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Abstract

AGAP?2 [Arf (ADP-ribosylation factor) GAP (GTPase-activating protein) with GTP-binding-
protein-like, ankyrin repeat and PH (pleckstrin homology) domains] is a multidomain Arf GAP
that was shown to promote the fast recycling of transferrin receptors. In the present study we
tested the hypothesis that AGAP2 regulates the trafficking of /5,-adrenergic receptors. We found
that AGAP2 formed a complex with farrestinl and S-arrestin2, proteins that are known to
regulate f-adrenergic receptor signalling and trafficking. AGAP2 co-localized with f-arrestin2 on
the plasma membrane, and knockdown of AGAP2 expression reduced plasma membrane
association of farrestin2 upon f-adrenergic receptor activation. AGAP2 also co-localized with
internalized f,-adrenergic receptors on endosomes, and overexpression of AGAP2 slowed
accumulation of S-adrenergic receptor in the perinuclear recycling endosomes. In contrast,
knockdown of AGAP2 expression prevented the recycling of the f5,-adrenergic receptor back to
the plasma membrane. In addition, AGAP2 formed a complex with endogenous ERK
(extracellular-signal-regulated kinase) and overexpression of AGAP2 potentiated ERK
phosphorylation induced by /,-adrenergic receptors. Taken together, these results support the
hypothesis that AGAP2 plays a role in the signalling and recycling of f5,-adrenergic receptors.
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INTRODUCTION

ARSs (-adrenergic receptors) are members of the GPCR (G-protein-coupled receptor)
superfamily and couple to both G and G; proteins [1,2]. Agonist binding to /ARs induces
conformational changes in the receptors which function as guanine-nucleotide-exchange
factors for the heterotrimeric G-proteins that, in turn, activate downstream signalling via
generation of soluble second messengers such as cAMP. 5ARs, similar to many other
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GPCRs, are regulated by two groups of proteins: GRKs (GPCR kinases) and f-arrestins.
Upon receptor activation, GRKSs translocate to the plasma membrane to phosphorylate

agonist-occupied activated /HARs. Phosphorylated /ARs exhibit a higher affinity for £
arrestins than for G-proteins, therefore the receptors are uncoupled from G-proteins [3].

In addition to physically hindering GPCR binding to G-proteins, f-arrestins play additional
roles to dampen signalling from GPCRs. For example, f-arrestins can recruit
phosphodiesterase to the vicinity of activated /ARs to accelerate the degradation of cAMP
[4]. Another mechanism of f-arrestin-mediated regulation of £,AR signalling is receptor
internalization. In that sense, f-arrestins were found to bind to the critical components of the
endocytic machinery that are required for £,AR internalization [5].

/HARs, together with other GPCRs, have been shown to undergo constitutive and agonist-
induced internalization [6]. Agonist-induced 5AR internalization is largely mediated
through clathrin-coated vesicles. The clathrin adaptor protein AP2 is a critical component of
clathrin-dependent endocytosis in that AP2 binds both cargo and clathrin so that AP2 links
cargo selection and clathrin assembly [7]. f-Arrestins were found to bind both AP2 and
clathrin [8,9], consistent with a role for f-arrestins in promoting clathrin-dependent
endocytosis of GPCRs.

Arfs (ADP-ribosylation factors) are small GTP-binding proteins that regulate protein
trafficking and actin remodelling [10]. Hydrolysis of GTP bound to Arf proteins is catalysed
by a family of enzymes termed Arf GAPs (GTPase-activating proteins) [11,12]. Emerging
evidence has suggested the involvement of Arf and Arf GAPs in GPCR trafficking. For
example, knockdown of Arf6 with siRNA (small interfering RNA) reduced /AR
endocytosis [13]. Similarly, overexpression of GIT1, an Arf GAP that promotes GTP
hydrolysis on Arf, also inhibited 5,AR endocytosis [14,15]. It has been shown that
ubiquitination of farrestin2 upon AAR activation is essential for /AR endocytosis [16].
Similarly, S-nitrosylation of f-arrestin2 is also involved in /AR endocytosis [17],
demonstrating the complexity of the regulatory mechanisms of £AR signalling and
trafficking.

AGAP [Arf GAP with GTP-binding-protein-like, ankyrin repeat and PH (pleckstrin
homology) domains] 2 also referred to as PIKE-A (phosphatidylinositol 3-kinase enhancer
A), was originally identified as being amplified in glioblastoma [18], and subsequent studies
suggest its up-regulation in many other human cancers [19]. AGAP2 was shown to bind
activated Akt and to promote invasion of glioblastoma cells [18]. AGAP2 was also shown to
transform NIH 3T3 cells and to protect glioblastoma cells from apoptosis [19]. We have
shown that AGAP2 binds the clathrin adaptor protein AP1 and regulates recycling of
transferrin receptors [20], and AGAP2 interacts with the focal adhesion kinase to regulate
focal adhesion remodelling [21]. In the present paper, we report that AGAP2 forms a
complex with farrestin and regulates recycling of /ARs. AGAP2 co-localized with
overexpressed AR, and reduced expression of endogenous AGAP?2 trapped AR in the
perinuclear region. Functionally, forced overexpression of AGAP2 potentiated /HAR-
induced activation of ERK (extracellular-signal-regulated kinase). Therefore AGAP2 may
play arole in AR signalling and trafficking.

MATERIALS AND METHODS

Reagents

Anti-FLAG and anti-HA (haemagglutinin) antibodies were purchased from Sigma; anti-
ERK antibody was from Santa Cruz Biotechnology; anti-phospho-ERK and anti-#
arrestin1/2 antibodies were from Cell Signaling Technology; anti-LAMP1 (lysosome-
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associated membrane protein 1) antibody was from Hybridoma Bank. FITC- and
rhodamine-conjugated secondary antibodies were from Jackson ImmunoResearch, and
rhodamine-conjugated phalloidin was from Invitrogen. shRNAs (short hairpin RNAS)
targeting AGAP2 were from OpenBiosystem and the generation of the HEK (human
embryonic kidney)-293 cell line with stable overexpression or knockdown of AGAP2 has
been described previously [21]. f~Arrestin1-HA and f-arrestin2—HA expression vectors and
anti-garrestin antibody were provided by Dr Y. Daaka (Department of Urology, University
of Florida, Gainesville, FL, U.S.A.); FLAG-/AAR cDNA was provided by Dr Y. Xiang
(Department of Molecular and Integrative Physiology, University of Illinois, Urbana, IL,
U.S.A)); GFP (green fluorescent protein)—-/%AR plasmid was provided by Dr J.L. Benovic
(Biochemistry and Molecular Biology, Thomas Jefferson University Medical Center,
Philadelphia, PA, U.S.A.); GST (glutathione transferase)-/-arrestin2 cDNA was provided by
Dr M.G. Scott (INSERM, Institut Cochin, Paris, France); Hiss—AGAP2 protein was
provided by Dr P.A. Randazzo (Center for Cancer Research, National Cancer Institute,
Bethesda, MD, U.S.A.). Lipofectamine™ 2000 was from Invitrogen. FBS (fetal bovine
serum) was from HyClone, and DMEM (Dulbecco’s modified Eagle’s medium) and
penicillin/streptomycin were from Mediatech. ISO (isoprenaline, also known as
isoproterenol), fibronectin, BSA and phosphatase inhibitor cocktails were from Sigma.
Alprenolol was from Tocris and 125]-cyanopindolol was from PerkinElmer.

transfection and immunofluorescence

HEK-293 or U87 cells were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. Transfection of cDNA was performed using Lipofectamine™ 2000.
For /AR internalization, cells were starved in 0.2% FBS overnight, trypsinized,
resuspended and reseeded on fibronectin (10 pg/ml)-coated coverslips for 6 h. Cells were
then stimulated with 1SO (1 ;zM) for 0-45 min as indicated and fixed. For /AR recycling,
cells were treated with 1SO (1 M) for 10 min, washed twice with PBS and once with
medium, and then incubated in medium containing 0.2% FBS for 15 or 30 min, and
harvested for plasma membrane preparation or fixed. Cells were processed for
immunofluorescence staining with appropriate antibodies and the slides were examined
using a Leica Confocal Microscope (TCS SP5) equipped with a x 63/1.4 numerical aperture
oilimmersion lens. Images were captured and analysed using the application suite Advanced
Fluorescence 2.0.2 software (Leica).

Immunoprecipitation and Western blot analysis

Cells were washed with PBS and lysed in lysis buffer [25 mM Tris/HCI, pH 8.0, 100 mM
NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 1 mM EDTA, 1 mM PMSF, 10 pg/ml
aprotinin, 10 zg/ml leupeptin and 2 pg/ml pepstatin A]. Cell lysates were cleared by
centrifugation and incubated with anti-FLAG antibodies overnight for immunoprecipitation,
followed by incubation with Protein A/G beads for 1 h at 4°C. Protein A/G beads were
washed with lysis buffer and immunoprecipitated proteins were boiled in SDS/PAGE
sample buffer. Samples were resolved by SDS/PAGE (10 or 15% gel) followed by Western
blot. For detection of phosphorylated ERK, phosphatase inhibitors (Cocktail 2 and 3) and
sodium orthovanadate (1 mM) were added to the lysis buffer and BSA was used instead of
non-fat dried skimmed milk powder for blocking and primary antibody incubation.
Densitometry was performed using ImageJ software (NIH).

In vitro binding between AGAP2 and B-arrestin2

GST-/farrestin2 was expressed and purified using glutathione—Sepharose 4B gel. Hisg—
AGAP2 (150 nM) and GST-farrestin2 (500 nM) were incubated at room temperature (22—
25°C) for 1 h in a binding buffer containing 50 mM Tris/HCI, pH 8.0, 100 mM NaCl, 1 mM
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EDTA, 0.5 mM MgCl,, 1 mM DTT (dithiothreitol) and 0.1% Triton X-100. PA
(phosphatidic acid; 360 z«M), PtdIns(4,5)P, (45 M) or PtdiIns(3,4,5)P3 (10 M) was
included in binding reactions as indicated to examine the effect of phospholipids on protein
interactions. The glutathione—-Sepharose 4B gel was washed three times with the binding
buffer and the proteins that remained bound to the gel were resolved by SDS/PAGE (10%
gel) and visualized by Coomassie Blue staining.

receptor binding

Membrane preparation and receptor binding were performed as described previously
[22,23]. Briefly, HEK-293 cells with or without stable AGAP2 knockdown were starved
overnight and stimulated with 1SO for 10 min. Cells were washed with PBS three times and
harvested in binding buffer containing 50 mM Tris/HCI, pH7.4, 12.5 mM MgCl,, 2 mM
EDTA and protease inhibitors (1 mM PMSF, 10 zg/ml aprotinin, 10 zg/ml leupeptin and 2
pg/ml pepstatin A). Cells were lysed by a Dounce homogenizer with ten strokes. For
receptor recycling, cells were incubated in medium for 30 min after removal of 1SO. Cell
lysates were centrifuged at 1000 g for 5 min to remove debris and organelles. The
supernatants were centrifuged at 40000 g for 15 min and the resulting pellets were washed
three times and resuspended in lysis buffer. For receptor binding, 25,9 of cell membrane
preparation were incubated in binding buffer containing 60 pM 12|-cyanopindolol at 37°C
for 1 h. Non-specific binding was determined in the presence of 10 .M alprenolol.
Membranes were collected and washed using a cell harvester (Brandel) and the bound
radioactivity was quantified using a gamma counter (PerkinElmer).

Statistical analysis

RESULTS

Experiments were repeated at least three times and data are presented as the means + S.E.M.
or as representative images. Statistical significance was calculated by one-way ANOVA
with Tukey’s post-hoc test. Graphs were generated using Prism software (GraphPad) and
axis labels were generated using Adobe Illustrator.

AGAP2 interacts with B-arrestin2

In order to identify interacting proteins for AGAP2, we overexpressed FLAG-AGAP2 in
HEK-293 cells, and looked for binding partners for AGAP2 by immunoprecipitation. We
found that f-arrestin proteins co-immunoprecipitated with AGAP2 (Figure 1A). AGAP2
belongs to the multidomain family of Arf GAPs with similar domain structures, and we
examined the selectivity of the interaction between AGAP2 and farrestins. FLAG-AGAP1
co-immunoprecipitated f-arrestins to a lesser extent than FLAG-AGAP2, whereas ACAP1
(Arf GAP with coiled-coil domains, ankyrin repeats and PH domains 1) and ASAP1 [Arf
GAP with SH3 (Src homology 3) domain, ankyrin repeats and PH domains 1] failed to co-
immunoprecipitate f-arrestins (Figure 1B), suggesting that AGAP2 has a higher selectivity
for interaction with S-arrestins.

We next examined whether the interaction can be detected with endogenous proteins, and
whether the interaction is affected by the level of protein expression. First, we examined the
co-immunoprecipitation of AGAP2 with farrestins. As shown in Figure 1(C), endogenous
AGAP2 co-immunoprecipitated with endogenous f-arrestins, whereas rabbit 1gG failed to
precipitate either farrestins or AGAP2 (note that the IgG heavy chain migrated at a similar
rate as did farrestins, but the 1gG heavy chain exhibited as a single band, whereas
arrestins presented as double bands). Secondly, we examined whether the expression level
of AGAP2 will affect the interaction between AGAP2 and f-arrestins. Endogenous £
arrestins were immunoprecipitated from HEK-293 cells with or without stable knockdown
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of AGAP2, and the level of farrestin immunoprecipitation was similar in control and
AGAP2-knockdown cells (Figure 1D). f~Arrestins co-immunoprecipitated endogenous
AGAP2 from control HEK-293 cells and the level of bound AGAP2 decreased in cells with
stable knockdown of AGAP2 (Figure 1D). Therefore the interaction between AGAP2 and /-
arrestins occurs with endogenous proteins.

Distinct domains of the AGAP subfamily of Arf GAPs have been shown to interact with
other proteins. For example, the GLD (G-protein-like domain) of AGAP1 was recently
shown to interact with Rho GTPases [24], and the PH domain of AGAP2 was shown to
interact with AP1 [20]. We next tried to identify the domain of AGAP2 that mediates the
interaction with farrestins. FLAG-tagged AGAP2 or its deletion mutants were
overexpressed and immunoprecipitated. /~Arrestins were found to co-immunoprecipitate
with AGAP2 proteins containing the PH2 domain, including the isolated PH2 domain,
PZAZ2 (containing PH2, Arf GAP and ankyrin repeat domain, the suffix number 2 denoting
domains from AGAP2) and AGAP2 (Figure 1E), suggesting that the PH2 domain is the
primary site for interaction with farrestins. To provide further support for these results, we
performed in vitro pull-down assays. As shown in Figure 1(F), GST by itself failed to bind
f-arrestins, whereas the PH2 domain fused to GST (GST-PH2) successfully precipitated
endogenous farrestins, supporting the notion that the PH2 domain of AGAP2 is the major
binding site for farrestins.

As the antibody that we used to detect f-arrestin proteins can recognize both farrestinl and
farrestin2 (Figures 1B and 1E), we next examined interaction of AGAP2 with epitope-
tagged f-arrestinl or f-arrestin2. f-Arrestinl-HA or f-arrestin2—HA was overexpressed
alone or together with FLAG-AGAP2, and the overexpressed proteins were
immunoprecipitated with anti-FLAG antibody. As shown in Figure 1(G), either farrestinl
or farrestin2 co-immunoprecipitated with AGAP2. Therefore AGAP2 forms a complex
with both farrestinl and f-arrestin2.

Ptdins(4,5)P, potentiates the binding between AGAP2 and B-arrestin2

The PH2 domain of AGAP2 binds phospholipids, and the function of AGAP2 was shown to
be regulated by various phospholipids, including Ptdins(4,5)P, and PtdIns(3,4,5)P3 [20].
We next examined whether the interaction between AGAP2 and farrestin2 is regulated by
phospholipids. GST or GST—/#-arrestin2 was incubated with Hiss—AGAP2 in the presence or
absence of phospholipids and binding of Hisge—AGAP2 was examined by SDS/PAGE (10%
gel) followed by gel staining. AGAP2 was shown to bind GST-f-arrestin2 but not GST, and
the specific interaction between AGAP2 and f-arrestin2 required the presence of Triton
X-100 micelles (Figure 2A), suggesting that the interaction of these two proteins is
dependent on membrane. PtdIns(4,5)P, increased the binding of AGAP2 to f-arrestin2
(Figure 2), whereas PtdIns(3,4,5)P3 was much less effective (Figure 2). PA did not enhance
binding between AGAP2 and f-arrestin2 (Figure 2), and when presented in combination
with PtdIns(4,5)P,, PA inhibited binding between AGAP2 and f-arrestin2 that was
potentiated by Ptdins(4,5)P, (Figure 2). Given that PA potentiated the activation of the GAP
activity of AGAP2 by either PtdIns(4,5)P, or PtdIns(3,4,5)P3 [20], it can be envisaged that
distinct phospholipids and upstream signals elicit selective activation of AGAP2 function,
i.e. GTP hydrolysis on Arf or association with f-arrestins.

AGAP2 is involved in the regulation of B-arrestin2 membrane association

S-Arrestin proteins function to regulate signalling and trafficking of f-adrenergic receptors.
Interaction with farrestinl or f-arrestin2 suggests that AGAP2 has a potential role in f
adrenergic receptor signalling and/or trafficking. First, we examined the subcellular
distribution of FLAG-AGAP?2, since no antibody is available to detect endogenous AGAP2
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by immunofluorescence. FLAG-AGAP?2 is diffusely distributed in the cytosol (Figure 3A),
and a fraction of FLAG-AGAP?2 translocated to the plasma membrane (Figure 3D, arrows)
upon AHAR activation by stimulation with the agonist 1SO in HEK-293 cells that
endogenously express only /AR [25]. To examine the interaction of AGAP2 with 4
arrestins in this process, we overexpressed f-arrestin2—HA because f-arrestin2 has a higher
affinity for 5,ARs than f-arrestinl in cells. As can be expected, overexpressed f-arrestin2 is
diffusely distributed in the cytosol (Figure 3B) and translocated to the plasma membrane
upon AHAR activation (Figure 3E, arrows). Interestingly, AGAP2 and f-arrestin2 co-
localized on the plasma membrane following activation of 5,AR (Figure 3F, arrows).

We next examined whether AGAP2 plays a role in the plasma membrane translocation of 4
arrestin2 upon AAR activation. First, we overexpressed f-arrestin2—HA in HEK-293 cells
that stably overexpress empty vector or FLAG-AGAP?2. In cells stably transfected with
empty vector, activation of /AR resulted in a time-dependent membrane association of /-
arrestin2—HA, which peaked at 5 min and returned to the basal level at 10 min following
AR activation. In cells that stably overexpress FLAG-AGAP2, plasma membrane
association of farrestin2—HA is virtually the same as that observed in empty-vector-
expressing cells (Figure 3G). In cells stably transfected with GFP-targeting shRNA, /AR
activation induced time-dependent translocation of f-arrestin2 to the plasma membrane
(Figure 3H). However, in cells with AGAP2 knockdown by shRNA, activation of /AR
failed to induce plasma membrane expression of f-arrestin2 beyond the basal level (Figure
3H). Similar results were obtained using U87 cells with stable overexpression or knockdown
of AGAP?2 (results not shown), suggesting that this effect of AGAP2 knockdown on /-
arrestin2 is not cell-type specific. Therefore, AGAP2 may play a role in the plasma
membrane association of farrestin2 as induced by /AR activation.

AGAP2 plays arole in B2AR trafficking

F-Arrestin2 is known to regulate signalling and trafficking of £,ARs. Interaction of AGAP2
with farrestin2 suggests that AGAP2 may play a role in £AR signalling and trafficking.
We then examined whether AGAP2 co-localized with /ARs. Transiently overexpressed
GFP-AAR was distributed to the plasma membrane (Figures 4A and 4D, arrows), with
some receptors observed on the punctate structures near the nucleus. Stably overexpressed
FLAG-AGAP2 was diffusely distributed in the cytosol, with formation of dorsal ruffle-like
ring structures in approximately 20-30% of cells (Figures 4B and 4E, arrowhead). Upon
stimulation with I1SO for 10 min, GFP-/,ARs were internalized and were observed on
punctate structures (Figures 4G and 4J), presumably endosomes. FLAG-AGAP2 also
appeared on these punctate structures (Figures 4H and 4K) and co-localized with 5ARs
(Figures 41 and 4L, yellowdots), suggesting that AGAP2 may affect /AR trafficking.

To explore the role for AGAP2 in AR trafficking, we examined the internalization pattern
of /AR in cells with AGAP2 overexpression or knockdown. First, we tested whether
overexpression of AGAP2 affected /AR internalization. In HEK-293 cells stably
transfected with the empty vector pcDNA3.1, transiently overexpressed GFP—/AAR was
distributed on the plasma membrane under resting conditions (Figures 5A and 5B).
Stimulation with ISO for 5 min resulted in internalization of GFP—/ARs, which were
distributed on punctate structures throughout the cytosol (Figures 5C and 5D). At 15 min of
ISO stimulation, most of the GFP-/%ARs were concentrated around the nucleus, reflecting
the perinuclear recycling endosomes (Figures 5E and 5F, arrows). Longer stimulation (30
and 45 min) led to recycling of the receptors. Although GFP-/,AR puncta were still found
in the perinuclear region (Figures 5G-5J, arrows), some receptors could be detected near the
cell periphery (Figures 5G-5J, arrowhead). In cells overexpressing AGAP2, the pattern of
GFP-AAR internalization was different. GFP—/,ARs were present on the plasma membrane
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without receptor activation (Figures 5K and 5L). Stimulation with ISO from 5 to 30 min
failed to induce apparent accumulation of GFP—/,ARs at the perinuclear region (Figures
5M-5R), which was only obvious at 45 min after receptor activation (Figures 5S and 5T,
arrow). One possible explanation for the delayed arrival of 5 ARs at the perinuclear
recycling endosomes is that AGAP2 facilitated fast recycling of GFP—/AARs from early
endosomes to the plasma membrane, consistent with the reported role for AGAP2 on the fast
recycling of transferrin receptors [20].

Next, we examined the effect of AGAP2 knockdown on the internalization of GFP-/5ARs.
In HEK-293 cells stably overexpressing shGFP, FLAG—/AR was distributed on the plasma
membrane (Figures 6A and 6B), and I1SO stimulation resulted in FLAG-%AR
internalization (Figures 6C and 6D, and results not shown) that was similar to the
internalization pattern observed in HEK-293-pcDNAS3.1 cells. In cells with stable
knockdown of AGAP2, FLAG-/AR was found at the plasma membranes in resting cells
(Figures 6E and 6F) and were enriched in the perinuclear region at 15 min following
receptor activation (Figures 6G and 6H), consistent with a potential role for AGAP2 in
AR recycling.

To provide direct evidence for the involvement of AGAP2 in AR recycling, we treated the
cells with 1SO for 10 min, washed away 1SO, and let the cells recover. In control cells,
FLAG-tagged /ARs were distributed on punctate structures in the cytosol, with only slight
enrichment in the perinuclear region after 15 min of recycling (Figures 61 and 6J, arrow).
However, in cells with AGAP2 knockdown, 5 AR were mainly detected in the perinuclear
region after 15 min of recovery (Figures 6M and 6N, arrows). At 30 min, most of the 5)AR
recycled back to the plasma membrane in control cells (Figures 6K and 6L, arrowhead), and
knockdown of AGAP?2 retarded the recycling of /AR. At 30 min, a large fraction of /HARs
were still located on the punctate structures throughout the cytosol or in the perinuclear
region (Figures 60 and 6P, arrows). Plasma membrane association of /AR was only
detected in limited regions (Figures 60 and 6P, arrowhead).

The effect of AGAP2 on AR recycling was further examined by radioligand receptor
binding. Under resting conditions, plasma membrane 5HAR levels were similar in HEK-293
cells with or without AGAP2 knockdown (Figure 6Q). 1ISO treatment resulted in a decrease
in plasma membrane AAR levels in both cells (Figure 6Q), consistent with receptor
internalization. At 30 min following ISO removal, plasma membrane 5ARs returned to
control levels in cells without AGAP2 knockdown (Figure 6Q). In cells with AGAP2
knockdown, however, plasma membrane 5AR levels remained decreased at 30 min of
recovery, supporting a critical role for AGAP2 in 5AR recycling.

AGAP2 does not affect lysosomal targeting of BoARs

Internalized AARs can be recycled to the plasma membrane for continual signalling, or can
be targeted to lysosomes for degradation, leading to receptor down-regulation. We examined
whether AGAP?2 affected lysosomal targeting of /ARs. In resting cells, the staining of the
lysosomal marker LAMP1 was distributed in a compact area close to the nucleus (Figures
7A-7C) or on punctate structures throughout the cytosol (Figures 7G-71). ISO treatment for
6 h resulted in extensive co-localization of /AR with the lysosomal marker LAMP1
(Figures 7D-7F), suggesting that /ARs were trafficked to lysosomes. In cells
overexpressing FLAG-AGAP?2, the pattern of £AR co-localization with LAMP1 (Figures
7J-7L) was similar to that in control cells. Therefore AGAP2 is less likely to affect
lysosomal targeting of 5,ARs.
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AGAP?2 potentiates BoAR-induced activation of ERK

/ARS have been shown to induce ERK activation (as determined by phosphorylation of
ERK) that exhibits two peaks, the first one being G-protein-dependent, and the second one
being farrestin-dependent [26,27]. Interaction with f-arrestins suggests that AGAP2 may
affect f/AR-induced ERK activation. To test this possibility, /AR was activated in
HEK-293 cells that were stably transfected with empty vector or FLAG-AGAP2. Activation
of /ARs resulted in an increased level of phosphorylated ERK, suggesting its activation,
and the time course of ERK phosphorylation showed two peaks (Figures 8A and 8B). In
cells that overexpress AGAP2 (Figure 8A, bottom panel), phospho-ERK signals were higher
than those in control cells (Figure 8A, top panel), whereas the expression level of ERK
remained unchanged (Figure 8A, middle panel), suggesting that AGAP2 potentiated /HAR-
induced ERK activation. Quantification of phospho-ERK signals by densitometry indicated
that AGAP2 did not affect the first peak, but enhanced the second peak of ERK activation
(Figure 8B), reinforcing the idea that AGAP2 is involved in farrestin-dependent signalling
of /HAR.

We next examined whether knockdown of AGAP2 affected /AR-induced ERK activation.
Efforts in this regard were unsuccessful in that the basal ERK activity was consistently,
although unexpectedly, elevated following knockdown of AGAP2. f-Arrestins regulate
ERK activation on signalling endosomes or signalosomes. Given that AGAP2 forms a
complex with farrestins (Figure 1), and AGAP2 was known to regulate endosomal
functions, it is possible that AGAP2 functions as scaffold to facilitate ERK activation. We
examined whether AGAP2 complexes with ERK. Immunoprecipitates of overexpressed
AGAP2, or its truncated mutant PZA2, contained endogenous ERK (Figure 8C), suggesting
that AGAP2 forms a complex with ERK to co-ordinate its activation. Therefore depletion of
AGAP2 may alter the subcellular distribution of ERK and thereby the interaction of ERK
with other kinases or phosphatases, leading to high ERK activity in cells with AGAP2
knockdown.

DISCUSSION

/AR activation has been shown to regulate Arf6 activation via the f-arrestin-associated
guanine-nucleotide-exchange factor ARNO (Arf nucleotide-binding-site opener), and Arf6
activity is involved in both endocytosis and recycling of activated /HARs [28]. Knockdown
of Arf6 by siRNA reduced %AR endocytosis [13], whereas stimulation of 5,AR with
agonists resulted in activation of Arf6 that inhibited Rab4-dependent fast recycling of 5,AR
[29]. This is consistent with an earlier study showing that internalized 5,ARS undergo
agonist-dependent Rab4-mediated fast recycling and agonist-independent slower recycling
[30]. We report in the present paper that AGAP2 is involved in the recycling of /HARs,
consistent with our previous findings that AGAP2 promoted Rab4-dependent fast recycling
[20]. The involvement of Arf proteins in AGAP2-promoted fast recycling of /AR is not
clear at present. In vitro studies suggest AGAP2 preferred Arfl over Arf6 as a substrate
[20], but the possibility exists that AGAP2 regulates Arf6 in cells. In addition, AGAP2 may
regulate fast recycling of /AR in an Arf-independent manner.

Regulation of 5AR trafficking by the GIT family Arf GAPs has been well documented.
Overexpression of the Arf GAP GIT1 or GIT2, which hydrolyse GTP on Arf6 [31],
inhibited 5AR endocytosis [14,15]. Several members of the AZAP (Arf GAP with ankyrin
repeats and PH domains) subfamily Arf GAPs have been shown to affect EGFR (epidermal
growth factor receptor) trafficking [32]. ASAP1 has an N-terminal BAR (Bin/amphiphysin/
Rvs) domain that may facilitate formation of membrane curvature and promote formation of
transport intermediates, and ASAP1 was found to affect the recycling of EGFRs [33].
Additional mechanisms are involved for ASAP1 to regulate EGFR trafficking. For example,
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interaction between ASAP1 and the adaptor protein CIN85 (Cbl-interacting protein of 85
kDa) contributed to ASAP1-potentiated EGFR recycling [34]. In addition, the association
with CIN85 may be required for different Arf GAPs to regulate EGFR trafficking at
different stages. In that case, ARAP1 (Arf GAP with Rho GAP, ankyrin repeats and PH
domains) binds CIN85 to drive the exit of EGFRs from the endosomal pathway prior to
EGFR ubiquitination [35]. AGAP2 was shown to promote the fast recycling of transferrin
receptors [20]. However, regulation of GPCR trafficking by the AZAP family of Arf GAPs
has not been reported prior to the present study.

The results of the present study suggest that the PH2 domain of AGAP2 is the major binding
site for farrestins. The AZAP family of Arf GAPs all contain a PH domain that is essential
for the GAP activity of these proteins and is specifically regulated by phospholipids [36,37].
AGAP2-mediated GTP hydrolysis on Arf was activated by Ptdins(4,5)P, or PtdIns(3,4,5)P3
and potentiated by PA [20]. In the present study we showed that AGAP2 binding to /-
arrestin2 was promoted by Ptdins(4,5)P, with PA playing an inhibitory role, suggesting
distinct outputs of AGAP2 function as determined by upstream signals that elevate
intracellular levels of distinct phospholipids. Similarly, f-arrestins were shown to interact
with and regulate the function of PTEN (phosphatase and tensin homologue deleted on
chromosome 10). Depending on the upstream signals that activate RhoA, f-arrestins either
activate the lipid phosphatase activity of PTEN or inhibit the phosphatase-independent anti-
migratory effect of PTEN [38].

We have proposed that the AZAP subfamily of multidomain Arf GAPs may serve as coat
components during vesicle trafficking [32]. Several pieces of evidence from the present
study support this idea. First, AGAP2 formed a complex with f-arrestins, which are known
to bind clathrin heavy chain and AP2, critical components of clathrin-dependent
endocytosis. Secondly, AGAP2 co-localized with /ARs during receptor endocytosis,
presumably on endosomes. Thirdly, knockdown of AGAP2 prevented /AR recycling to the
plasma membrane. As 5 ARs are class A receptors that form a loose association with -
arrestins that dissociate from /5ARs shortly after receptor internalization [39], AGAP2 may
remain for a longer period of time on 5 AR-containing endosomes, consistent with its
potential role in /AR recycling.

Activation of several GPCRs has been shown to elicit two peaks of ERK activation as
determined by the phosphorylation of ERK, which can be G-protein-mediated or f-arrestin-
mediated. The first clue about farrestin in ERK activation came from a study where
inhibition of endocytosis abolished /HAR-induced ERK activation [40]. For class B
receptors, f-arrestins associate tightly with the receptor-containing endosomes or
signalosomes, which may contribute to the late onset and longer-lasting phase of ERK
activation. £ ARs belong to class A receptors, but still elicited the second phase, longer-
lasting ERK activation [41]. The G-protein-dependent ERK activation may involve both
Rap and Ras, and the farrestin-dependent ERK activation is more complex and may
involve scaffolding of Src [26,27]. Since S-arrestins only form loose complexes with /HARs,
the distribution of phospho-ERK following /AR activation remain unclear. One possibility
is that 5,AR elicited phospho-ERK will be cytosolic. Another possibility is that AGAP2 or
other adaptor proteins may serve as a scaffold for endosomal retention of phospho-ERK.
Our observation from the present study that knockdown of AGAP2 resulted in high basal
phospho-ERK suggests a more complex role for AGAP2 in ERK regulation. One possibility
is that AGAP2 scaffolds ERK to regulate its interaction with kinase(s) that activate ERK or
with phosphatase(s) that inactivate ERK.

Evidence is accumulating that GPCRs, including /AR, play important roles in human
cancer initiation and progression [42,43]. Activation of 5AR increased the growth, invasion
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and angiogenesis of ovarian cancers [44], and promoted S-arrestinl-dependent activation of
MDM2 (murine double minute 2), which binds to and degrades p53, leading to DNA
damage [25]. AGAP2 was shown to be up-regulated in various human cancers [19] and to
enhance focal adhesion remodelling and cancer cell migration [21]. In the present study, we
provide evidence that AGAP2 forms a complex with f-arrestin to promote recycling of
internalized /ARs and 5 AR-induced ERK activation. An increased ERK activity may
contribute to the tumorigenic effects of /AR and AGAP2.
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ERK
FBS
GAP
GFP
GPCR
GRK
GST
HA
HEK
1SO
LAMP1
PA

PH
PTEN
shRNA
SRNA

extracellular-signal-regulated kinase

fetal bovine serum

GTPase-activating protein

green fluorescent protein
G-protein-coupled receptor

GPCR kinase

glutathione transferase

haemagglutinin

human embryonic kidney

isoprenaline (also known as isoproterenol)
lysosome-associated membrane protein 1
phosphatidic acid

pleckstrin homology

phosphatase and tensin homologue deleted on chromosome 10
short hairpin RNA

small interfering RNA
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Figure 1. AGAP2 formed a complex with f-arrestins

(A) Overexpressed AGAP2 co-immunoprecipitated endogenous farrestins. HEK-293 cells
were transfected with pcDNAS3.1 (Vector) or FLAG-AGAP2 expression vector and the
overexpressed FLAG-AGAP2 was immunoprecipitated. The presence of FLAG-AGAP2 or
endogenous farrestin proteins in cell lysates or immunoprecipitates was examined by
Western blotting. (B) AGAP2 bound f-arrestins better than AGAP1. HEK-293 cells were
transfected with emtpy vector, or with the expression vectors for FLAG-tagged AGAP1,
AGAP2, ACAP1 or ASAPL. Overexpressed proteins were immunoprecipiatated and co-
immunoprecipitation of farrestins was examined by Western blotting. (C) Co-
immunoprecipitation of endogenous AGAP2 with farrestin. Immunoprecipitation was
performed using anti-f-arrestin antibody or 1gG, and precipitated farrestins and AGAP2
were examined by Western blotting. (D) Decreased expression of AGAP2 affected its co-
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immunoprecipitation with farrestin. Endogenous f-arrestins were immunoprecipitated from
HEK-293 cells with or without stable knockdown of AGAP2. Immunoprecipiated AGAP2
and farrestins were examined by Western blotting. (E) AGAP2 interacted with f-arrestins
through the PH domain. Expression vectors for FLAG-tagged AGAP2 or its deletion
mutants were transfected into HEK-293 cells. Proteins were immunoprecipitated and
examined by Western blotting. Schematic diagram of AGAP2 domain structure is shown at
the bottom. A, ankyrin repeat. (F) Binding of f-arrestins to the PH2 domain. GST or GST
fused to the isolated PH domain of AGAP2 (GST-PH2) were purified and incubated with
HEK-293 cell lysates at 4°C overnight. Beads were washed three times and bound proteins
were resolved by SDS/PAGE (15% gel) followed by Coomassie Blue staining (bottom
panel) or Western blotting (top panel). (G) AGAP2 formed a complex with both farrestinl
and f-arrestin2. f-Arrestinl-HA (SArrl) or f-arrestin2—HA (SArr2) were transfected alone
or in combination with FLAG-AGAP2. Overexpressed proteins were immunoprecipitated
using anti-FLAG antibody, and co-immunoprecipitation of f-arrestins was examined by
Western blotting using anti-HA antibody. I.P., immunoprecipitation. Molecular mass
(M.M.) is shown on the left-hand side of the Western blots in kDa.
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Figure 2. PtdIns(4,5)P, enhanced the interaction between AGAP2 and f-arrestin2

(A) Effect of phospholipids on AGAP2 binding to f-arrestin2 (5Arr2). Purified Hisg—
AGAP2 (150 nM) was incubated with GST—farrestin2 (500 nM) at room temperature for 1
h in the presence or absence of phospholipids at the following concentrations: PA, 360 pM;
PtdIns(4,5)P, (PIP,), 45 1M; PtdIns(3,4,5)P3 (PIP3), 10 M; presented in micelles with
0.1% Trition X-100. Glutathione beads were washed three times and bound proteins were
resolved by SDS/PAGE (10% gel) and visualized by Coomassie Blue staining. Molecular
mass (M.M.) is shown on the left-hand side of the Western blot in kDa. (B) Quantification
of Hisg—AGAP2 binding to GST-/arrestin2. The binding assay was repeated three times
and analysed by densitometry. *P < 0.05 compared with Triton X-100.
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Figure 3. AGAP2 affects plasma membrane association of f-arrestin2

(A—C) Distribution of AGAP2 and farrestin2 (SArr2) in resting cells. FLAG-AGAP2 and
parrestin2—HA expression vectors were transfected into HEK-293 cells for 24 h and
immunofluorescence staining was performed to examine the intracellular distribution of
FLAG-AGAP2 (A) and farrestin2—HA (B). (D-F) Co-localization of AGAP2 and /-
arrestin2 upon AR activation. Cells were transfected as described above and stimulated
with ISO (1 1M, 5 min) before being processed for immunofluorescence. Plasma membrane
translocation of AGAP2 (D) or farrestin2 (E) is indicated by arrows, and co-localization of
both proteins on the plasma membrane was shown in the merged picture (F, arrows). (G)
AGAP2 overexpression did not affect plasma membrane association of f-arrestin2. The 5
arrestin2—HA expression vector was transfected into HEK-293 cells that stably express
pcDNA3.1 or FLAG-AGAP2. Cells were stimulated with 1SO (1 M) for the indicated
times before being fixed and processed for immunofluorescence. Plasma membrane
association of fArrestin2—HA was examined under the microscope. (H) Knockdown of
AGAP?2 inhibited plasma membrane association of f-arrestin2. f~Arrestin2—HA expression
vector was transfected into HEK-293 cells that stably express GFP- or AGAP2-targeting
shRNA with verified knockdown of protein expression. Plasma membrane association of /-
arrestin2—HA was examined as described in (G). *P < 0.05. Scale bars, 20 zm.
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Figure 4. AGAP2 co-localized with internalized /AR

(A-F) Distribution of GFP-AAR (A and D) and FLAG-AGAP2 (B and E) in HEK-293
cells. HEK-293 cells that stably express FLAG-AGAP2 were transfected with an expression
vector for GFP—/AR for 24 h. Cells were trypsinized and replated on fibronectin (10 zg/
ml)-coated coverslips in DMEM with 0.2% FBS for 6 h. FLAG-AGAP2 was detected by
staining with an anti-FLAG antibody. GFP-%AR was distributed on the plasma membrane
(A and D; arrows) and intracellular punctate structures. FLAG-AGAP2 was diffusely
distributed in the cytosol and formed ring-like structures (B and E; arrowhead). (G—L)
AGAP2 co-localized with internalized /AR. Cells were treated with 1SO (1 1M, 10 min)
and stained using an anti-FLAG antibody. Both GFP-/,AR (G and J) and FLAG-AGAP2
(H and K) were distributed and co-localized on the punctate structures (I and L). Scale bars,
20 pum.
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Figure5. AGAP2 regulated intracellular distribution of /AR

(A-J) Distribution of GFP-4AR in HEK-293 cells that are stably transfected with the
pcDNA3.1 expression vector. GFP-/%ARs were detected on the plasma membrane in resting
cells (A and B). 1SO stimulation for 5 min resulted in internalization of GFP-/4,ARs (C and
D), and the receptors reached the perinuclear recycling endosomes by 15 min (E and F;
arrows). At 30 min (G and H) and 45 min (I and J), GFP—/ARs were still observed in the
perinuclear region (as indicated by the arrows), but a fraction of GFP-/ARs already
recycled back to the periphery of the cells (arrowhead). (K-T) Distribution of GFP-/AAR in
HEK-293 cells that stably overexpress FLAG-AGAP2. GFP-/ARs distributed on the
plasma membrane in resting cells (K and L). Receptor activation by 1SO from 5 min to 30
min resulted in distribution of GFP-£,AR on the endosomes throughout the cytosol (M-R).
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At 45 min, perinuclear concentration of GFP—/,AR could be observed (S, arrow). Scale
bars, 20 zm.
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Figure 6. AGAP2 regulated /AR recycling

(A-D) Distribution of FLAG—/%AR in control HEK-293 cells. Cells were transfected with
FLAG-/AAR cDNA for 24 h and replated on fibronectin-coated coverslips in DMEM
containing 0.2% FBS for 6 h. FLAG—/ARs, as stained using anti-FLAG antibody, were
detected on the plasma membrane of resting cells (A and B) and were concentrated on the
perinuclear recycling endosomes at 15 min of ISO stimulation (C and D, arrows). (E—H)
Distribution of FLAG-/,AR in HEK-293 cells with stable knockdown of AGAP2. Cells
were transfected with FLAG-/AAR cDNA and processed as described above. FLAG-tagged
ARs were distributed on the plasma membrane of resting cells (E and F), and were
enriched on the perinuclear recycling endosomes at 15 min of ISO stimulation (G and H,
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arrows). (1-L) Recycling of FLAG-/AR in control HEK-293 cells. Cells were stimulated
with ISO for 10 min, washed and incubated with DMEM containing 0.2% FBS for 15 min (|
and J) or 30 min (K and L). At 15 min, FLAG-tagged /5,ARs were recycling from the
perinuclear region to the periphery and by 30 min they reached the plasma membrane (K
and L, arrowhead). (M—P) Recycling of FLAG-/5ARs in HEK-293 cells with stable
knockdown of AGAP2. At 15 min of recycling, most of the FLAG-/AR signals were still
present in the perinuclear region (M and N, arrows). By 30 min, FLAG-tagged //ARs were
present in perinuclear regions (P, arrows) or on endosomes evenly distributed throughout the
cytosol (O). A small fraction of FLAG-tagged /»ARs reached plasma membrane (O and P,
arrowhead). Scale bars, 20 ym. (Q) AGAP2 affected recycling of endogenous 5ARs.
HEK-293 cells with or without stable AGAP2 knockdown were treated, or not, with 1ISO (1
£M, 10 min). Cells were washed and lysed to prepare plasma membrane, or washed and
incubated with medium for an additional 30 min before plasma membrane preparation. The
amount of /ARs was determined by 1251-cyanopindolol binding and non-specific binding
was determined using alprenolol. *P <0.05 compared with control.
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Figure 7. Overexpression of AGAP2 did not affect /AR trafficking to lysosomes

(A—F) Distribution of GFP-£,AR in control HEK-293 cells. HEK-293 cells stably
expressing pcDNA3.1 vector were transfected with GFP—5AR cDNA for 24 h, replated on
fibronectin (10 pg/ml)-coated coverslips in DMEM containing 0.2% FBS for 6 h and treated
with vehicle (No 1SO) or ISO (1 M) for 6 h. Cells were stained with anti-LAMP1 antibody.
LAMP1 was observed in compact regions near the nucleus in resting cells (B). ISO
treatment for 6 h resulted in internalization of GFP-tagged ,ARs which co-localized with
LAMP1 (D-F), suggesting trafficking of GFP-/AR to lysosomes. (G—L) Distribution of
GFP-AAR in HEK-293 cells with stable overexpression of FLAG-AGAP2. Cells were
transfected and processed as described above. LAMP1 staining was observed in punctate
structures near the nucleus and throughout the cytosol of the resting cells (H). In ISO treated
cells, GFP-tagged /ARs were internalized and co-localized with LAMP1 (J-L). Scale bars,
20 pm.
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Figure 8. AGAP2 enhanced SAR-induced ERK activation

(A) AGAP2 overexpression enhanced /HAR-induced ERK activation. HEK-293 cells stably
overexpressing empty vector or FLAG-AGAP2 were starved in Opti-MEM overnight and
treated with 1SO (10 M) for the indicated times. Cell lysates were centrifuged and used for
detection of phospho-ERK by Western blotting. Total ERK and FLAG-AGAP2 were also
detected by Western blotting. (B) Quantification of phospho-ERK signals at different times
by densitometry. *P < 0.05 compared with vector. (C) AGAP2 formed a complex with
ERK. FLAG-AGAP2 or FLAG-PZAZ2 was transiently expressed in HEK-293 cells and the
overexpressed proteins were immunoprecipitated using an anti-FLAG antibody. Co-
immunoprecipitation of endogenous ERK was examined by Western blotting. I.P.,
immunoprecipitation. Molecular mass (M.M.) is shown on the left-hand side of the Western
blots in kDa.
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