
ARAP1 Regulates Endocytosis of EGFR

Hye-Young Yoon1, Ju-Seog Lee2, and Paul A. Randazzo1,*

1 Laboratory of Cellular and Molecular Biology, National Cancer Institute, Bldg 37 Room 2042,
Bethesda, MD 20892, USA
2 Department of Systems Biology, MD Anderson Cancer Research Center, 7435 Fannin Street,
Unit 950, Houston, TX 77054, USA

Abstract
Signaling through the EGF receptor is regulated by endocytosis. ARAP1 is a protein with Arf
guanosine triphosphatase-activating protein (GAP) and Rho GAP domains. We investigated the
role of ARAP1 in EGF receptor endocytic trafficking. Following EGF treatment of cells, ARAP1
rapidly and transiently associated with the edge of the cell and punctate structures containing
Rab5, rabaptin 5 and EGFR but not early embryonic antigen 1 (EEA1). EGF associated with the
ARAP1-positive punctate structures prior to EEA1-positive early endosomes. Recruitment of
ARAP1 to the punctate structures required active Rab5 and an additional signal from EGFR.
Decreasing ARAP1 levels with small interfering RNA accelerated association of EGF with EEA1
endosomes and degradation of EGFR. Phosphorylation of extracellular-signal-regulated kinase
(ERK) and c-Jun-amino-terminal kinase (JNK) was diminished and more transient in cells with
reduced levels of ARAP1 than in controls. Based on these findings, we propose that ARAP1
regulates the endocytic traffic of EGFR and, consequently, the rate of EGFR signal attenuation.
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Receptor tyrosine kinases (RTKs) are transmembrane proteins that mediate responses to
extracellular signals that control differentiation, proliferation and migration (1–4).
Unchecked activity of RTKs may be part of malignant transformation. Endocytosis is
integral to regulation of signaling from the receptors (1,5–7).

EGF receptor (EGFR) family proteins have been used as a model to study RTKs that
contribute to the development of some forms of breast cancer (6,8,9). Ligands such as EGF
or transforming growth factor bind to EGFR, which stimulates the tyrosine kinase activity of
the receptor. The activated receptor phosphorylates itself and signals through nonreceptor
tyrosine kinases, phospholipase C, the Ras pathway and phosphatidyl inositol (PI) 3-kinase.
The signals from the EGFR are regulated by the endocytic pathway. EGFR is internalized by
clathrin-dependent endocytosis (10–14). The receptor is concentrated in clathrin-coated pits
by binding to the clathrin adaptor AP-2. The pits form buds that separate from the planar
membrane to become clathrin-coated vesicles. The vesicles shed the clathrin coat to form
intermediate vesicles. The intermediate vesicles fuse with early endosomes, identified by the
protein early embryonic antigen 1 (EEA1). Clathrin-independent endocytosis of EGFR also
delivers receptors to early endosomes. From the EEA1-positive compartment, the receptor is
sorted towards recycling or degradative pathways.
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Receptor internalization and targeting to the EEA1-positive compartment are regulated by
several mechanisms (7,11,12,15–19). One mechanism involves the small GTP-binding
protein Rab5, which controls the transfer of receptor from the plasma membrane (PM) to an
intermediate compartment and from the intermediate compartment to EEA1-positive early
endosomes (20–28). Rab5 functions through a number of effectors including rabaptin5,
rabankyrin5 and EEA1. Rab5 is activated by the exchange factor Rin1 functioning
downstream of EGFR (29). Other small GTP-binding proteins, Rho and Rac, inhibit receptor
endocytosis (30–32). The effects of Rho and Rac are mediated by serine/threonine kinases.

Arf family GTP-binding proteins are regulators of membrane traffic and actin remodeling
(for reviews, see 33–35). The six mammalian Arfs are divided into three classes based on
primary structure. Arf1, a class 1 Arf, regulates intra-Golgi and endosomal membrane
trafficking by controlling the function of coat proteins including coatomer, clathrin adaptor
protein-1 (AP-1) and AP-3 and Golgi-localized, gamma ear homology domain, Arf binding
protein (GGA). Arf1 has also been implicated in the endocytosis of EGFR through a
clathrin-and caveolin-independent pathway (36). Arf6, a class 3 Arf, regulates endocytosis
of receptors at the PM by a pathway that is independent of clathrin and caveolin. Arfs have
slow nucleotide exchange rates and undetectable guanosine triphosphatase (GTPase)
activity. Function of Arfs is dependent on accessory proteins called guanine nucleotide
exchange factors and GTPase-activating proteins (GAPs) (37–39).

Thirty-one genes in humans encode for proteins with Arf GAP domains (39–42). Five
subtypes of Arf GAPs have been implicated in the regulation of the actin cytoskeleton
associated with cell movement (43). These include the ARAPs, Arf GAPs that also contain a
Rho GAP, five PH, a SAM and a Ras association domain (44–49). Two PH domains contain
the consensus sequence for phosphatidyl inositol 3 phosphate (PIP3) binding, and the
ARAPs have been found to be targets for tyrosine kinases and Rap1 (44,46,47).

ARAP1 is a target of PIP3 and phosphotyrosine signaling and regulates Arf and Rho
proteins. Based on these observations, we hypothesized that ARAP1 is part of the EGFR
signaling pathway regulating endocytic traffic of EGFR. EGF caused a translocation of
ARAP1 to an endocytic compartment containing Rab5, rabaptin5, EGF and EGFR. The
compartment was rapidly formed and transient. EGF associated with the compartment prior
to being delivered to the EEA1-positive early endosome. Reduction of ARAP1 expression
accelerated EGFR internalization and degradation and diminished EGF-dependent
phosphorylation of ERK and JNK. Taken together, the data support a model in which
ARAP1 regulates a pre-early endosome compartment that controls the rate of EGFR signal
attenuation.

Results
We compared the localization of ARAP1 in HeLa cells with the localization in HeLa cells
treated with EGF. Two isoforms of ARAP1 have been reported. The larger isoform contains
a SAM domain. In these experiments, we used an antiserum that recognized ARAP1 that
comigrates with recombinant ARAP1 that has the SAM domain (Figure S1). As we have
previously reported, ARAP1 has a perinuclear distribution in untreated cells, colocalizing
with a number of markers of the Golgi apparatus (50–53)including Golgi 58K, GM130 and
AP-1 [(44)and Figure 1A]. Following treatment with EGF, the distribution of ARAP1 was
partially changed, with some protein in puncta near and at the cell edge (Figure 1A–C).
ARAP1 did not colocalize with other organellar markers (52,54–58)including AP-2, Lamp1,
mannose-6-phosphate receptor (M6PR) or EEA1 with or without EGF (Figure 1A). After
treatment with EGF, ARAP1 colocalized with EGFR and EGF (Figure 1A,B,D). Rabaptin 5
also moved to the edge of the cell with ARAP1 after EGF treatment (Figure 1A).
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We next examined the distribution of recombinant Flag epitope-tagged ARAP1 (Flag-
ARAP1) (Figure 2). In this paper, we examined the form of ARAP1 with the SAM domain.
Different than endogenous ARAP1, Flag-ARAP1 did not associate with the Golgi apparatus.
However, similar to endogenous ARAP1, Flag-ARAP1 associated with EGFR and rabaptin
5 after treatment of cells with EGF. Flag-ARAP1 also colocalized with fluorescent EGF. As
with endogenous protein, we did not observe colocalization of Flag-ARAP1 with other
markers of organelles, including M6PR, AP-1, AP-2 and EEA1 (Figure S2). In addition,
Flag-ARAP1 did not colocalize with endogenous APPL1 (59)(data not shown).

Because of the association of ARAP1 with rabaptin 5, the relative localization of ARAP1
and markers of organelles with Rab5 was examined. We were not able to find an antibody
that was reliable for visualizing endogenous Rab5. Therefore, green fluorescent protein
(GFP)–Rab5 was used (Figure 3). Expression of recombinant Rab5 can influence the
distribution of proteins associated with membrane-bound organelles. There were two notable
differences in protein distribution between cells expressing Flag-ARAP1 with GFP–Rab5
and those expressing Flag-ARAP1 alone. First, Flag-ARAP1 associated with M6PR, APPL1
and AP-1 after EGF treatment. Second, the Flag-ARAP1-positive puncta were larger than
those observed with endogenous proteins. However, the key finding that EGF-induced
association of ARAP1 with a compartment containing EGF and EGFR was the same. The
compartment also contained GFP–Rab5 and rabaptin5 (Figures 3 and 4A,B). Also, similar to
experiments examining endogenous ARAP1 or Flag-ARAP1 expressed by itself,
recombinant Flag-ARAP1 expressed with GFP–Rab5 did not colocalize with EEA1, AP-2
or Lamp1 (Figure S2).

To determine whether other Rab family proteins associated with the ARAP1-containing
structures, recombinant ARAP1 was expressed with GFP–Rab4, GFP–Rab5, GFP–Rab7 and
GFP–Rab11 (Figure 4 and Figure S3). Of these Rab proteins, only Rab5 colocalized with
ARAP1. Flag-ARAP1, GFP–Rab5 and rabaptin 5 were together on punctate structures. On
the basis of the association with Rab5, rabaptin5, EGFR and EGF, we conclude that the
ARAP1-positive puncta represent endocytic intermediates.

We further characterized the EGF dependence of ARAP1 association with Rab5,
determining whether we could identify a condition in which ARAP1 colocalized with the
Rab5 effector EEA1. Cells expressing GFP–Rab5 and recombinant ARAP1 were treated
with 1 to 100 ng/mL EGF for 5 min and stained with antibodies against the Flag tag of the
recombinant ARAP1 and against endogenous EEA1 (Figure 5). Colocalization of ARAP1
with Rab5 was observed at every concentration of EGF examined. Colocalization was not
detected in cells that were not treated with EGF. ARAP1 did not colocalize with EEA1 at
any concentration of EGF that we examined.

The time dependence of the ARAP1-containing puncta was determined in cells expressing
Flag-ARAP1 and GFP–Rab5 (Figure 6A,B). Cells were treated with 100 ng/mL EGF. Rab5
localized with EEA1 prior to EGF treatment. Rab5 partly redistributed to ARAP1-
containing puncta 3–5 min after EGF treatment. After 10 min of EGF treatment,
colocalization of ARAP1 and Rab5 diminished and Rab5 associated primarily with EEA1-
positive vesicles, which were distributed throughout the cell. The time dependence of
ARAP1 association with Rab5 paralleled the time dependence of association with EGF
(Figure 8A,D). ARAP1 did not colocalize with EEA1 during a 60 min period after addition
of EGF (Figure 8A).

We determined if the association of ARAP1 with the punctate structures was affected by
Rab5 (Figure 7). In these experiments, HeLa cells were transfected with plasmids directing
the expression of Flag-ARAP1 and either wild-type Rab5, a dominant-negative form of
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Rab5 ([S34N]Rab5) or constitutively active Rab5 ([Q79L]Rab5) (60–64), fused to GFP. The
cells were treated with EGF, and the localization of ARAP1 and GFP–Rab5 was determined.
Without EGF, neither the wild type nor the Rab5 mutants colocalized with ARAP1 despite
the presence of [Q79L]Rab5-positive punctate structures. Addition of EGF resulted in the
colocalization of ARAP1 with wild type and [Q79L]Rab5. Puncta containing either ARAP1
or Rab5 did not form in cells expressing GFP–[S34N]Rab5.

The association of ARAP1 with Rab5-positive, EGF-containing vesicles led us to
hypothesize that ARAP1 regulates internalization and endocytic trafficking of EGF. As a
first test of the hypothesis, we used immunofluorescence to examine the intracellular
trafficking of EGF. Cells transfected with nontargeting small interfering (siRNA), siRNA
targeting the 3′-untranslated region (UTR) of ARAP1 or siRNA targeting ARAP1 with a
plasmid directing expression of recombinant ARAP1 were treated with fluorescent EGF
(Figure 8A). At the indicated times, cells were fixed and prepared for immunofluorescence
to visualize ARAP1, EEA1 and EGF. EGF more rapidly associated with the EEA1-positive
compartment in cells treated with siRNA targeting ARAP1 than in cells treated with
nontargeting siRNA (Figure 8A,B with comparison of Pearson coefficients in Figure 8E).
Expression of recombinant ARAP1 reversed the effect of reducing endogenous ARAP1. We
did not detect an effect of reducing ARAP1 expression on transferrin trafficking to the EEA-
positive compartment (Figure 9). The rate of EGF internalization was also determined. In
these experiments, cells treated with either nontargeting or ARAP1-targeted siRNA were
incubated with fluorescent EGF at 4°C. Unbound EGF was washed from the cells, and the
cells were then warmed to 37°C. After the indicated incubation periods, extracellular EGF
was stripped using an acidic buffer, and the amount of internalized fluorescent EGF was
determined using a fluorescent-activated cell sorter (FACS). The rate of EGF internalization
was approximately 20% greater in cells that were depleted of ARAP1 than in controls
(Figure 8C). In contrast, the rate of transferrin internalization was the same in the control
and ARAP1-depleted cells (Figure 9C).

Figure 9. Effect of reduced ARAP1 expression on transferrin internalization. HeLa cells
were treated with either (A) nontargeting or (B) ARAP1-targeted siRNA and serum-starved
prior to the addition of Alexa Fluor 546–transferrin (Tfn). At the indicated times, cells were
fixed and stained with antibodies to ARAP1 and EEA1. Arrows indicate colocalization of
Alexa Fluor 546–Tfn and EEA1. Scale bar, 10 μm. C) Time dependence of transferrin
internalization. HeLa cells treated with nontargeting or ARAP1-siRNA were incubated with
fluorescent transferrin. Transferrin uptake was quantified by FACS analysis as described in
‘Experimental Procedures’. D) Colocalization of ARAP1 and transferrin. The colocalization
of ARAP1 and fluorescent Tfn in HeLa cells was quantified by Zeiss lsm program. The
error bars represent the SEM. E) Colocalization of EEA1 and transferrin. Pearson
coefficients were determined for 25 cells at each time-point. The error bars are the SEM.

To corroborate the results of experiments in which fluorescent EGF was used to follow
endocytosis, we examined the effect of reducing ARAP1 expression on internalization of
EGFR (Figure 10). Cells were transfected with nontargeting siRNA or siRNA that targeted
ARAP1. After treatment with EGF for the indicated periods, cells were chilled and EGFR
on the cell surface was covalently modified with biotin using sulfo-NHS-LC-biotin. The
cells were subsequently lysed, and biotinylated proteins were precipitated using streptavidin-
conjugated beads. The precipitated proteins were fractionated by polyacrylamide gel
electrophoresis, and EGFR was detected by immunoblotting. EGFR internalization was
found to be accelerated in cells with reduced ARAP1 expression (Figure 10A). To exclude
the possibility that the results were because of effects on the biosynthetic pathway, the
experiment was repeated with cells pretreated with cycloheximide. As observed in cells that
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were not treated with cycloheximide, EGFR was more rapidly internalized in cells with
reduced ARAP1 than in control cells (Figure 10B,C).

EGFR internalization is linked to its degradation. As another means of determining whether
ARAP1 affected EGFR internalization and trafficking, total EGFR levels were measured in
lysates of control cells and in cells with reduced expression of ARAP1 (Figure 10B,D). In
these experiments, cells were treated with cycloheximide to block synthesis of EGFR. Cells
with reduced ARAP1 degraded EGFR more rapidly than did control cells. We also
performed the experiment with an siRNA targeting the open reading frame (ORF) in cells
that were not treated with cycloheximide and obtained similar results (Figure S4).

Effects on receptor internalization are predicted to affect signaling and attenuation of
signaling through the EGFR. Proteins phosphorylated in response to EGF include JNK, Akt
and ERK. As indicators of signaling through EGFR, levels of phosphoEGFR (p-EGFR),
phosphoJNK (p-JNK), phosphoAkt (p-Akt) and phosphoERK (p-ERK) (65–67)were
measured in nontargeting and ARAP1-targeted siRNA-treated cells (Figure 11). In both
controls and cells with reduced ARAP1 expression, a 5 min treatment with EGF increased
the levels of p-EGFR, p-Akt, p-ERK and p-JNK. In control cells, p-ERK and p-JNK
persisted for 2 h, whereas p-Akt was transient coming to prestimulation levels within 20
min. We did not detect an effect of reducing ARAP1 expression on the kinetics of EGFR or
Akt phosphorylation and dephosphorylation. However, p-ERK and p-JNK levels were
diminished and more transient in the cells with reduced ARAP1 expression than in control
cells.

Discussion
EGF binds EGFR tightly and dissociates slowly. Regulation of the signal from the receptor
depends on endocytosis. Several endocytic pathways that internalize EGFR have been
described, and recently, Arf GTP-binding proteins have been found to be involved in at least
one pathway. We have identified an Arf GAP called ARAP1 as a regulator of EGFR
endocytosis. ARAP1 associated with an endosome compartment that temporally precedes
the EEA1-positive early endosome. EGF and EGFR passed through the ARAP1-positive
compartment prior to associating with EEA1-positive endosomes. Reduction of ARAP1
expression resulted in accelerated internalization and degradation of EGFR and reduced
signaling through ERK and JNK. We propose a model in which ARAP1 is a feed forward
regulator of EGFR signaling.

The substrates for Arf GAPs have been implicated in endocytosis of receptors in the PMs.
Arf6 has been examined as a regulator of clathrin-independent and caveolin-independent
endocytosis of transmembrane proteins in the PM, although EGFR has not been reported to
be affected by Arf6. Arf1 has been implicated in endocytosis of EGFR (36). For both Arf1
and Arf6, the GTP-bound forms of the proteins accelerate endocytosis. Arf GAPs induce the
hydrolysis of GTP on Arf. Therefore, reducing ARAP1 levels would reduce the conversion
of the pool of Arf GTP to Arf GDP and, consequently, would be predicted to accelerate
endocytosis of EGFR. We observed increased rates of both EGF uptake and EGFR
internalization, consistent with the prediction. The decreased level of EGFR in cells with
reduced levels of ARAP1 is also consistent with higher rates of constitutive EGFR
degradation.

A role for ARAP1 in the regulation of EGFR internalization implies that a class 1 or class 2
Arf is activated consequent to EGFR activation. Although class 1 and 2 Arfs have not
previously been found to be activated by extracellular signals, Arf1 has been found to be
involved in EGFR endocytosis. Also, Arf6 has been found to be activated by extracellular
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signals. For instance, when neurotrophin 3 (NT3) binds to neurotrophin tyrosine kinase
receptor C (TrkC), tamalin binds to the cytoplasmic tail of the receptor and recruits the
exchange factor Arf nucleotide-binding site opener (ARNO) (68)resulting in the activation
of Arf6. ARNO and Arf6 have been reported to function downstream of the insulin receptor
(69,70). Gαq has also been found to bind to ARNO and activate Arf6 (71). ARNOs,
exchange factors that function at the PM, have been found to be promiscuous in both in vivo
and in vitro experiments using both Arf1 and Arf6 (72–80). An ARNO family protein may
be regulated by EGFR, resulting in activation of a class 1 or class 2 Arf. ARAP1, recruited
either by binding PIP3 or a Ras family protein or by being phosphorylated on tyrosine, could
function as a negative regulator, limiting Arf GTP-driven endocytosis of EGFR.

Understanding the role of ARAP1 in modulating EGF signaling will require a description of
the relationship of ARAP1 to other known regulatory mechanisms. Three major regulatory
pathways of EGFR endocytosis and degradation have been identified. Rab5 is critical for
both internalization and targeting to EEA1-positive endosomes (81). We found that
formation of the ARAP1-containing endosomal compartment was blocked by dominant-
negative Rab5, but ARAP1 was excluded from the puncta formed by expressing activated
Rab5 in cells that were not treated with EGF. These results support the notion that there are
at least two distinct Rab5 compartments. ARAP1 associates with an element specific to the
Rab5 compartment that is an intermediate between the PM and the EEA1-positive
compartment. We speculate that Arf functions upstream of or in parallel to Rab5 to drive the
formation of the transport intermediate. ARAP1 would be incorporated into the forming
vesicle, modulating the activity of Arf to regulate the rate of release of the vesicles from the
PM. Once the transport intermediate is formed, ARAP1 may modulate the Rab5-driven
fusion step by regulating RhoA, another regulator of endocytosis (31,30). The lifetime of the
intermediate may affect sorting of the receptor or signaling from the endosome.

Cbl is another important regulator of EGFR internalization and degradation. Cbl binds to
and ubiquitinates the receptor (11,15,16,82). It interacts with additional proteins that
regulate internalization (83). One protein, CIN85, is an adaptor protein. ARAP3 binds to
CIN85 (83), which may contribute to targeting ARAP3 to the PM after receptor activation.

ARAP1 functions downstream of EGFR in the model we are proposing. There are three
signals from the EGFR that may impinge on ARAP1. One is through the PI 3-kinase
pathway. ARAP1 has two PH domains that specifically bind PIP3. Thus, activation of PI 3-
kinase by EGF could generate PIP3, which recruits ARAP1 to the PM or endosome. Second,
EGFR activates Ras. ARAP1 has a Ras association domain. Ras could recruit or regulate
ARAP1, which is similar to the mechanism described for activation of the Rab exchange
factor Rin1 (29). Third, ARAP1 is phosphorylated by Src, also part of the EGFR pathway.
The phosphorylation could directly affect ARAP1 catalytic activities or create binding sites
for other regulatory proteins. Additional mechanisms may be discovered by identifying
ARAP1-binding proteins.

Other Arf GAPs may have a role in EGFR trafficking. ASAP1 has been implicated in
recycling (83,84), but a molecular mechanism has not been defined. We found that
overexpressing several Arf GAPs can affect EGF internalization, but the effects have been
distinct from those of ARAP1 (unpublished data). Furthermore, we have not observed an
effect of reducing expression of other Arf GAPs on EGF internalization and, therefore,
cannot exclude that possibility that the effects of these Arf GAPs are because of high
expression levels, leading to mistargeting and/or unregulated GAP activity.

In summary, we propose that ARAP1 regulates EGFR by affecting a pre-early endosome.
Given the domain structure of ARAP1, ARAP1 could function at more than one site in the
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endocytic pathway, be controlled by signals initiated by receptor occupancy and be tuned by
several converging signals.

Materials and Methods
Monoclonal antibodies against γ-adaptin, GM130, EEA1, rabaptin5 and Rab5 were
purchased from BD Biosciences. Mouse α-adaptin was from ABR. Mouse anti-M6PR was
from Research Diagnostics, rabbit anti-APPL was from Abcam and mouse anti-EGFR Ab11
(clone 199.12) was obtained from LabVision. Mouse anti-Lamp 1 (H4A3) was from the
Developmental Studies Hybridoma Bank developed under the auspices of the National
Institute of Child Health and Human Development (NICHD) and maintained by the
Department of Biological Sciences, University of Iowa, Iowa City. Polyclonal antibodies
against p-Akt, phospho-p42/44 mitogen-activated protein kinase (MAPK), p-JNK, EGFR,
Akt and JNK were purchased from Cell Signaling, and anti-p-EGFR(Y1173) and anti-
MAPK 1/2 were from Upstate. Rabbit anti-β-actin was from Rockland, and monoclonal
anti-Flag (clone M5) and polyclonal anti-Flag were from Sigma. Antisera to ARAP1 have
been previously described (44). Alexa 633-conjugated goat anti-mouse or goat anti-rabbit
secondary antibodies were from Invitrogen. Fluorescence-or Texas Red-conjugated
secondary antibodies were purchased from Jackson Immunoresearch. Horse-peroxidase-
conjugated anti-rabbit immunoglobulin G was from Bio-Rad Laboratories.

Plasmids
We cloned the complementary DNA (cDNA) for a splice variant of human ARAP1. The
encoded protein has a SAM domain at the N-terminus and is otherwise identical to the
previously described ARAP1 protein (44). To obtain the amino terminal sequence of
ARAP1-containing SAM domain, we utilized the 5′-rapid amplification of cDNA ends
technique with human skeletal muscle poly A+ RNA (Clontech) as a template. According to
the manufacturer’s instructions, we used an antisense, gene-specific primer that
corresponded to part of the ARAP1 5′-UTR of the message (5′-
CTCAAAACAGCTCCCGCCTCAGGC-3′) and a sense primer (5′-
AAGCTCAGGCTGCTGGTATG-3′). For polymerase chain reaction (PCR) amplification,
the Advantage Polymerase GC2 PCR kit (Clontech) was used under the following cycling
conditions: 95°C for 30 seconds, followed by 10 cycles, each consisting of 95°C for 30
seconds, 53°C for 1 min and 68°C for 2 min and subsequently 25 cycles with 95°C for 30
seconds, 55°C for 1 min and 68°C for 2 min. The reaction was completed at an elongation
by 72°C for 5 min and analyzed on a 1% agarose gel. Fragments corresponding to positive
bands were subcloned into pCR4-Topo vector (Invitrogen) and sequenced. The coding
region for ARAP1 was amplified by PCRs and subcloned into the XhoI and NotI sites of
pCI (Promega) with a Flag tag (DYKDDDDK) for mammalian expression. We have
submitted the human ARAP1 full-length sequence to the GenBank (accession number
AY553630) with the name ARAP1b. We refer to the protein as ARAP1 in this paper. GFP-
tagged Rab4, 5, 7 and 11 were generous gifts from Juan Bonifacino [National Institute of
Child Health and Human Development, National Institutes of Health (NIH), Bethesda, MD,
USA]. GFP–[S34N]Rab5 and GFP–[Q79L]Rab5 were generous gift from Julie Donaldson
(National Heart, Lung and Blood Institute, NIH).

Cell culture and transfection
HeLa cells were cultured in DMEM with 10%FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin (Invitrogen) at 37°C with 5% CO2. Cell transfection was performed using
FuGENE6 (Roche) reagent following the manufacturer’s instructions for plasmid DNA. For
RNA interference (RNAi) assays, 19-nucleotide siRNA duplexes with 3′-UU overhangs
specific for the 3′-UTR (5′-GUUCAGACCUCUUGGCCCAUU-3′) and the ORF (ON-

Yoon et al. Page 7

Traffic. Author manuscript; available in PMC 2010 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TARGETplus SMARTpool) of Human ARAP1 Genebank accession number (NM_139181)
were purchased from Dharmacon. siCONTROL non-targeting siRNA no. 2 (Dharmacon)
was used as a negative control. The siRNA targeting the 3′-UTR was used for all
experiments shown except where indicated. RNAi transfection has been described
previously (45).

Confocal microscopy
HeLa cells were plated onto fibronectin (15 μg/mL)-coated coverslips for 6 h in OPTi-MEM
media and were treated with EGF at the indicated concentration for the indicated periods of
time. The cells were fixed in 2% formaldehyde in PBS for 10 min at room temperature. For
uptake assays, HeLa cells were plated on glass coverslips in DMEM media containing 10%
FBS for overnight and were serum-starved for 1 h at 37°C in prewarmed uptake media
DMEM containing 20 mm HEPES, pH 7.4, and 1% BSA. The cells were incubated with
Alexa Fluor 647–EGF complex biotinylated EGF complexed to AlexaFluor 647-conjugated
streptavidin obtained from Molecular Probes and referred to as Alexa Fluor 647–EGF in text
(2 μg/mL) or Alexa Fluor 548–transferrin (Molecular probes, 50 μg/mL) on ice for 30 min,
washed once in ice-cold PBS and then placed in prewarmed uptake media for indicated time
at 37°C. After incubation, cells were placed on ice and incubated in acidic PBS (pH 4) for 6
min on ice to remove fluorescent EGF and transferrin. The cells were washed two times
with ice-cold PBS, fixed and processed for immunofluorescence. Images were captured with
a confocal microscope Zeiss 510 LSCM (Carl Zeiss Inc.) equipped with a differential
interference contrast (DIC) 63× Plan-Apochromat objective (NA 1.4) (Carl Zeiss Inc.). The
acquired images were processed with Adobe Photoshop.

Receptor internalization assay
HeLa cells grown on 100-mm plates were transfected with RNAi using Oligofectamine.
After 36 h, the cells were serum-starved for overnight and treated with 25 ng/mL of EGF at
37°C with or without 10 μg/mL cycloheximide (Sigma). After the indicated incubation, cells
were placed on ice, washed three times quickly with ice-cold PBS (pH 8.0) to remove
amine-containing culture media and biotinylated with 0.1 mg/mL of Sulfo-NHS-LC-Biotin
(Pierce) for 30 min on ice. Unreacted biotin was quenched and removed by washing two
times with ice-cold PBS (pH 8.0) containing 0.1 m glycine. The cells were washed two more
times with ice-cold PBS. The cells were then lysed in 50 mm Tris–HCl, pH 7.4, 150 mm
NaCl, 0.25% deoxycholate, 1% Nonidet P-40, 1 mm ethylenediaminetetraacetic acid
(EDTA), 1 mm sodium orthovanadate and one mini complete EDTA-free protease inhibitor
(Roche) (one tablet per 10 mL buffer). The lysates were centrifuged at 10000×g at 4°C for
10 min. The cleared lysates were incubated with streptavidin-conjugated beads (Pierce) for 1
h at 4°C, and precipitated proteins were analyzed by western blot with specific antibodies
and detected by SuperSignal® West Dura Extended Duration Substrate (Pierce). In assays
for p-Akt, p-JNK and p-ERK and p-EGFR, whole cell lysates were directly analyzed by
immunoblotting without immunoprecipitation.

Flow cytometry
EGFR and transferrin internalization were determined using flow cytometry with an assay
that was modified from (85). For EGFR internalization, cells at 90% confluence were
serum-starved for 1 h in serum-free uptake media (DMEM containing 20 mm HEPES, pH
7.4, and 1% BSA). The cells were then incubated with 1 μg/mL of Alexa Fluor 647-labelled
EGF on ice water for 30 min. After washing with ice-cold PBS, cells were incubated at 37°C
for the indicated times to allow internalization. The cells were placed on ice to stop
internalization and then subjected to an acidic wash (0.2 m acetic acid and 0.5 m NaCl, pH
3.5) for 2 min to remove non-internalized fluorescent-conjugated EGF. Cells were collected
and suspended in FACS resuspension buffer (PBS containing 0.1% BSA and 0.1% sodium
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azide) before fixation by adding an equal volume of 4% formaldehyde. The fluorescence
emission of internalized EGF was detected by flow cytometry, and the percentage of EGF
that was internalized at each time-point was calculated by subtracting background
(fluorescence of cells subjected to acid wash without allowing internalization) and then
divided by the starting fluorescence intensity. For transferrin internalization, cells were
serum-starved for 2 h and then cells were incubated with 50 μg/mL Alexa Fluor 546-labelled
transferrin on ice water for 1 h. The cells were then processed in the same way that cells
were processed to determine EGF internalization. Each experiment was done in duplicate.

Quantitation of fluorescence intensity at the cell edge
IPLab Ver3.9 software (Scanalytics, Inc.) was used for the quantification of fluorescence
intensity at the cell edge. Image files were imported in tagged-information file (TIFF)
format. The color channels were separated and converted to gray scale images. The edge of
the cell was selected as the region of interest using the brush tool. Twenty-five images for
each condition were analyzed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of EGF on the localization of ARAP1 in HeLa cells. A) Localization of endogenous
ARAP1. After 6 h of serum deprivation, HeLa cells were treated with 100 ng/mL of EGF for
5 min at 37°C. Cells were fixed, and the localization of endogenous ARAP1 and AP-1,
AP-2, EEA1, EGFR, GM130, Lamp 1, M6PR or Rabaptin5 was analyzed by
immunofluorescence microscopy. Scale bar, 10 μm. B) Relative localization of endogenous
ARAP1 and EGF. Serum-starved HeLa cells were treated with fluorescent EGF for 5 min
before fixing and staining for ARAP1. ARAP1 and EGF were visualized using confocal
microscopy. Scale bar, 10 μm. Arrows indicate colocalization of ARAP1 and EGF. C)
ARAP1 at the cell edge. HeLa cells were serum-starved for 6 h and then treated with 100
ng/mL EGF for 5 min. The cells were fixed and stained for ARAP1. The intensity of
ARAP1 in a masked area that included the cell edge was quantified using IPLab image
processing software. The data shown are for 25 cells under each condition. The error bars
are the SEM. D) Colocalization of ARAP1 with EGFR. HeLa cells, expressing recombinant
Flag-ARAP1, where indicated and treated with or without 100 ng/mL EGF for 5 min. The
cells were fixed and stained for ARAP1 and EGFR. Images of the cells were captured using
confocal microscopy. Pearson coefficients were determined for 25 cells under each
condition using Zeiss lsm5 image program. The error bars are the SEM.

Yoon et al. Page 15

Traffic. Author manuscript; available in PMC 2010 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
EGF affects the distribution of recombinant ARAP1. HeLa cells expressing Flag-ARAP1
were serum-starved for 6 h and then treated with EGF (100 ng/mL) for 5 min at 37°C. Fixed
cells were immunostained with antibodies against the Flag epitope for ARAP1 and the
indicated proteins. Arrows indicate colocalization with Flag-ARAP1 and fluorescent EGF.
A higher magnification is shown in the inset. Scale bar, 10 μm.
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Figure 3.
Effect of EGF on the distribution of recombinant ARAP1 in cells that also express GFP–
Rab5. Serum-starved HeLa cells expressing Flag-ARAP1 and GFP–Rab5 were treated with
100 ng/mL EGF for 5 min where indicated. The cells were fixed and prepared for
immunofluorescence staining to visualize the indicated proteins. Some merged images
contain insets, which are enlarged images of the indicated boxed areas. Scale bar, 10 μm.
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Figure 4.
ARAP1 is recruited to a Rab5-positive compartment. A) Relative localization of ARAP1,
Rab5 and Rabaptin 5. Serum-starved HeLa cells were treated with EGF for 5 min and
stained for both ARAP1 and Rabaptin5, allowing visualization of ARAP1 (red), Rabaptin5
(blue) and Rab5 (green) in single cells. A higher magnification is shown in the inset. Scale
bar, 10 μm. B) Colocalization of ARAP1 with Rab5 and Rabaptin5. Pearson coefficients
were determined for the indicated combinations of proteins in 25 cells in which ARAP1,
Rab5 and Rabaptin5 were simultaneously visualized. The errors bars represent the SEM.
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Figure 5.
EGF dependence of ARAP1/Rab5 colocalization. Serum-starved HeLa cells transiently
expressing Flag-ARAP1 and GFP–Rab5 were treated with the indicated concentrations of
EGF for 5 min at 37°C. Fixed cells were immunostained with antibodies against Flag (red)
and EEA1 (blue). The merged images are enlargements indicated by the boxed areas. Scale
bars are 10 μm.
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Figure 6.
Time dependence of ARAP1/Rab5 colocalization. A) Images of ARAP1 colocalization.
Serum-starved HeLa cells expressing Flag-ARAP1 and GFP–Rab5 were treated with 100
ng/mL EGF for the indicated period of time prior to fixing and staining. Inset is higher
magnified area. Arrows indicate colocalization of Flag-ARAP1 and GFP–Rab5, and
arrowheads are colocalization of GFP–Rab5 and EEA1. Scale bar, 10 μm. B) Colocalization
of ARAP1 and Rab5 peaks at 5 min after EGF treatment. Pearson coefficients were
determined for 25 cells at each time-point. The error bars represent the SEM.
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Figure 7.
The effect of Rab5 on ARAP1 distribution. HeLa cells were transfected with plasmids
encoding Flag-epitope-tagged ARAP1, GFP-tagged WT-, Q79L-and S34N-Rab5 for 24 h
and were treated with 100 ng/mL EGF for 5 min. The cells were then fixed and stained with
an antibody to the Flag epitope, and the cells were visualized by fluorescence microscopy. A
higher magnification is shown in the inset. Scale bar, 10 μm.
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Figure 8.
Effect of ARAP1 on EGF internalization. A) Time dependence of the relative localization of
endogenous ARAP1, EGF and EEA1. HeLa Cells were treated with a nontargeting siRNA
for 3 days prior to serum starvation and addition of 2 μg/mL of Alexa Fluor 647-labeled
EGF. After the indicated length of time, cells were fixed and stained for endogenous
ARAP1 and EEA1. EGF was visualized by Alexa Fluor 647 fluorescence. Arrowheads
indicate colocalization of ARAP1 with Alexa Fluor 647-EGF, and arrows indicate
colocalization of Alexa Fluor 647-EGF with EEA1. Scale bar, 10 μm. B) Effect of reduced
ARAP1 expression on association with EEA1-positive compartment. HeLa cells treated with
siRNA targeting ARAP1 were treated as described in (A). C) Time dependence of EGF
internalization. Cells treated with nontargeting or ARAP1-siRNA were incubated with
fluorescent EGF, and internalization was determined by FACS analysis as described in
‘Experimental Procedures’. Error bars are the SEM. D and E) Colocalization of EGF and
ARAP1 (D) or EEA1 (E). Pearson coefficients were determined for 25 cells at each time-
point. The error bars are the SEM. ** and * indicate significantly different from
nontargeting-siRNA-treated cells, **p>0.001 and *p>0.01.
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Figure 9.
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Figure 10.
Effect of ARAP1 on EGFR. A and B) Internalization and degradation. HeLa cells treated
with nontargeting siRNA or siRNA targeting ARAP1 were serum-starved and treated for the
indicated duration with 25 ng/mL EGF in the absence (A) or presence (B) of cycloheximide
(10 μg/mL). The cells were placed on ice and treated with sulfo-NHS-LC-biotin (0.1 mg/
mL) prior to lysing the cells and precipitating proteins with streptavidin-conjugated beads.
EGFR in the precipitate with streptavidin and in the total cell lysate was determined by
immunoblotting. Data are representative of two separate experiments. Panel (B) shows data
using cells preincubated with cycloheximide for 1 h and then treated EGF with
cycloheximide. C and D) Quantification of surface (C) and total (D) EGFR. Western blots
from two independent experiments were analyzed by densitometry. β-actin was used as a
loading control and for normalizing the EGFR signal. The error bars are the SEM.
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Figure 11.
Effect of reduced ARAP1 expression on signaling through the EGF receptor. A)
Immunoblots of p-Akt, p-ERK, p-JNK and p-EGFR. HeLa cells transfected with either
nontargeting or ARAP1-siRNA were serum-starved and then treated with EGF (25 ng/mL)
for the indicated times at 37°C. Whole cells lysates were probed with antibodies against p-
Akt, Akt, p-ERK, ERK, p-JNK, JNK, p-EGFR (Y1173), ARAP1 and β-actin. The results are
representative of two independent experiments. B–E) Quantification of immunoblots.
Immunoblots from two experiments were digitally scanned, and signals were quantified
using ImageJ program. Signals for the phosphorylated proteins were normalized to signals
for the unphosphorylated proteins. The error bars are the range.
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