptide sequences. GST-ERBIN (1,240-1,371) will be referred as GST-ERBIN
PDZ domain. ¢, ERBIN (914-1,371) and ERBIN (1,240-1,371) fused to GAL4 AD interact
with ERBB2 but not ERBB4 peptide. Mutation of the C-terminal valine to alanine in ERBB2
(ERBB2. VA) abrogates the interaction. Yeast strain Y190 cotransformed with the bait
and the prey vectors were plated on —Trp-Leu-His medium containing 10mM 3AT. (+)
means growth on the selective medium (~His) and positive-galactosidase activity (Bgal).
d, Specific interaction of ERBIN PDZ domain with ERBB2 but not EGFR. HER1/2 and EGFR
expressed in COS cells were precipitated by GST fusion proteins coupled to agarose
beads and revealed with ant-ERBB2 and anti-EGFR antibodies after western blot. One-

both proteins co-localize to the basolateral membrane in epithelial
cells. As with LET-23 in the VPC, mutation of the PDZ-domain-
binding site in the receptor C terminus leads to mislocalization of
ERBB?2 in epithelial cells. Our results provide evidence for the exist-
ence of cellular machinery that localizes ERBB2 to the basolateral
domain in epithelia, a location that is important for its activation
and biological functions.
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tenth of the lysate was run on gel as total lysate (TL). GST alone (GST) and GST-X11 a
PDZ domain (X11) were used as controls. The GST-ERBIN used are: GST-ERBIN (914~
1,371)in lane 1; GST-ERBIN (914-1,240) in lane 2; and GST-ERBIN PDZ domain in lane
3. e, Direct interaction between ERBB2 peptide and ERBIN PDZ domain. The last nine
amino acids of EGFR-related receptors (see a) were fused to the GST protein, western
blotted and probed with soluble *2P-abelled GST-ERBIN PDZ domain or GST-LIN-7 fusion
proteins. Bound proteins were revealed by autoradiography. Red Ponceau staining
showed that similar amounts of GST proteins were loaded. Note that GST alone has a
slower migration than GST fused to peptides because we used GSTag (GST fused to 45
irrelevant amino acids) as control. f, Sequence alignment of ERBIN, DENSIN-180, human
SCRIBBLE (PDZ.1 to PDZ.4), PSD-95 (PDZ.2), LIN-7 and NOS PDZ domains. Asterisks
represent conserved residues in the PDZ domain. An arrowhead points to a conserved
histidine found in the aB helix of class | PDZ domains but not in NOS and class Il PDZ
domains (data not shown). g, Mutation of His-Gly to Tyr-Asp as in NOS (GST-ERBIN PDZ
mut) was engineered and a pul-down was carried out on HER1/2-expressing lysates with
GST, GST-ERBIN PDZ wild type (WT) and mutant (Mut). Mutation in the ERBIN PDZ domain
abrogates the interaction with HER1/2 revealed by ant-ERBB2 antibody.

Results

ERBIN, a new partner for the receptor ERBB2. Analysis of the C-
terminal peptide sequence of the ERBB receptors revealed that, like
LET-23, ERBB2 contains a binding site for a PDZ domain that is
conserved in humans, mice, quail and dogs (Fig. 1a). We screened
amouse kidney cDNA library using the two-hybrid system with the
last nine amino acids of ERBB2 fused to the Gal4-binding domain
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Figure 2 Characterization of ERBIN, a member of a new PDZ family. a, The
protein sequence of human ERBIN. The 16 canonical LRR motifs are alternatively
shown in red and green (residues 23-391) and a LRR-like domain is underlined (392—
429). The PDZ domain is in italics (residues 1,280-1,368). Putative binding sites for
SH3 and WW domains are underlined. b, Northern blot analysis was carried out using
Multiple Tissues Northern (Clontech). A 5" human probe was used to detect a 7.2-kb
transcript in most tissues (asterisk in upper panel). The presence of equivalent
amounts of poly(A)* mRNA was verified with a probe specific for actin (lower panel).

(Fig. 1a). We isolated a partial cDNA clone encoding the last 457
amino acids of a new protein hereafter named ERBIN, for ERBB2-
interacting protein. The ERBIN (914-1, 371) clone bound only to
ERBB2 but not to ERBB4 peptide (Fig. 1b, ¢). We mutated the
ERBB2 C-terminal valine, a crucial residue for PDZ domain
interaction'™", to alanine and abolished interaction with ERBIN
(Fig. 1c). A PDZ domain was found in the C terminus of ERBIN
and was sufficient to bind to ERBB2 (Fig. 1b, ¢). No binding was
found with EPHB2, MUSK, PDGFRa and PDGFRP (data not
shown). The glutathione-S-transferase (GST) fusion proteins GST—
ERBIN (914-1, 371) and GST-ERBIN PDZ bound to the chimaeric
receptor EGFR/ ERBB2 (HER1/2), but not to EGFR, in pull-down
assays (Fig. 1d). GST-DLG, LIN-2 and X11 o PDZ domains did not
bind to HER1/2 (Fig. 1d, and data not shown).

Direct binding of the ERBIN PDZ domain to the ERBB receptor
C terminus was assayed by overlay assay. The radiolabelled ERBIN
PDZ domain bound to a ERBB2 peptide, but not to EGFR, ERBB3
and ERBB4 peptides, and only weakly to a LET-23 peptide (Fig. le).
Among those receptors, the LIN-7 PDZ domain bound only to
LET-23. The ERBIN PDZ domain shares the highest identity with
rat DENSIN-180 (ref. 28) PDZ domain (71 %) and 35 to 40 % iden-
tity with class I PDZ domains found in human SCRIBBLE”, LIN-7
and PSD-95 proteins (Fig. 1f). DENSIN-180 is not the rat homo-
logue of ERBIN as we found a partial rat ERBIN peptide sequence
in databases; it is 95% identical to human and mouse ERBIN and
only 70 % identical to rat DENSIN-180. A change of a His—Gly
motif present in the ERBIN 0B helix to Tyr—Asp, which is present
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SLRRD SCRIBBLE (Human)

GST-PDZ
ERBIN DENSIN

Anti-ERBB2

c, Total lysates of different mouse tissues and cell lines were run on SDS-PAGE,
transferred to nitrocellulose and blotted with purified anti-ERBIN antibody. ERBIN is a
180K protein found in most tissues and cells tested (arrows). d, ERBIN belongs to a
family of proteins containing 16 LRRs and one or four PDZ domains (left). Human
SCRIBBLE is encoded by a partial cDNA clone named KIAA0147 (ref. 29). HER1/2
expressed in COS cells was precipitated by GST-ERBIN PDZ domain, but not by that
of DENSIN-180 (right).

in the NOS class III PDZ domain, abrogated the interaction with
ERBB2 (Fig. 1g). These results show that the ERBIN PDZ domain
interacts specifically and directly with ERBB2.

ERBIN belongs to a novel PDZ domain family. Full-length cDNA
encoding human ERBIN was cloned by reverse transcription and
polymerase chain reaction (RT-PCR) using mRNA from Daudi, a
human B-lymphocytic cell line. An open reading frame preceded by
stop codons in all three frames encodes a protein of 1, 371 amino
acids. According to the Pfam protein family database®, ERBIN con-
tains 16 LRR motifs in its amino terminus (residues 23-391) and a
single C-terminal PDZ domain (residues 1, 280-1, 368) (Fig. 2a).
An LRR-like domain follows the 16 canonical LRR domains (resi-
dues 392-429). A large intermediary region of 863 amino acids
between the LRR domains and the PDZ domain contains proline-
rich stretches that may represent binding sites for SH3 and WW
(Trp-Trp) domains. A specific human erbin probe detected a 7.2-kb
transcript in most human and mouse tissues tested (Fig. 2b and
data not shown). Specific antibodies against ERBIN were prepared,
and detected a 180K protein found as a doublet in brain, liver, kid-
ney, spleen, intestine and skeletal muscle as well as in Caco-2 and
MDCK epithelial cell lines (Fig. 2¢). Expression of full-length erbin
c¢DNA in COS cells produced a protein of similar size to that
detected with our antibody in tissues and cell extracts (data not
shown). DENSIN-180, a brain-specific protein®, and LET-413, the
protein encoded by the C. elegans let-413 gene (referred as F26
DII.11 gene in databases) (M. Labouesse, personal communica-
tion), show the same structure as ERBIN (Fig. 2d). SCRIBBLE, a
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Figure 3 ERBIN interacts preferentially with the non-activated HER1/2 receptor.

a, HER1/2 was transiently co-expressed with Myc-tagged ERBIN, SAP97 and PSD-95
in COS-1 cells. HER1/2 was immunoprecipitated (IP) with ant-EGFR antibody (clone
108) and bound proteins were revealed by immunoblotting (IB) with anti-Myc and anti-
ERBB2 antibodies, respectively. Only ERBIN is associated with HER1/2. b, HER1/2 and
EGFR were transiently co-expressed with ERBIN in COS-1 cells. Equal amounts of ERBIN
and receptors are found in the lysates (data not shown). Receptors were
immunoprecipitated by anti-EGFR antibody, bound proteins were western blotted and
revealed with anti-ERBIN and anti-receptor antibodies. Only HER1/2 interacts with
ERBIN. As a control, p52 SHC protein is increasingly co-immunoprecipitated with HER1/
2 and EGFR after EGF stimulation. ¢, HER1/2 and EGFR were transiently expressed in
COS-1 cells. GST pull down assays were performed using purified GST-SHC PTB or
GST-ERBIN PDZ domains bound on agarose beads. Precipitated proteins were
revealed by western blot analysis using anti-PY antibody (upper panels). After stripping,
membranes were revealed with anti-ERBB2 and anti-EGFR antibodies, respectively (anti-
RTK). While only phosphorylated receptors bind to the SHC PTB domain,
unphosphorylated HER1/2 interacts with the ERBIN PDZ domain. d, HER1/2 containing
a mutation of the C-terminal valine (mutant VA) or a kinase-dead HER1/2 (mutant KA)
were expressed in COS-1 cells and interaction with GST fusion proteins was tested as
described in c. e, Myc-tagged ERBIN was co-expressed with HER1/2 in COS cells. After
lysis, anti-Myc or anti-SHC antibodies were used for immunoprecipitation. After western
blotting, the membrane was successively probed with ant-ERBB2, anti-PY and anti-Myc
antibodies, respectively. The white arrow shows unphosphorylated HER1/2 receptor
co-immunoprecipitated with ERBIN in the top panel. The arrowheads point to
phosphorylated HER1/2 interacting with SHC proteins in the top and middle panels.
Note the slower migration of phosphorylated HER1/2 (arrowhead) compared to the
unphosphorylated HER1/2 in the upper panel. In the middle and bottom panels, an
asterisk indicates the position of Myc-ERBIN. SHC proteins (p52 and p46 SHC) are
indicated at the bottom of the gel. ERBIN is phosphorylated by HER1/2 but interacts
preferentially with the unphosphorylated receptor, in contrast to SHC proteins. f, As in
e but a kinase-dead HER1/2 (HER1/2. KA) was also co-expressed with Myc-ERBIN.
ERBIN is tyrosine phosphorylated when co-expressed with HER1/2 but not HER1,/2. KA
(bottom panel). Lysates were also run on SDS-PAGE, transferred to nitrocellulose and
revealed with anti-Myc (top panel) and ant-ERBB2 (middle panel) antibodies. g, HER1/2
was co-expressed with Myc-tagged wild type ERBIN or ERBIN lacking its PDZ domain
(APDZ). Deletion of the PDZ domain inhibits interaction with HER1/2 and decreases
ERBIN tyrosine phosphorylation.
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Drosophila protein important for epithelial integrity”, has 16 N-ter-
minal LRRs 44 % identical to ERBIN LRRs and 47% identical to
DENSIN-180 LRRs, and four PDZ domains 35—40 % identical to
ERBIN and DENSIN-180 PDZ domains. KIAA0147, a putative pro-
tein found in databases, lacks N-terminal sequences but probably
represents the human SCRIBBLE homologue™. The region between
the LRR and PDZ domains in this protein family is divergent, sug-
gesting that it mediates specific protein interactions for each mem-
ber. Despite high sequence identity between the PDZ domains of
DENSIN-180 and ERBIN (71%), only the ERBIN PDZ domain
bound to ERBB2 in a GST pull-down assay (Fig. 2d). Structural
similarity between ERBIN, DENSIN-180, SCRIBBLE and LET-413
led us to consider these proteins as members of a new PDZ family
we have designated LAP, for LRR and PDZ domain proteins.

ERBIN and ERBB2 associate in living cells. In vivo interaction

ERBIN

525 ERBIN
b C cyt Mbr
|
Anti-ERBIN

Anti-ERBB2

- | p52
= e pas
Anti-SHC

o | ok

ERBB2 ERBIN Anti-ERBIN

Figure 4 Basolateral localization of ERBIN and ERBB2 in human colon. a,
Semi-thin frozen sections of human colon were double-stained with antibodies
against ERBIN and an apical marker, CEA, or a basolateral marker, Ag525. Apical
(AP) and basolateral (BI) membranes are indicated by arrowheads and arrows
respectively. The location of the basement membrane (BM) is also indicated. ERBIN
co-localizes with Agh25 on the basolateral membrane. b, Semi-thin frozen sections
of human colon were double-labelled with antibodies against ERBIN and ERBB2. Both
proteins are localized on the basolateral membrane (Bl) and are absent from the
apical membrane (AP). Scale bars represent 5um. ¢, Cell fractioning was carried out
on Caco-2 cells and cytosolic (Cyt) and membrane (Mbr) fractions were subjected to
western blot analysis with anti-ERBIN and anti-SHC antibodies. Whereas SHC proteins
are mainly cytosolic (arrowhead), ERBIN is found in the membrane fraction (asterisk).
d, Proteins of Caco-2 cell lysates were immunoprecipitated with anti-ERBIN (E) or
preimmune serum (not shown) or a control rabbit antibody (anti-STK-1) (C) and
precipitated proteins were resolved by western blot. Anti-ERBB2 and anti-ERBIN
antibodies were used to probe the membrane. Co-immunoprecipitation between
ERBB2 and ERBIN was evidenced only when anti-ERBIN antibody was used for
immunoprecipitation. One-tenth of the Caco-2 lysate was run as control (TL).
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Figure 5 Basolateral localization of ERBIN and ERBB2 in Caco-2 cells.
Confocal sections of Caco-2 cells double labelled for: a, the apical marker CEA in
green and ERBIN in red; b,c, for the basolateral marker Ag525 and ERBIN; d,e, for
ERBB2 and ERBIN. a is a Z section and c-e are X-Y sections at the level of the lateral
membranes. Apical (AP) and basolateral (Bl) membranes are marked by arrowheads
and arrows respectively. ERBIN is restricted to the basolateral domain of Caco-2
cells. Scale bars represent 10 um.

between ERBIN and ERBB2 was tested by co-immunoprecipitation
experiments in COS cells. A Myc-tagged ERBIN interacted only
with HER1/2 whereas two other PDZ-containing proteins, SAP97
and PSD-95, did not (Fig. 3a). HER1/2, but not EGFR, co-immu-
noprecipitated with ERBIN regardless of EGF stimulation (Fig. 3b).
In contrast, p52 SHC was increasingly associated with both recep-
tors after activation®. Next, pull-down experiments were done with
GST-SHC PTB and GST-ERBIN PDZ domains on lysates contain-
ing HER1/2 and EGFR. The SHC PTB domain interacted only with
phosphorylated ERBB receptors (Fig. 3¢). In contrast, when a GST-
ERBIN PDZ domain was used to pull down HER1/2 out of lysates,
only non-phosphorylated HER1/2 was precipitated by the PDZ
domain because bound receptor was recognized by anti-ERBB2 but
not by anti-PY antibody (Fig. 3c). A kinase-dead (enzymatically
inactive) HER1/2 receptor (HER1/2.KA) was transiently expressed
in COS cells in parallel with a HER1/2. VA mutant, in which the C-
terminal valine is changed to alanine. Mutation VA in HER1/2 did
not affect the tyrosine phosphorylation of the receptor whereas the
kinase-dead mutant was not tyrosine phosphorylated (data not
shown). As expected, the HER1/2.KA mutant did not bind to the
GST-SHC PTB domain (Fig. 3d). On the other hand, the ERBIN
PDZ domain efficiently precipitated HER1/2. KA, but not HER1/2.
VA. Taken together, these results show that the ERBIN PDZ
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domain interacts with non-activated HER1/2 receptor. As a tyro-
sine contained in a site that binds to the SHC PTB domain is found
in the C terminus of ERBB2 five residues upstream of the binding
site for the PDZ domain (Fig. 1a), phosphorylation of the tyrosine
or recruitment of SHC proteins at this site after receptor activation
may preclude interaction with the ERBIN PDZ domain. Phosphor-
ylation of this tyrosine is, however, not sufficient to alter the HER1/
2-PDZ domain interaction, as a tyrosine-phosphorylated peptide
(last 15 residues of ERBB2) inhibited this interaction as efficiently
as a non-phosphorylated peptide (data not shown). The PDZ
domain interaction is thus probably inhibited by competition with
protein modules of the signalling machinery.

We next co-expressed a Myc-tagged ERBIN with HER1/2 in
COS cells to find out if the proteins behaved identically in vivo.
Indeed, we found that the pool of HER1/2 associated with ERBIN
was mostly not phosphorylated on tyrosine after EGF stimulation
(Fig. 3e). Only a faint band, probably corresponding to a fraction of
phosphorylated receptor dimerized with unphosphorylated recep-
tors, was associated with ERBIN. In contrast, SHC proteins inter-
acted with the phosphorylated receptor. ERBIN is a substrate for
the ERBB2 kinase or a kinase activated by the receptor and no
ERBIN phosphorylation was found when we expressed a kinase-
dead HERI1/2 receptor (Fig. 3f). Deletion of the ERBIN PDZ
domain inhibited the interaction with HER1/2 and decreased but
did not eliminate, tyrosine phosphorylation of ERBIN (Fig. 3g).
Conversely, deletion of the six last C-terminal residues in HER1/2
decreased ERBIN phosphorylation by the receptor (data not
shown). As in the case of AF-6, a PDZ protein interacting with
EPHB3, interaction is not an obligatory step for phosphorylation®.
Together, these data show that ERBIN interacts with non-tyrosine-
phosphorylated HER1/2, and that ERBIN tyrosine phosphorylation
is dependent on ERBB2 kinase activity.

ERBIN and ERBB2 colocalize to the basolateral side of epithelia.
To determine the subcellular localization of ERBIN, we performed
immunostainings on semi-thin frozen sections of human colon
with anti-ERBIN antibody. ERBIN colocalized in epithelial cells
with 525 Ag, a well known marker of the basolateral membrane in
intestinal cells” (Fig. 4a). No colocalization was observed with car-
cinoembryonic antigen (CEA), an apical marker, confirming that
ERBIN was basolaterally located in human intestinal cells (Fig. 4a).
Furthermore, ERBB2 was also basolateral and colocalized with
ERBIN (Fig. 4b). Cell fractionation showed that ERBIN was mainly
present in the membrane fraction, whereas SHC proteins were pre-
dominantly in the cytosolic fraction in epithelial cells (Fig. 4c).
Endogenous ERBIN co-immunoprecipitated with ERBB2 in Caco-
2 cells (Fig. 4d). Only a fraction of ERBB2 was involved, however;
this may be explained by the fact that our anti-ERBIN antibody is
directed against the PDZ domain and competes for the interaction,
or that other proteins, including PDZ proteins, interact with the
ERBB2 C-terminal region.

To confirm the basolateral colocalization of ERBIN and ERBB2,
we used Caco-2, a human colon carcinoma cell line that expresses
both proteins. We performed double-immunostaining and confo-
cal sections of permeabilized Caco-2 cells with anti-ERBIN anti-
body. In double-labelled stainings, ERBIN was found at the
basolateral side of Caco-2 plasma membranes in confocal Z section,
in contrast to apical CEA (Fig. 5a), and colocalized with 525 Ag and
ERBB2, further suggesting that ERBIN and ERBB2 interact in vivo
(Fig. 5b—e). Taken together, these results show that ERBIN and
ERBB2 co-localize to the basolateral epithelia in tissues and culture
cells.

Mutation of the ERBIN-binding site leads to mislocalization of
HER1/2.In C. elegans, a PDZ protein complex composed of LIN-7,
LIN-2 and LIN-10 localizes LET-23 at the basolateral side of the
vulval precursor cells’. Mutation of the C-terminal residue in LET-
23 abrogates the binding to LIN-7 PDZ domain and impairs the
proper localization of the receptor. Similarly, mutation of the C-
terminal valine in ERBB2 abrogated the binding to ERBIN (Figs 1,
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Figure 6 Basolateral localization of ERBB2 in epithelial cells relies on the
presence of an intact ERBIN-binding site. MDCK cells were stably transfected
with cDNAs coding for EGFR, HER1/2, HER1/2. VA and HER1/2.A6. a, Receptors were
detected in cell lysates by western blot analysis with ant-ERBB2 (upper panel) and anti-
EGFR (lower panel) antibodies. b, Double-labelling was done after permeabilization with
LA22, a monoclonal antibody directed against the extracellular domain of the EGFR, (in
green) and a polyclonal antibody against an endogenous apical marker, Gp114 (in red).
Confocal Z sections were analysed and apical (AP) and basolateral (Bl) membranes are
indicated by arrowheads and arrows respectively. Scale bar represents 10pm. Whereas
Gpl14 is always apical and EGFR and HER1/2 are concentrated on the basolateral
membrane, HER1/2. VA and HER1/2.A6 are localized respectively in part or totally at
the apical membrane. ¢, Surface expression of EGFR, HER1/2, HER1/2. VA and HER1/

3). To test if the ERBIN-binding site in ERBB2 is important for the
localization of the receptor, we produced MDCK cells stably
expressing EGFR, HER1/2 and HER1/2. VA proteins. Cells express-
ing receptors were sorted with anti-EGF receptor monoclonal anti-
body (clone 108) and selected populations presenting similar
amounts of receptor at the cell surface (data not shown).

MDCK cells express low levels of endogenous EGFR and ERBB2
receptors, making it possible to detect ectopic EGFR and HER1/2
(wild type and mutant) receptors with the appropriate antibody
(Fig. 6a). Confocal analysis of the subcellular distribution of ectopic
receptors was performed on cells at least three days after conflu-
ency. Cells were double-stained with an antibody directed against
Gp114, a major apical protein in MDCK cells® and LA22, an anti-
body directed against the extracellular domain of human EGFR. Z
sections showed that whereas EGFR and HER1/2 were mainly local-
ized to the basolateral membrane, HER1/2. VA was found both on
apical and basolateral membranes (Fig. 6b). We also produced a
mutant receptor missing the six C-terminal residues of HER1/2
(HER1/2.A6; Fig. 6a). This truncation abrogated the interaction
with ERBIN in pull-down and co-immunoprecipitation experi-
ments (data not shown) and completely delocalized HER1/2 from
the basolateral to the apical membrane, where Gp114 is located
(Fig. 6b). Cell-surface biotinylation was done on the apical or the
basolateral membranes of the same MDCK populations and the
surface expression of the receptors was determined. Whereas
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2.06 in MDCK at steady state. Cells were grown on filters and labelled overnight with
[®S]methionine. Surface-expressed receptors were biotinylated from the apical or
basolateral side. After cell lysis, receptors were immunoprecipitated with ant-EGFR
antibody and reprecipitated with streptavidin beads. Precipitates were analysed by SDS-
PAGE and revealed by fluorography. Two endogenous antigens of MDCK cells (Gp114,
an apical marker, and BC11, a basolateral one) were immunoprecipitated from the same
lysates and their distribution was determined as for EGFR (data not shown) and HER1/2
(wild type and mutants). Quantification of apical and basolateral surface expression was
done by scanning densitometry and expressed as a percentage of total surface
expression (+s.d.). Black bars represent apical expression and empty bars basolateral
expression. n=3 except for HER1/2, where n=2. CT, control cells expressing no
receptor. 1, HER1/2 receptor; 2, Gp114 marker; 3, BC11 marker.

HER1/2 was found mainly located to the basolateral membrane,
mutation or truncation of the ERBIN-binding site led to mislocali-
zation of the receptor (Fig. 6¢). Endogenous markers such as Gp114
and BC11, a basolateral protein, were also immunoprecipitated and
their surface polarity was expressed as a percentage of the total cell-
surface expression. No change in polarity of these markers was
observed, indicating that expression of mutant receptors with a dif-
ferent polarity had no consequence on the overall polarity of
MDCK cells (Fig. 6¢). Thus, removing the site of interaction with
ERBIN leads to ERBB2 mislocalization in epithelial cells.

Discussion

The restricted localization of receptors in polarized cells is an
important step in receiving signals and promoting the appropriate
cellular responses. This is true for ERBB2, which is an orphan
receptor activated by heterodimerization with other basolateral
receptors such as EGFR. Basolateral targeting in epithelia appears to
be controlled by several different peptide sequences within the
intracellular domain of proteins, although little is known about the
machinery that drives this process™ . We have shown that ERBIN,
a new PDZ protein, binds to ERBB2 in vitro and in vivo. The
ERBB2-ERBIN interaction is direct, specific and occurs when
ERBB2 is not phosphorylated. As both ERBIN and ERBB2 are
located to the basolateral epithelia in Caco-2 cells and human
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colon, we propose that ERBB2 is localized to the basolateral mem-
branes of the epithelium by interacting with ERBIN. Although we
cannot totally exclude the possibility that other PDZ proteins may
bind to ERBB2, we have demonstrated by many approaches that the
ERBB2-ERBIN interaction is specific and probably occurs in vivo.
This idea is reinforced by the fact that mutation of the ERBIN-bind-
ing site in the receptor causes mislocalization of ERBB2 in MDCK
cells.

PDZ domain proteins have emerged as central molecules for the
scaffolding of receptors and ligands in synapses and epithelia. They
cause the clustering of voltage-gated ion channels and receptors,
presumably to permit a more efficient response to stimuli. For
example, PSD-95 is found at postsynaptic sites, where it forms a
scaffold for glutamate receptors, potassium channels and neuroli-
gins, and LIN-2/CASK targets neurexins at presynaptic sites'**”. In
epithelia, the zonula occludens (ZO) family comprises tight junc-
tion proteins that recruit occludin and catenins, whereas SAP97/
hDLG, VELI/LIN-7 and CASK/LIN-2 are localized at the basola-
teral membranes of the epithelium®***'. In Drosophila, INAD scaf-
folds a protein kinase C, calmodulin, phospholipase C, rhodopsin
and a light-sensitive Ca** channel in a stable transducisome
machinery that is crucial for signalling and stability of
photoreceptors**. The molecular interactions of PDZ domain
proteins are crucial for epithelial morphogenesis, as shown by the
loss of epithelial integrity of dlg and dit mutants in Drosophila or the
inadequate vulval development of the nematode in lin-7, lin-2 and
lin-10 mutants**. SHROOM, a PDZ protein localized to adherens
junctions and the cytoskeleton, is essential for mice to develop a
normal cytoskeletal polarity within the neuroepithelium®. Interest-
ingly, LET-413 (M. Labouesse, personal communication), and
SCRIBBLE?, two epithelial LAP proteins, are required for proper
assembly of adherens junctions and apical distribution of proteins
in C. elegans and Drosophila, respectively.

ERBIN represents a novel type of adaptor protein that features
an organization of protein modules probably involved in connect-
ing ERBB2 to cytosolic and cytoskeleton-associated components.
The LAP family we have described (Fig. 2d) probably scaffolds
many other proteins, including receptors, in various polarized
cells including epithelial cells and neurons. Mutations in let-413
(M. Labouesse, personal communication) and scribble® genes
have profound effects on epithelial integrity, and genetic analysis
will determine the role of other lap genes in developmental proc-
esses in mammals. As ERBIN is a partner for ERBB2, our data also
suggest a role for ERBIN in the signalling from the receptor. EGFR
differs from the other ERBB/HER receptors in its ability to inter-
act with and phosphorylate the product of the ¢-Cbl proto-
oncogene®, whereas only ERBB3 binds to the p85 subunit of
phosphatidylinositol 3-kinase (P13-kinase)”. We show here that
ERBB2 is the only ERBB/HER member to be associated with
ERBIN. Specificity of signalling in the ERBB/HER family may thus
be elicited by the formation of heterodimers, bringing together
different scaffolding proteins. The LRR motifs found in ERBIN
share 38 % identity with the LRRs of SUR-8/SOC2 proteins, which
were shown to bind to Ras*. We did not detect an interaction
between the LRR of ERBIN and Ras in the two-hybrid system
(data not shown), but other small G proteins may constitute bind-
ing partners for ERBIN. The characterization of a new family of
adaptors for ERBB receptors will probably provide important
information on the control of epithelial homeostasis, and in con-
sequence, on the pathology of carcinomas. |

Methods
Two-hybrid procedure.
The nine last amino acids of ERBB2 were fused to the GAL4 BD subunit using pc97 vector which carries

LEU2. An oligo-dT primed mouse cDNA embryonic kidney library cloned in pc86 vector, which carries
Trpl as a selection marker, was screened using the GAL4 BD-ERBB2 bait and the yeast strain Y190
following the lithium-acetate protocole. Approximately 10° TRP'LEU" transformants were selected on
plates with supplemented minimal medium that lacked tryptophan, leucine and histidine in the primary
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screening and contained 10 mM 3-aminotriazole (3AT), and then tested for B-galactosidase activity by
the filter method in the secondary screening. After rescue, the DNA of selected clones was retransformed
in Y190 yeast containing GAL4 BD-ERBB2 or GAL4 BD fused to control peptides. A specific clone was
positive for growth in histidine deficient medium and -galactosidase activity and encodes for ERBIN
(914-1, 371). Alternatively, the last 15 amino acids of ERBB2, mutated ERBB2 (mutant VA) and ERBB4
were fused to the LexA protein by using the pBTM116 vector, which carries Trp1. The ERBIN PDZ
domain was fused to the GAL4 AD subunit, encoded by the pACT2 vector which carries LEU.

Interactions were performed in the yeast strain L40.

Protein procedures.

Cells were washed twice with cold PBS and lysed in lysis buffer (5S0mM HEPES pH?7.5, 10 % glycerol, 150
mM NaCl, 1 % Triton X-100, 1.5mM MgCl, 1mM EGTA) supplemented with one mM
phenylmethylsulphonylfluoride (PMSF), 10 ug ml™ aprotinin and 10 ug ml™' leupeptin. Sodium
orthovanadate at 200 UM final concentration was added to lysis buffer when cells were stimulated by
EGF. After centrifugation at 16,000g for 20min, lysate protein content was normalized using the Bio-Rad
protein assay kit. For immunoprecipitation, lysates were incubated with antibodies overnight at 4 °C.
Protein A-agarose was added and immune complexes bound to beads were recovered after one h, washed
three times with HNTG buffer (50mM HEPES pH?7.5, 10 % glycerol, 150mM NaCl, 0.1% Triton X-100),
boiled in 1xsample buffer, and separated by SDS-PAGE. Transfer and immunoblotting on nitrocellulose
using HRP-anti-rabbit or HRP-anti-mouse antibody/chemiluminescence method were performed as
described™. For overlay assays, the membrane was incubated two h at room temperature with soluble
GST fusion proteins labelled with protein kinase A and [y-*P JATP diluted in TBS-5 % dried milk, one
mM DTT (10° c.p.m.ml™). After rinsing with TBS-0.1 % Triton X-100 and TBS buffers, bound GST was
revealed by autoradiography. Cell transfection, GST production and GST binding assays were performed
as previously described™.

Fractionated lysates were prepared as follows: cells were lysed in hypotonic buffer (10mM Tris-Cl pH
7.4,0.2mM MgCl2, 5 mM KCl) supplemented with one mM PMSF, 10 g ml™ aprotinin and 10 g ml™
leupeptin. Lysis was completed by 20 strokes in an ice-cold dounce (B piston). Sucrose was added to the
homogenate to a final concentration of 0.25mM, and EDTA to one mM, and non-homogenized debris
was removed by centrifugation at 1,000g for 10min at 4 °C. The supernatant was then centrifuged at
138,000g for 1 h at 4°C. The supernatant was collected and called the cytoplasmic fraction. The pellet
was resuspended in a volume of lysis buffer (described above) equivalent to the volume of the
cytoplasmic fraction. After 30 min on ice, insoluble debris was removed by centrifugation at 16,000g for
30min at 4°C. The resulting supernatant was called the membrane fraction.

Cell culture.

COS-1 and MDCK cells were grown in Dulbecco Modified Eagle Medium (DMEM) containing

100 Uml™ penicillin and 100 ug mlI™ streptomycin sulphate, supplemented with 10 % fetal calf serum
(ECS). Caco-2 cells were maintained in DMEM medium supplemented with 20 % FCS and 1%
nonessential amino acids. All cell transfections were made using Fugene 6 reagent according to the
manufacturer’s recommendations (Boehringer).

DNA constructs.

Human erbin cDNA was cloned from Daudi cell nRNA by RACE RT-PCR using the Marathon kit
according to the manufacturer’s recommendations (Clontech). We also created a contig of overlapping
expressed sequence tagged (EST) clones originated from various human tissues and cell lines that
reconstituted the full human erbin cDNA (GenBank accession numbers 417970, 105245, 773261 and
774284). Human erbin cDNA was used as a template to create different constructs, allowing expression
of GST or Myc-tagged fusion proteins. The RK5 -myc vector was used to express proteins fused to the
Myc epitope*. The pGEX-Tag vector was used to produce all GST fusion proteins. Site-directed
mutagenesis was performed using the Quick-Change kit (Stratagene). All constructs were sequenced by
Genome Express, SA (Grenoble, France).

A rat cDNA library was used as a template to amplify a 600 bp fragment encoding the DENSIN-180
PDZ domain (residues 1, 342—1,492). GST-X11 o and LIN-2 PDZ domain have already been described .
EST 814570 was cloned in-frame into the pGEX-Tag vector, allowing expression of residues 196 to 315
of human Discs-large (DLG) encompassing the first PDZ domain.

Antibodies.

Anti-Myc 9 E10 (Oncogene Research Products) monoclonal antibody was used for
immunoprecipitation and immunoblotting. Anti-ERBB2 and anti-EGFR rabbit polyclonal antibodies
were obtained by injecting peptides in rabbits. Anti-EGFR monoclonal (mAb) antibody (108) was used
for immunoprecipitation. Anti-EGFR mAb (clone LA22) from Upstate Biotechnology (UBI) was used
for immunofluorescence. Anti-SHC polyclonal and 4 G10 mAb (anti-PY) antibodies are from UBI. Anti-
STK-1 antibody was from Santa Cruz. Goat anti-rabbit and anti-mouse IgG coupled to horseradish
peroxidase were purchased from Jackson Laboratory and Dako, respectively. A rabbit anti-ERBIN
polyclonal antibody was produced by injecting a soluble GST-ERBIN (914-1, 371) fusion protein. The
anti-ERBIN antibody was subsequently affinity purified with a His-tagged ERBIN (914-1, 371) protein
bound to nickel-agarose beads (Qiagen).

Northern blot analysis.

Multiple-tissue northern blots (Clontech) containing two g of poly(A)" mRNA isolated from a variety
of human tissues were probed with a 5’ or 3' probe specific for human erbin gene. Northern hybridization
was performed according to the manufacturer’s instructions. The blot was also probed with radiolabelled
B-actin cDNA as an indicator of RNA loading.

Immunolocalization and cell-surface labelling.

For immunostaining procedures, MDCK cells grown on coverslips for three days after confluency were
double labelled as described before® with a monoclonal antibody against EGFR (LA22) and a rabbit
polyclonal anti-gp114 antibody (an apical marker of MDCK cells)*. Caco-2 cells were grown on
coverslips for at least 10 days after confluency to ensure full differenciation and then processed as MDCK
cells. The antibody against Ag525 (a basolateral marker of human intestinal cells) was described before™.
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Frozen sections (0.5-1.0 pm) of human colon were obtained as described™”.

For cell-surface biotinylation, cells grown on filters for three days after confluency were labelled
overnight with *S-Promix Ready Vue from Amersham (18.5 MBq ml™) on the basolateral side. Cells
were labelled with Sulfo-NHS-LC-biotin (Pierce) after a 90 min chase in normal medium either on the
apical or the basolateral side, and EGFR or chimeras were immunoprecipitated and streptavidin
precipitated as described™. Samples were analysed by SDS-PAGE and visualized by fluorography.
Autoradiograms were quantitated using Intelligent Quantifier from Biolmage.
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