Molecular Biology of the Cell
Vol. 15, 3155-3166, July 2004

CINS85 Associates with Multiple Effectors Controlling
Intracellular Trafficking of Epidermal Growth Factor
Receptors

Katarzyna Kowanetz,*** Koraljka Husnjak,*#s Daniela Holler,*
Marcin Kowanetz,™ Philippe Soubeyran,* Dianne Hirsch,!
Mirko H.H Schmidt,* Kresimir Pavelic,5 Pietro De Camilli,T
Paul A. Randazzo,! and Ivan Dikic***

*Institute of Biochemistry II, Goethe University Medical School, 60590 Frankfurt, Germany; "Ludwig
Institute for Cancer Research, Uppsala S-75124, Sweden; SRudjer Boskovic Institute, Division of
Molecular Medicine, 10 000 Zagreb, Croatia; INational Cancer Institute, Laboratory of Cellular
Oncology, Bethesda, Maryland 20892; and 1Department of Cell Biology, Howard Hughes Medical
Institute, Yale University School of Medicine, New Haven, Connecticut 06510

Submitted September 20, 2003; Revised April 1, 2004; Accepted April 5, 2004
Monitoring Editor: Jean Gruenberg

CINS5 is a multidomain adaptor protein involved in Cbl-mediated down-regulation of epidermal growth factor (EGF)
receptors. CIN85 src homology 3 domains specifically bind to a proline-arginine (PxxxPR) motif in Cbl, and this
association seems to be important for EGF receptor endocytosis. Here, we report identification of novel CINS85 effectors,
all containing one or more PxxxPR motifs, that are indispensable for their mutual interactions. These effectors include
phosphatidyl-inositol phosphatases SHIP-1 and synaptojanin 2B1, Arf GTPase-activating proteins ASAP1 and ARAP3,
adaptor proteins Hip1R and STAP1, and a Rho exchange factor, p115Rho GEF. Acting as a molecular scaffold, CIN85
clusters its effectors and recruits them to high-molecular-weight complexes in cytosolic extracts of cells. Further charac-
terization of CIN85 binding to ASAP1 revealed that formation of the complex is independent on cell stimulation.
Overexpression of ASAP1 increased EGF receptor recycling, whereas ASAP1 containing mutated PxxxPR motif failed to
promote this event. We propose that CIN85 functions as a scaffold molecule that binds to numerous endocytic accessory
proteins, thus controlling distinct steps in trafficking of EGF receptors along the endocytic and recycling pathways.

INTRODUCTION

Signaling pathways initiated by activation of receptor ty-
rosine kinases (RTKSs) play critical roles in intercellular com-
munication during development as well as in many physi-
ological responses (Pawson and Scott, 1997; Schlessinger,
2000), whereas aberrations in RTKs’ activity lead to various
pathological processes (Aaronson, 1991). Thus, negative
control of receptor signaling is critical for cell homeostasis.
One of the major processes leading to RTK signaling termi-
nation is clathrin-mediated receptor endocytosis, followed
by its endosomal sorting and lysosomal degradation (Sorkin
and Waters, 1993). Alternatively, receptors can be recycled
to the plasma membrane. These trafficking events are con-
trolled via a complex network of protein—protein and pro-
tein-lipid interactions, as well as by receptor phosphoryla-
tion and ubiquitination (Waterman and Yarden, 2001; Dikic,
2003; Dikic and Giordano, 2003). The evolutionarily con-
served family of ubiquitin ligases, represented by Cbl, Cbl-b,
and Cbl-c in mammals, is responsible for mediating ubiq-
uitination, and subsequent lysosomal degradation, of many
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RTKs, among them epidermal growth factor (EGF) receptors
(Thien and Langdon, 2001; Dikic et al., 2003). Interestingly,
Cbl directs monoubiquitination, rather than polyubiquitina-
tion, of activated EGF and platelet-derived growth factor
(PDGF) receptors (Haglund et al., 2003).

Additionally, Cbl and Cbl-b control RTK internalization
by binding to and ubiquitinating a multidomain protein
CINS85 (Cbl-interacting protein of 85 kDa) (Haglund et al.,
2002; Petrelli et al., 2002; Soubeyran ef al., 2002; Szymkiewicz
et al., 2002). CIN85, also known as Ruk and SETA, is a
broadly expressed adaptor protein (Bogler et al., 2000; Gout
et al., 2000; Take et al., 2000; Dikic, 2002). It is homologous to
CMS/CD2AP (Dustin et al., 1998; Kirsch et al., 1999), sharing
the same domain structure and high sequence identity, and
therefore these molecules comprise one family of adaptor
proteins (Dikic, 2002). The N termini of CIN85 and CMS/
CD2AP are composed of three highly similar src homology
3(SH3) domains that are involved in interactions with vari-
ous signaling molecules, among them CD2, AIP/Alix,
BLNK, and SB-1, which suggests roles in such diverse cel-
lular processes as T-cell receptor clustering, induction of
apoptosis in glial cells or B-cell receptor signaling (Dikic,
2002). On the other hand, the proline-rich region of CIN85
acts as an interaction module for additional SH3 domain-
containing proteins, which couple it, for example, to cy-
toskeletal rearrangements (p130Cas and cortactin), regula-
tion of Src family kinases (Fyn, Src, and Yes), and
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phosphoinositide metabolism regulation (p85 subunit of
phosphatidylinositol-3 kinase) (Gout et al., 2000; Dikic, 2002;
Lynch et al., 2003). The C-terminal coiled-coil regions of
CIN85 and CMS mediate their oligomerization, which might
add an additional complexity level for formation of multi-
protein CIN85/CMS-associated protein networks (Kirsch et
al., 1999; Borinstein ef al., 2000; Watanabe et al., 2000).

After RTKs activation, CIN85 binds to Cbl via its SH3
domains (Take ef al., 2000; Soubeyran et al., 2002), and at the
same time the proline-rich region of CIN85 constitutively
interacts with endophilins (Petrelli ef al., 2002; Soubeyran et
al., 2002), implicated in regulation of early endocytic events.
In this way, CINS85 recruits endophilins to complexes with
activated receptors, controlling receptor internalization (Pe-
trelli et al., 2002; Soubeyran et al., 2002). Recently, we have
identified an atypical proline-arginine (PxxxPR) motif that
serves as a specific recognition site for the SH3 domains of
CIN85/CMS adaptor molecules (Kowanetz et al., 2003a).
Mutation of the corresponding arginine in full-size Cbl abol-
ished its association with CIN85 (Kowanetz et al., 2003a).
Interestingly, it has been reported that the SH3 domain of
Gads adaptor protein also recognizes arginine-orientated
peptides independently of a classical polyproline type 2
peptide (Berry ef al., 2002; Liu et al., 2003).

CINB85 binding to Cbl and Cbl-b was enhanced by growth
factor-induced tyrosine phosphorylation of Cbl, probably
due to a conformational change in the distal carboxyl ter-
mini of Cbl/Cbl-b, leading to opening and/or stabilization
of the PxxxPR motif (Take et al., 2000; Soubeyran et al., 2002;
Kowanetz et al., 2003a). All three SH3 domains of CIN85
bound to PxxxPR peptides of Cbl/Cbl-b with high specific-
ity and relatively low affinity, thus enabling full-size CIN85
to simultaneously interact with multiple Cbl molecules, pro-
moting clustering of Cbl/EGF receptor complexes in mam-
malian cells (Kowanetz et al., 2003a).

In this report, we identify several novel CIN85 effectors,
including synaptojanin 2B1, SHIP-1, Hip1R, p115RhoGEF,
ASAP1, and ARAP3, which interact directly with CIN85
SH3 domains through their PxxxPR motifs. These proteins
are implicated in the control of clathrin-mediated receptor
endocytosis, receptor recycling, and cytoskeletal rearrange-
ments. Detailed analysis of the functionality of the CIN85-
ASAP1 complex revealed its important role in regulating
EGF receptor recycling pathways. We propose that CIN85
acts as a cargo-specific intermediate scaffold linking these
effectors with regulation of distinct steps in intracellular
trafficking of EGF receptors.

MATERIALS AND METHODS

Products, Antibodies, and Expression Vectors

EGF was purchased from Serologicals (Norcross, GA). Mouse anti-myc anti-
bodies were from Covance (Princeton, NJ) rabbit anti-GFP antibodies were
from Molecular Probes (Eugene, OR), and mouse anti-FLAG M2 and M5
antibodies were from Sigma-Aldrich (St. Louis, MO). Anti-ASAP1 antibodies
(642), anti-Cbl (RF), anti-CIN85 (CT), and anti-EGF receptor (RK2) or anti-
autophosphorylated EGF receptor (phosphotyrosine 1173, anti-pEGFR) anti-
bodies were used as described previously (Haglund ef al., 2002; Szymkiewicz
et al., 2002). Constructs of Cbl, Cbl-b, FLAG-CMS, FLAG-CINS85, and its
different deletion mutants, glutathione S-transferase (GST) fusion proteins
encoding the SH3 domains of CIN85, FLAG-tagged ubiquitin, FLAG-ASAP1,
and synaptojanin 2B1 were described previously (Brown et al., 1998; Nemoto
et al., 2001; Soubeyran et al., 2002; Szymkiewicz et al., 2002; Kowanetz et al.,
2003a). Briefly, GST-SH3 A, B, or C encode individual SH3 domains of CINS85,
SH3AB, or SH3BC-combination of two consecutive CIN85-SH3 domains,
SH3ABC (3SH3) construct encodes all three SH3 domains of CINS85.
CINS85-AA or CIN85-AAB correspond to the protein devoid of the first or of
the first and second SH3 domains, respectively. CIN85-PCc contains only the
proline-rich region and the coiled-coil motif of CIN85, whereas CIN85-ACc
lacks the coiled-coil motif. Mouse HiplR ¢DNA was from David Drubin
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(University of California, Berkeley, CA), ARAP3 (human) construct was pro-
vided by Phillip Hawkins (Inositide Laboratory, Cambridge, United King-
dom), mouse STAP-1 cDNA was from Akihiko Yoshimura (Kyushu Univer-
sity, Fukuoka, Japan), and SHIP-1 (human) was from Christophe Erneux
(Universite Libre de Bruxelles, Brussels, Belgium).

Site-directed Mutagenesis

All mutant constructs were generated by polymerase chain reaction by using
QuikChange (Stratagene, La Jolla, CA). The arginine residues were mutated
to alanines in the following proteins: HiplR-R1030A, ASAPI1-R1041A,
ARAP3-R99A, STAP1-R12A, SHIP-1-R1033A, R1139A, synaptojanin 2B1-
R1249A, and p115 RhoGEF-S776R. The constructs were verified by sequenc-
ing. The sequences of the oligonucleotides used are available upon request.

Cell Culture and Transfections

HEK293T, NIH3T3-SAA, NIH3T3, MDA-MB-468, and CHO-EGFR cells were
used as described previously (Haglund et al., 2002; Soubeyran et al., 2002; Szymk-
iewicz et al., 2002). Expression of wild-type CIN85 in NIH3T3-SAA cells was
maintained by presence of G418 (1.2 mg/ml) in the culture medium. Cells were
transfected with LipofectAMINE reagent (Invitrogen, Carlsbad, CA) following
manufacturer’s instructions. Thirty hours after transfection, the cells were starved
for additional 12 h and stimulated with 100 ng/ml EGF for indicated times. Cells
were lysed in ice-cold lysis buffer containing a cocktail of protease and phospha-
tase inhibitors as described elsewhere (Soubeyran et al., 2002).

Immunofluorescence

NIH3T3 cells seeded on collagen-coated coverslips were transfected with
indicated constructs for 24 h and starved for additional 12 h. Cells were fixed
in 4% paraformaldehyde. After permeabilization and blocking, cells were
incubated with primary antibodies and then with Alexa Fluor-conjugated
secondary antibodies (Dako, Denmark). The preparations were mounted
using Fluoromount G, and the images were taken with an Axioplan 2 micro-
scope (Carl Zeiss, Jena, Germany).

Gel Filtration Analysis

MDA-MB-468, NIH-3T3-SAA, or HEK293T cells were washed with phos-
phate-buffered saline (PBS) and scraped from the dish and lysed in PBS
containing 0.1% Tween 20, 1 mM Pefablock (Fluka, Buchs, Switzerland), and
1 mM NazVO,. The lysates were incubated on ice for 15 min and centrifuged
at 15,000 X g for 60 min. Resulting cytosolic extracts (2-5 mg of protein) were
loaded on a Superdex 200 13/30 fast-performance liquid chromatography
column (Amersham Biosciences, Piscataway, NJ), and separated in the pres-
ence of PBS and 0.1 mM Pefablock. Collected fractions (0.5 or 1 ml) were
subjected to immunoprecipitation with indicated antibodies.

Biochemical Assays

GST binding assays, immunoprecipitation, and immunoblotting were per-
formed as described previously (Szymkiewicz et al., 2002).

Quantification of Receptor Recycling by Flow Cytometry

Chinese hamster ovary (CHO) cells stably expressing epidermal growth factor
receptor (EGFR) were transfected with the indicated constructs, starved for 6 h,
and incubated with 100 ng/ml EGF for 30 min at 37°C to induce internalization
of EGF receptor. Then, cells were rinsed twice with PBS to remove unbound
ligand and subsequently incubated at 37°C in serum-free medium to allow
receptor recycling. At the indicated time points cells were chilled on ice to stop
membrane trafficking, harvested, resuspended in 5% bovine serum albumin/
PBS, and blocked for 45 min on ice. Surface resident EGFR was detected by
incubation with anti-EGFR antibody, conjugated with pycoerythrin (Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 h at + 4°C. Cells were washed with ice-cold
PBS and analyzed with an Epics XL flow cytometer (Beckman Coulter, Fullerton,
CA). For each sample, 10,000 cells were analyzed and GFP-expressing cells were
gated for determining the amount of EGF receptor at the plasma membrane.
Mean fluorescence intensity of each sample was calculated using Expo 32 ADC
software. Equal expression of the transfected proteins was checked by Western
blotting (our unpublished data).

Constitutive recycling of the transferrin receptor was analyzed using a
transferrin-Alexa Fluor488 conjugate (Molecular Probes). Cell monolayers of
CHO cells cotransfected with either of the indicated constructs, and trans-
ferrin receptor were chilled on ice to stop membrane trafficking and incubated
with 50 wg/ml transferrin-Alexa Fluor488 for 30 min on ice. Subsequently,
cells were washed with ice-cold PBS to remove unbound ligand and then
incubated at 37°C to restore membrane trafficking. At the indicated time
points cells were collected, resuspended in PBS, and analyzed with an Epics
XL flow cytometer. For each sample, 10,000 cells were analyzed and fluores-
cein isothiocyanate-positive cells were gated for determining the rate of
transferrin release by measuring the decrease in green fluorescence intensity.
Mean fluorescence intensity of each sample was calculated using Expo 32
ADC software. Equal expression of the transfected proteins was checked by
Western blotting (our unpublished data).
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CINS5 Is an Endocytic Scaffold Protein

Table 1. Multiple proteins containing the PxxxPR motif function as effectors of CIN85 in mammalian cells

Protein Motif Interacts with Selected functions
ASAP1 PVPLPR aa 1036 SH3-ABC -GTPase activating protein for Arfl and Arf 5, phosphatidylinositol 4,5-
constitutively biphosphate dependent (Brown et al., 1998; Kam et al., 2000)
-involved in focal adhesion assembly and regulation of actin
cytoskeleton (Randazzo et al., 2000a; Liu et al., 2002)
ARAP3 PVPKPR aa 94 SH3-AB -an effector of PI3 kinase
PEPSPR aa 129 constitutively -a potential link between Rho and Arf signaling (Krugmann et al., 2002)
PPQPPR aa 389
Hip1R PSPAPR aa 1025 SH3-ABC -binds clathrin and F-actin (Engqvist-Goldstein et al., 1999)
PSIAPR aa 1044 constitutively -a potential link between endocytosis and actin cytoskeleton
rearrangements (Engqvist-Goldstein et al., 1999, 2001)
Synaptojanin PVPKPR aa 1244 SH3-ABC -an isoform of synaptojanin 1 (De Camilli et al., 1996)
2B1 increased upon -binds amphiphysin, endophilin and Grb2 (Nemoto et al., 2001)
stimulation - an effector of Rac, functions at early stages of EGFR endocytosis
(Malecz et al., 2000)
SHIP-1 PKPAPR aa 1028 SH3-ABC -an inositol 5’ phosphatase, negative regulator of the immune system
PTPTPR aa 1135 constitutively -regulates calcium flux, activation of Erk signaling cascade, activation of
the kinase PKB/Akt (reviewed in March and Ravichandran, 2002)
STAP1 PKPAPR aa 7 SH3-ABC -PH and SH2 domains containing adaptor, functions downstream of c-kit
constitutively in hematopoietic cells, tyrosine-phosphorylated by activated c-kit
(Masuhara ef al., 2000)
p115-RhoGEF PKPRPR aa 771 SH3-AC -a link between heterotrimeric G proteins and RhoGTPases (Hart et al.,

1998)

The binding partners of the SH3 domains of CIN85 are listed. The PxxxPR motifs in these proteins are indicated and the amino acid
numbering refers to the first amino acid in the proline-arginine sequence. Previously reported functions of the identified proteins are
summarized. The specificity of binding to the SH3 domains of CIN85 and dependence on the growth factor stimulation as determined by

immunoprecipitation assays is indicated.

RESULTS

Identification of Novel CINS5-interacting Partners

The SH3 domains of CIN85 and CMS selectively recognize a
PxxxPR motif of Cbl/Cbl-b, the sequence conserved in all
proteins previously shown to bind to the SH3 domains of
CIN85 (Kowanetz et al., 2003a). Moreover, our yeast two-
hybrid screens revealed two PxxxPR motif-containing pro-
teins potentially implicated in receptor trafficking: Dab2 and
ASAP1, as binding partners for the SH3 domains of CIN85
(Kowanetz et al., 2003b; our unpublished data). These obser-
vations suggested that additional molecules containing
PxxxPR sequences could associate with CIN85. We therefore
searched public databases for proteins containing the iden-
tified proline-arginine motif. This approach led to identifi-
cation of numerous endocytic proteins containing one or
more PxxxPR sequence as potential CIN85 effectors (Table
1). These molecules included inositol 5" phosphatases (syn-
aptojanin 2B1 and SHIP-1); p115RhoGEF, which couples the
heterotrimeric G proteins to Rho GTPases; Arf GTPase-acti-
vating protein ASAP1; ARAP3, a protein with dual Rho and
Arf GTPase activities; clathrin scaffold protein HiplR, as
well as an adaptor STAP1 (Table 1). The interactions be-
tween these proteins and CIN85 in mammalian cells were
confirmed by coimmunoprecipitation studies (Figure 1), and
substitution of arginine to alanine in the PxxxPR regions of
HiplR, ARAP3, ASAP1, STAPI1, synaptojanin 2B1, and
SHIP-1 completely blocked their coprecipitation with CIN85
in mammalian cells (Figure 1). SHIP-1 contains two PxxxPR
motifs, both of which were involved in CIN85 binding (Fig-
ure 1). In the case of p115RhoGEF, a single-base polymor-
phism in the nucleotide 1240 that codes for serine instead of
arginine within the PxxxPR motif led to a protein incapable
of interacting with CIN85 (Figure 2A; our unpublished
data).

Vol. 15, July 2004

On the other hand, the PxxxPR sequence is also present in
numerous other proteins found in the databases, only a
small percentage of which might constitute bona fide CIN85
binding partners in mammalian cells. For example, PAK2,
Z0-2, and TAFII70 that were previously shown to interact
with CIN85 SH3 domains in vitro were unable to interact
with CINS85 in cells (Kurakin et al., 2003). Moreover, ARAP3
contains three PxxxPR motifs (Table 1); however, it is suffi-
cient to mutate a single arginine (R99) to prevent binding to
CINS5 (Figure 1). Similarly, only the motif containing argi-
nine 1031, but not the PxxxPR sequence containing arginine
1049, in Hip1R, mediates its binding to CIN85 (Figure 1; our
unpublished data). These observations suggest that the pres-
ence of a core PxxxPR motif in a given molecule does not
suffice to mediate interaction with the SH3 domains of
CINS85. Additional factors, such as preference for some “x”
amino acids in the context of the surrounding residues, as
well as structural availability of the motif, might determine
their binding.

The Three SH3 Domains of CIN85 Can Cluster Multiple
Effectors

Because each SH3 domain of CIN85 can bind the Cbl-de-
rived PxxxPR peptide with comparable affinities (Kowanetz
et al., 2003a), CINS85 should be able to simultaneously inter-
act with multiple effectors, depending on their local avail-
ability in the cell and/or the accessibility of PxxxPR motifs.
Potentially, the three SH3 domains of CIN85 could aggre-
gate specific proteins, analogously to previously described
clustering of Cbl molecules (Kowanetz et al., 2003a). This
would increase local concentrations of CINS5 effectors and
facilitate their specific functions in a particular compartment
in the cell. Consistent with this hypothesis, we could show
that whereas the majority of the PxxxPR-containing proteins
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Figure 1. SH3 domains of CIN85 bind multiple PxxxPR-containing proteins. (A) HEK293T cells were transiently transfected with CIN85
together with indicated proteins or their arginine mutants. Lysates were subjected to immunoprecipitation (IP) and immunoblotting (IB) with

indicated antibodies.

interacted potently with all SH3 domains of CIN85 in GST
pull-down assays (SH3A, SH3B, and SH3C), the GST fusion
proteins encoding double (SH3AB and SH3BC) or triple
(SH3ABC) SH3 domains of CIN85 precipitated significantly
more of ASAPI1, HiplR, or synaptojanin (Figure 2A). In
another approach to demonstrate that CIN85 clusters its
effectors via the multiple SH3 domains, we compared asso-
ciations of PxxxPR-containing proteins with the wild-type
CINS5 or its variants lacking individual SH3 domains. Se-
quential deletion of SH3 domains in CIN85 (CIN85-AA and
CIN85-AAB) led to a consecutive decrease in binding to Hip1R
or ASAP1, whereas deletion of all three SH3 domains of CIN85
(CIN85-PCc) abolished their interactions (Figure 2B).

In contrast to the proteins recognized by all three SH3
domains of CIN85, some CINS85 effectors interacted only
with specific SH3 domains, and these proteins were not
efficiently clustered by CIN85. This property would rather
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enable them to engage in heterologous protein complexes
tethered by the adaptor CIN85. For example, ARAP3 bound
to SH3 A and B, whereas p115Rho GEF encoding arginine at
position 1240 interacted most potently with SH3 domains A
and C of CINS85 (Figure 2A). Because, for example, ARAP3
and synaptojanin possess exactly the same core PVPKPR
motif, the observed specificity is likely to be dependent on
residues flanking the PxxxPR sequence.

Sizing Separation of CIN85-associated Complexes under
Native Conditions in Mammalian Cells

CINS85 contains numerous protein—protein interaction mod-
ules, and therefore belongs to the family of scaffold proteins.
Their general property is the ability to recruit different rep-
ertoires of signaling proteins into correct cellular localization
(Pawson and Scott, 1997). Importantly, such multidomain
structure could allow for simultaneous association of CIN85

Molecular Biology of the Cell
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Figure 2. CIN85 SH3 domains can cluster numerous effectors. (A)
Equal amounts of lysates from HEK293T cells transiently trans-
fected with indicated proteins were incubated with GST alone or
GST-fusion proteins encoding the single (SH3A, SH3B, and SH3C),
double (SH3AB and SH3BC), or triple (SH3ABC) SH3 domains of
CIN85. Top, amounts of precipitated proteins. Bottom, levels of
used GST constructs stained with Ponceau. (B) FLAG-tagged con-
structs encoding wild-type CIN85 or its deletion isoforms were
transiently expressed together with FLAG-ASAP or myc-HiplR in
HEK293T cells. Lysates were immunoprecipitated (IP) and immu-
noblotted (IB) with indicated antibodies.

with different effectors and formation of large protein oli-
gomers, and indeed, many signal transduction molecules
occur as components of high-molecular-weight aggregates.
Therefore, we examined whether CINS5 exists in large pro-
tein complexes in mammalian cells by using native gel fil-
tration analysis of cytosolic extracts of mammalian cells. The
85-kDa CINS85, endogenously present in MDA or stably
expressed in NIH3T3-SAA cells, is detected at a molecular
weight ranging from 300 kDa to 1 MDa (Figure 3A, top). A
similar, however more spread, sizing profile of CIN85 was
observed in HEK293T cells overexpressing CIN85 (Figure
3A, bottom). Interestingly, Cbl was coseparated with CIN85
in high-molecular-weight protein complexes upon their co-
expression in HEK293T cells treated with EGF (Figure 3B),
pointing out that CINS5 is implicated in assembly of larger,
Cbl-associated protein aggregates, after receptor activation.
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We further tested the relative contribution of the SH3
domains in formation of CIN85-associated protein com-
plexes in these cells. To this aim, we analyzed the sizing
profile of a triple mutant of SH3 domains (CIN85-ABC*),
unable to bind to Cbl or to other PxxxPR motif-containing
proteins (Kowanetz et al., 2003a). CIN85-ABC* was shifted to
smaller protein complexes and was not coseparated with
Cbl in the same fractions (Figure 3C). The above-mentioned
data suggested a scaffolding function for CINS5 via its abil-
ity to interact with numerous PxxxPR-containing proteins in
cells. Accordingly, in Figure 3D we demonstrate that synap-
tojanin 2B1, similarly to Cbl, was recruited into large,
CIN85-containing complexes, after growth-factor stimula-
tion. On the other hand, additional CIN85-SH3 domain ef-
fectors, including ASAP1, SHIP-1, or HiplR, were cofrac-
tioned in higher molecular weight complexes with CINS5,
independently on ligand stimulation (our unpublished
data). We noted that CINS85 is present in high-molecular
weight complexes both in unstimulated, as well as EGF-
stimulated cells, which could be explained by the fact that its
SH3 domains’ effectors can be dynamically exchanged dur-
ing receptor trafficking. CIN85 could be therefore simulta-
neously engaged in aggregating different signaling or traf-
ficking proteins at specific locations in a cell.

An additional level of complexity is achieved by the fact
that CIN85 contains a coiled-coil domain at the carboxy
terminus, implicated in its oligomerization upon addition of
chemical cross-linking reagents (Borinstein et al., 2000; Wa-
tanabe et al., 2000). To investigate the importance of the
coiled-coil domain in formation of CIN85 protein com-
plexes, we analyzed the sizing profile of CINS85 lacking the
coiled-coil domain (CIN85-ACc). The elution profile of
CIN85-ACc was largely compressed to small molecular
weight complexes, which contained Cbl (Figure 3E).

These observations suggest that in addition to the SH3-
mediated interactions, CIN85 acts as an endocytic adaptor
protein via its coiled-coil-mediated protein oligomerization.
Possibly coiled-coil-oligomerized CINS85 serves as a more
efficient clustering unit for the SH3-domains’ effectors. It
also might be engaged in hetero-oligomerization with other
coiled-coil-containing proteins, and importantly this motif
is common among molecules involved in vesicular traffick-
ing. Remarkably, the CIN85 mutant devoid of the coiled-coil
domain lacks punctuate vesicular localization, observed for
the wild-type CIN85 (our unpublished data; Watanabe et al.,
2000) and cannot function properly in endocytic trafficking.

CINS5 Promotes Interactions between Some PxxxPR-
containing Proteins, whereas Other Effectors Are Present
in Separate CIN85-associated Complexes
We have shown that CINS5 is able to cluster its effectors via
the multiple SH3 domains, each of them binding to PxxxPR
peptides with similar affinities (Figure 2), (Kowanetz et al.,
2003a). Subsequently, we were interested to investigate
whether different PxxxPR containing effectors can be also
heterogenously clustered on the same CIN85 molecule. This
would enable CINS5 to tether endocytic molecules, ensuring
their coordinated, possibly sequential, functions. Similar
property has been ascribed to several scaffold proteins that
create multienzyme complexes in mitogen-activated protein
kinase pathways, both in yeast and in mammals. These
multidomain proteins seem to facilitate MAP-kinase activa-
tion and to ensure signaling specificity (Whitmarsh and
Davis, 1998).

Interestingly, we observed that the two ArfGAPs, ASAP1
and ARAP3, are indeed found in one complex only in the
presence of CIN85 (Figure 4A) and that these interactions
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were dependent on the intact CIN85 binding sites in both
proteins. In addition, in Figure 4B we demonstrate that the
delta-coiled-coil construct of CIN85, devoid of the ability to
form dimers, still mediates clustering of ASAP1 and ARAP3.
Moreover, ASAP1 and ARAP3 can be brought together via
the CIN85-3SH3 domain construct, which encodes solely
the three SH3 domains of CINS85 (Figure 4B). These data
clearly demonstrate that one CIN85 molecule can be simul-
taneously complexed with multiple effectors of its SH3 do-
mains.

Therefore, both Arf effectors might function coordinately
due to CIN85 SH3 domains-mediated clustering. The heter-
ologous clustering by the SH3 domains of CIN85 could be in
this case facilitated by the fact that ARAP3 interacts specif-
ically with SH3 domains A and B only, and is not efficiently
aggregated by multiple SH3 domains of CINS85 (Figure 2A).

Recycling
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Figure 3. Formation of CIN85-associated
complexes in mammalian cells. (A) Cytosolic
extracts of MDA-MB-468, NIH3T3-SAA cells
stably expressing wild-type CINS85, and
HEK293T cells overexpressing CIN85 were
run on Superdex 200 filtration columns. Sep-
arated proteins were collected in fractions
and subjected to immunoprecipitation (IP)
and immunoblotting (IB) with anti-CIN85 an-
tibodies. TCL, total cell lysate. (B) HEK293T
cells expressing CIN85 and Cbl were un-
treated or treated with 50 ng/ml EGF for 15
min at 37°C. Cytosolic extracts were sepa-
rated by Superdex 200 filtration columns, and
fractions were subjected to immunoprecipita-
tion with anti-CIN85 antibodies followed by
immunoblotting with anti-Cbl or anti-CIN85
antibodies. (C) HEK293T cells expressing
CINS85-ABC* together with Cbl were ana-
lyzed as described in Figure 3B. (D) HEK293T
cells expressing CIN85 and FLAG-synaptoja-
nin 2B1 were left untreated or treated with 50
ng/ml EGF for 15 min at 37°C. Fractions of
cytosolic lysates were subjected to immuno-
precipitation (IP) with anti-CIN85 antibodies,
followed by immunoblotting (IB) with anti-
FLAG antibodies. (E) HEK293T cells express-
ing FLAG-CIN85-ACc and Cbl were analyzed
as described in the Figure 3B.

On the other hand, we have not noticed any significant
effect of CIN85 presence on associations between other ef-
fectors (our unpublished data). These proteins seem to be
components of separate complexes with the SH3 domains of
CINS5, involved in distinct trafficking and signaling pro-
cesses. The formation of a given complex could in turn be
determined, in addition to compartmentalization of the ef-
fectors, by protein modifications, such as phosphorylation.

CIN85 and ASAP1 Complex Is Involved in EGF Receptor

CIN85-SH3 domains’ mediated interaction and clustering
of Cbl molecules is critical for EGF receptor internaliza-
tion, trafficking, and degradation (Soubeyran et al., 2002;
Szymkiewicz et al., 2002; Kowanetz et al., 2003a). We were
interested to further investigate whether CIN85 associa-
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Figure 3. Continued

tions with other effectors play important roles in receptor
trafficking. We focused on ASAP1, a phospholipid-depen-
dent Arf GTPase activating protein, which has been
shown to regulate actin cytoskeletal rearrangements
(Brown et al., 1998; Randazzo et al., 2000a). Importantly, a
previously described interaction between ASAP1 and
POBI suggested a link to clathrin-mediated endocytosis
(Oshiro et al., 2002).

Vol. 15, July 2004

We first analyzed complex formation between endoge-
nous proteins in NIH3T3 fibroblasts, which express high
levels of both molecules. Endogenous ASAP1 and CIN85
were coprecipitated independently on prolonged PDGF or
EGF stimulation from NIH3T3 and NIHSAA (a clone of
NIH3T3 cells stably expressing EGF receptor) cell lysates,
respectively (Figure 5A). The levels of coprecipitation also
were not dependent on ASAP1 tyrosine phosphorylation by
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Figure 4. CIN85 SH3 domains can bridge ASAP1 and ARAP3 ArfGAP proteins. (A) HEK293T cells were transiently transfected with
GFP-ARAP3 or FLAG-ASAP1, wild-type or arginine mutants (WT or R, respectively), in the presence or absence of CIN85. Cell lysates were
immunoprecipitated (IP) with anti-GFP antibodies, and after recovery of the bound material, detection was performed by immunoblotting
(IB) with indicated antibodies. Expression of proteins was monitored in total cell lysates (TCL). (B) Experimental procedure was the same as
in A, except that ACc or 3SH3-CIN85 constructs were used instead of the wild-type CINS5.

FAK or Pyk2 tyrosine kinases (our unpublished data). More-
over, both proteins were detected in complexes with acti-
vated receptors in those cells (Figure 5B) (Soubeyran et al.,
2002). This prompted us to study the function of CIN85/
ASAP1 interaction in EGF receptor trafficking. The forma-
tion of CIN85/ASAP1 complexes did not affect the rate of
receptor internalization (our unpublished data). Instead,
overexpression of ASAP1 led to an increase of receptor
recycling (Figure 6A). This effect was dependent on the
GTP-ase activating (GAP) activity, as well as on an intact
PxxxPR motif in ASAP1 (Figure 6A; our unpublished data).
To verify that the effect of ASAP1 was indeed mediated by
CIN85, we compared the rate of receptor recycling in the
presence ASAP1 and of either the wild-type CINS85 or the
triple mutant of CIN85 SH3 domains (CIN85-ABC¥) that are
unable to bind proline-rich proteins (Kowanetz et al., 2003a;
Figure 6B). Cotransfection of ASAP1 together with CIN85-
ABC* led to a decrease in recycling compared with coex-
pression with wild-type CIN85. Notably, receptor recycling
was even more decreased when PxxxPR-defective ASAP1
(mutR) was cotransfected with the wild-type CIN85 (Figure
6B; also see Figure 6A). This might indicate that the SH3
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domains of CIN85 bind yet other proteins acting as (nega-
tive) regulators of EGFR recycling that may counterbalance
the action of ASAPI. In any case, the above-mentioned data
suggest that to mediate receptor recycling processes, ASAP1
has to be able to induce hydrolysis of GTP bound to Arf to
GDP and, additionally, to bind to CIN85. Furthermore, this
effect was EGFR-specific, because under similar experimen-
tal conditions, overexpression of ASAP1 did not influence
constitutive recycling of the transferrin receptor (Figure 6C).
Thus, CIN85 complexed to ASAP1 is involved in receptor
recycling pathway and remarkably CIN85 homologue
CMS/CD2AP has been shown to interact and colocalize
with Rab4, a marker of recycling endosomes (Cormont et al.,
2003). We also noted that in cells overexpressing CINS5,
ASAP1 showed reduced localization to focal adhesions, and
both ASAP1 and CINS5 colocalized in vesicular structures in
NIH3T3 cells (Figure 6D). Therefore ASAP1, previously
known to mediate cytoskeletal rearrangements might couple
them via CIN85 to membrane trafficking or might function
separately in either of these processes. These data expand
the scaffolding role for CIN85 in controlling various stages
of EGF receptor trafficking in cells.
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DISCUSSION

Previous studies have demonstrated that CIN85 participates in
clathrin-mediated endocytosis by linking Cbl-Cbl-b/EGF re-
ceptor complexes to endophilins (Dikic, 2002, 2003; Soubeyran
et al., 2002; Szymkiewicz et al., 2002), and undergoing lysoso-
mal degradation together with receptors (Haglund et al., 2002).
In addition to participating in the Cbl/CIN85/endophilin
pathway, CIN85 and its homologue CMS/CD2AP have been
shown to associate with other endocytic proteins, including
Grb2, p85 subunit of PI3-kinase, Crk, p130Cas, and cortactin
(Dikic, 2002; Lynch ef al., 2003). More recently, we have iden-
tified an unconventional proline/arginine PxxxPR motif, criti-
cal for interactions of the SH3 domains of CIN85 with Cbl and
Cbl-b (Kowanetz et al., 2003a). This report provides new in-
sights into a dynamic PxxxPR-containing protein network as-
sembled by the scaffold protein CIN85 and emphasizes its role
in controlling multiple levels of EGF receptor endocytosis.
Using the yeast two-hybrid system and by screening public
data bases for proteins containing specific PxxxPR motif, we
have identified numerous endocytic effectors. Subsequently,
we confirmed the existence of CIN85/PxxxPR-motif-contain-
ing protein complexes in mammalian cells (Figure 1). Further-
more, multiple interactions mediated via the SH3 domains of
CINS5 resulted in prominent clustering of its effectors, thereby
increasing their local concentrations and possibly ensuring
proper coordination of receptor trafficking (Figure 2). Addi-
tionally, some of the effectors, e.g.,, ASAP1 and ARAP3, were
heterologously clustered by the SH3 domains of CIN85 (Figure
4). Similar cooperative function of multiple SH3 domains lead-
ing to clustering of Cbl and other effectors has been demon-
strated in the case of other adaptors, e.g., Nck (Wunderlich et
al., 1999) and ArgBP2 (Soubeyran et al., 2003).

The scaffolding properties of CIN85 allow for formation of
high-molecular-weight CIN85-associated complexes in mam-
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malian cells (Figure 3). Whereas certain proteins constitutively
associate with CINS85, binding of Cbl, Dab2, and synaptojanin
2B1 is rapidly modulated by growth factor stimulation (Figure
3D) (Soubeyran et al., 2002; Kowanetz et al., 2003b), leading to
formation of distinct CIN85-associated protein networks in a
cell. These various complexes assembled around CIN85-SH3
domains can differently influence the fate of internalized re-
ceptor (Figure 5C) (Soubeyran et al., 2002). Importantly, the
relatively low affinity of individual CIN85 SH3 domain-
PxxxPR interactions (Kowanetz et al., 2003a) also could allow
for rapid exchange of CIN85 binding partners, depending on
their local concentration, cellular compartmentalization, or
posttranslational modifications in response to changes in the
environment, such as tyrosine phosphorylation of Cbl (Soubey-
ran et al., 2002; Kowanetz et al., 2003b). The ability of CIN85 to
dynamically exchange its effectors could ensure that cargo is
appropriately moved through the different stages of the endo-
cytic pathway.

The specific proteins with which CIN85 interacts are consis-
tent with its function as a regulator of progress through the
endocytic pathway. However, the contribution of individual
CIN85-SH3 domains binding events to EGF receptor trafficking
is difficult to assess, given the functional redundancy of CIN85
binding partners and their dynamic exchange on multiple SH3
domains along the endocytic compartment. The functional im-
portance of these interactions is emphasized by the fact that
presence of intact CIN85 SH3 domains is critical for sorting of
activated EGF receptors for lysosomal degradation (Kowanetz
et al., 2003a).

One group of CIN85-interacting endocytic effectors, inositol
5’ phosphatases (synaptojanin 2B1 and SHIP-1), is implicated
in membrane dynamics by controlling concentration of phos-
phoinositides (De Camilli et al., 1996). Synaptojanins have been
found in complexes with numerous endocytic proteins, includ-
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Figure 6. ASAP1 regulates EGF receptor recycling in a PxxxPR motif-dependent manner. (A) CHO-EGEFR cells were mock transfected or
transfected with the wild-type ASAP1 or ASAP1 R1041A (mutR). Receptor recycling assays were performed as described in MATERIALS
AND METHODS using flow cytometry. (B) CHO-EGEFR cells were transfected with the indicated constructs and analyzed as described in A.
(C) CHO cells were cotransfected with transferrin receptor and either wild-type ASAP1 or ASAP1 R1041A (mutR). Transferrin recycling
measurements were performed as described in MATERIALS AND METHODS. (D) NIH3T3 cells were transfected with FLAG-tagged CIN85
and subjected to immunofluorescence as described in MATERIALS AND METHODS.

ing endophilin or amphiphysins (Micheva et al., 1997). Synap-
tojanin 1, due to its ability to dephosphorylate phosphatidyl-
inositol 4,5-bisphosphate to phosphatidylinositol 3-phosphate,
has been proposed to function as a negative regulator of inter-
actions between coat proteins and membrane phospholipids
(McPherson ef al., 1996; Cremona et al., 1999; Guo et al., 1999).
On the other hand, siRNA-mediated decrease in synaptojanin
2 levels had an inhibitory effect on EGF receptor endocytosis,
suggesting that synaptojanin 1 and 2 do not have a completely
overlapping function (Rusk et al., 2003). The PxxxPR motif is
present in ubiquitously expressed synaptojanins 2, as well as in
brain-specific synaptojanin 1; however, we have not detected
CIN85/synaptojanin 1 complex formation (our unpublished
observations). It is therefore likely that different functions of
synaptojanins 1 and 2, which share the same catalytic activity,
are dependent on their specific binding partners. Overexpres-
sion of synaptojanin 2B1, but not its R1249A mutant, increased
the amount of CINS85 found in the complex with activated EGF
receptor (our unpublished data), and therefore synaptojanin 2,
similarly to Cbl, provides an inducible link between CIN85 and
receptor (Figure 3D), possibly controlling early stages of recep-
tor trafficking. This additional interaction could provide an
explanation why carboxyl terminal truncations of Cbl have
only a partial inhibitory effect on the EGFR internalization
(Soubeyran et al., 2002). It will be of interest to further investi-
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gate the function of CIN85/synaptojanins complexes in EGFR
endocytosis.

Another role CIN85 may play in regulation of EGF receptor
trafficking could be to bridge endocytic events with cytoskel-
etal changes via its interactions with HiplR, ARAP3, and
ASAP1. CIN85-mediated clustering of Hip1R (Figure 2) could
have a dual function both in assembly of clathrin-coated vesi-
cles and also linking receptor internalization with locally reg-
ulated actin rearrangements (Engqvist-Goldstein et al., 1999,
2001). ARAP3 contains a Rho GAP domain that is able to
inactivate Rho family proteins (Krugmann ef al., 2002). On the
other hand, CINS85 binds directly to p115 Rho GEF, an activator
of RhoGTPases (Hart et al., 1998). CIN85 may thus regulate
positively and negatively the activity of Rho GTPases and
thereby coordinate changes in membranes and actin that are
necessary for proper maturation and movement of endosomes
and transport vesicles

CINS5 has a potential to elicit similar functions by affecting
Arf family proteins, established regulators of membrane traffic
and cytoskeletal dynamics (Randazzo et al., 2000b). Arfs are
regulated by nucleotide exchange factors that activate Arf, and
GAPs that inactivate Arf (Randazzo et al., 2000b). Two phos-
phoinositide-dependent Arf GAPs, ASAP1 and ARAP3, shar-
ing structural motifs such as a PH domain and ankyrin repeats
in addition to the ArfGAP domain, are constitutively associ-
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ated with CINS85 (Figures 1 and 5A) and importantly can be
found in one complex due to interactions mediated by multiple
SH3 domains of CIN85 (Figure 4). Both ASAP1 and ARAP
subfamily Arf GAPs have been found to regulate actin cy-
toskeletal structures (Randazzo et al., 2000a; Krugmann ef al.,
2002; Miura et al., 2002) and membrane trafficking in the cell
periphery (Nie, Hirsch, and Randazzo, unpublished observa-
tions). Interestingly, CIN85 overexpression resulted in the re-
cruitment of ASAP1 to the vesicular structures in cells (Figure
6D). Although we could not demonstrate any effect of ASAP1
on EGEFR internalization, we have observed that overexpres-
sion of wild-type ASAP1 led to an increase in the rate of EGF
receptor recycling (Figure 6A). Importantly, overexpression of
ASAP1 R1041A impaired in its ability to bind to CIN85 and
decreased the rate of receptor recycling below the control levels
(Figure 6, A and B), implying that it exerts a dominant inter-
fering effect on receptor recycling. The described effects were
specific for the ligand induced recycling of the EGF receptors to
the plasma membrane, as the constitutive recycling of trans-
ferrin receptors was not influenced by the presence of ASAP1
(Figure 6C). Thus, our data suggest an important role for the
CIN85/ASAP1 complex in directing receptors toward recy-
cling pathways. Remarkably, the focal contacts formation at a
leading edge of a moving cell involves, in addition to actin
rearrangements, recycling of the membrane internalized from
the cell surface (de Curtis, 2001; Turner and Brown, 2001).
ASAP1 could therefore, similarly to the Arf GAPs of the GIT
family (Matafora et al., 2001), be involved both in focal contact
formation as well as in membrane recycling via its interaction
with CINS85.

The C-terminal tail of CIN85 contains a coiled-coil region
that seems to be critical for oligomerization of CIN85 in mam-
malian cells (Watanabe et al., 2000). Interestingly, this motif is
present in numerous endocytic proteins, including Eps-15, am-
phiphysin, EEA1, Hrs, or SNARE (Stenmark et al., 1996, Wigge
et al., 1997; Burkhard et al., 2001; Raiborg et al., 2001). The
coiled-coil region of CINS85 also is engaged in heterologous
interactions with several endocytic effectors, such as HiplR
and amphiphysins 1 and 2 (our unpublished data). Addition-
ally, the presence of an intact coiled-coil is critical for formation
of large CIN85-bound protein complexes (Figure 3E). There-
fore, the coiled-coil-mediated homo- and heterooligomeriza-
tion of CIN85 might further promote receptor clustering in the
vesicular compartments and ensure its proper trafficking.

It is becoming obvious that endocytosis of transmembrane
receptors is governed by specific scaffold proteins able to
coordinate extensive networks of protein—protein interac-
tions. For example, B-arrestins and SARA proteins control
down-regulation of their respective receptors, G protein-
coupled receptors or transforming growth factor-g receptors
(Tsukazaki et al., 1998; Hall and Lefkowitz, 2002). Our re-
sults indicate that multiple steps in EGF receptor down-
regulation are controlled by a protein network assembled
through the endocytic scaffold CIN85. Analogous function
has been ascribed to intersectin, an adaptor protein impli-
cated in the regulation of clathrin-mediated endocytosis
(Yamabhai et al., 1998). Interestingly, the two carboxyl-ter-
minal SH3 domains of intersectin share >50% homology
with the SH3 domains of CIN85, which places them among
the most closely related SH3 domain sequences found in the
public databases. Structural and functional similarities be-
tween CIN85 and intersectin open intriguing questions re-
garding their potential cooperation in orchestrating dynamic
assembly of endocytic proteins around receptor complexes.
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