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The amyloid precursor protein modulates
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through disrupting arrestin 3 recruitment
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ABSTRACT: The amyloid precursor protein (APP) has long been appreciated for its role in Alzheimer’s disease (AD)
pathology. However, less is known about the physiologic function ofAPP outside of AD. Particularly, whether and
howAPPmay regulate functions of cell surface receptors, includingGPCRs, remains largely unclear. In this study,
we identified a novel direct interaction between APP and the a2A-adrenergic receptor (a2AAR) that occurs at the
intracellular domains of both proteins. The APP interaction with a2AAR is promoted by agonist stimulation and
competes with arrestin 3 binding to the receptor. Consequently, the presence of APP attenuates a2AAR in-
ternalization and desensitization, which are arrestin-dependent processes. Furthermore, in neuroblastoma neuro-
2A cells and primary superior cervical ganglion neurons, where APP is highly expressed, the lack of APP leads to a
dramatic increase in plasma membrane recruitment of endogenous arrestin 3 following a2AAR activation. Con-
comitantly, agonist-induced internalization of a2AAR is significantly enhanced in these neuronal cells. Our study
provided the first evidence that APP fine tunesGPCR signaling and trafficking. Given the important role ofa2AAR
in controlling norepinephrine release and response, this novel regulation ofa2AARbyAPPmay have an impact on
modulation of noradrenergic activity and sympathetic tone.—Zhang, F., Gannon, M., Chen, Y., Zhou, L., Jiao, K.,
Wang, Q. The amyloid precursor protein modulates a2A-adrenergic receptor endocytosis and signaling through
disrupting arrestin 3 recruitment. FASEB J. 31, 4434–4446 (2017). www.fasebj.org
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As the source of amyloid-b peptides, the amyloid pre-
cursor protein (APP) has been well appreciated for its
function in AD. Outside of the disease, APP plays an im-
portant role in neuronal development, regulating neurite
outgrowth, and synaptogenesis (1, 2). APP-deficient mice
show several neurologic phenotypes that could be related
to synaptogenesis, including decreased grip strength (3),
alterations in spine density, and diminished performance
on spatial memory tasks (4, 5). In mammals, the APP
family also includes 2 APP-like proteins, APP-like

protein (APLP)-1 and -2, which share partially over-
lappingbiologic activitieswithAPP (6).Despite significant
progress being made in understanding the physiologic
significance ofAPPafter several decades of researchon the
protein, the mechanisms behind its functions are still un-
clear, and our understanding of the diverse activities of
APP remains incomplete.

APP has been shown to interact with several trans-
membrane and cytosolic proteins (7, 8). Although more ef-
forts have been made to understand how such interactions
regulateAPPtraffickingandprocessing, less isknownabout
the role of APP in regulating the functions of its partners. A
previous finding on regulation of the NGF/TrkA signaling
(9) by APP suggests that interacting with other cell surface
receptors and regulating their downstream signaling may
represent an important means for APP to elicit its physio-
logic functions. Despite GPCRs being the largest family of
cell surface receptors, whether and how APP may regulate
GPCR functions has not been investigated.

The a2A-adrenergic receptor (a2AAR) is a prototypical
GPCR, and mediates a variety of critical physiologic/
pharmacological responses,which include loweringblood
pressure, evoking sedation, reducing pain perception,
and decreasing epileptogenesis and anxiety (10–12).
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Positioned at both the presynaptic noradrenergic terminal
and the postsynaptic compartments of targeting neurons,
the a2AAR controls both noradrenergic input to the cere-
brum and the resulting response in this brain region (13).
In addition, a2AAR serves as the primary autoreceptor in
sympathetic neurons, controlling norepinephrine (NE)
release and sympathetic tone (14, 15). Like many GPCRs,
the non-G-protein–interacting partners of a2AAR modu-
late multiple aspects of the receptor function both in vitro
and in vivo (16–20). Among these partners, a universal
GPCR regulator, arrestin 3, binds to a2AAR after receptor
activation andmediates agonist-induced endocytosis and
desensitization of a2AAR (17, 18, 21). As a result, arrestin 3
determines the response sensitivity of a2AAR in multiple
pharmacological settings in vivo (18, 20).

In this study, we discovered a novel direct interaction
between APP and the a2AAR through the intracellular
portions of each protein. We hypothesized that APP
binding toa2AARhas functional consequenceson receptor
trafficking and signaling. Using both gain- and loss-of-
function approaches, we demonstrated that the presence
of APP antagonizes arrestin-dependent endocytosis and
desensitization of a2AAR. Consistent with these observa-
tions, we discovered that the interaction of APP with
a2AAR competes with the interaction of arrestin and
a2AAR. Furthermore, we extended our studies to primary
superior cervical ganglion (SCG) neurons, where the
a2AAR is the major autoreceptor and demonstrated the
APP antagonism of arrestin function in this native setting.

MATERIALS AND METHODS

Antibodies and chemicals

Antibodies (Abs) for GAPDH and APP (22C11) were purchased
from EMD Millipore (Billerica, MA, USA); APP rabbit mAb
(Y188) from Abcam (Cambridge, United Kingdom); HA.11 Ab
for detecting HA-tagged a2AAR from Covance (Princeton, NJ,
USA); Abs for phospho-ERK1/2 (Thr202/Tyr204), ERK, and the
green fluorescent protein (GFP) mAb from Cell Signaling Tech-
nology (Danvers, MA, USA); Flag M2 Ab from Sigma-Aldrich
(St. Louis, MO, USA); secondary Abs used for immunostaining
(Alexa Fluor 488- and 594-conjugated) from Thermo Fisher Sci-
entific (Waltham, MA, USA); secondary Abs used for Western
blot with the Li-Cor Odyssey Imaging System (IRDye 680 and
800; Li-Cor Biosciences, Lincoln, NE, USA); Lipofectamine 2000
from Thermo Fisher Scientific; NE, clonidine, guanfacine,
UK14304, yohimbine, propranolol, and prazosin from Sigma-
Aldrich; and [35S]Methionine from GE Healthcare (Little Chal-
font, United Kingdom).

Cell culture

Neuro-2A (N2a) cells were cultured in 1:1 DMEM/Opti-MEM
mix (Thermo Fisher Scientific) supplemented with 5% fetal bo-
vine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin.
HEK293 cells were cultured in DMEM with 10% fetal bovine
serum plus 100 U/ml penicillin, and 100 mg/ml streptomycin
(Thermo Fisher Scientific).

N2a-HA-a2AAR-APP-CRISPR cells are a stable N2a cell line
expressing HA-a2AAR with APP knocked out by the CRISPR/
Cas9 system. This cell line was generated according to a

published protocol (22). Two target genomic DNA sequence
primers were designed and annealed (forward: 59-CACCA-
CTGCAGATCACAAACGTGG-39 and reverse: 59-AAACCC-
ACGTTTGTGATCTGCAGT-39). Using the BbsI restriction
enzyme, the primers were introduced to the pSpCas9(BB)-2A-
GFP plasmid. An N2a-HA-a2AAR stable cell line (23) was trans-
fected with the resulting plasmid using Lipofectamine 2000 and
selected forGFP expression by fluorescence-activated cell sorting.
Single clones were allowed to grow and screened for loss
of expression of APP. N2a-HA-a2AAR cells transfected with
the empty pSpCas9(BB)-2A-GFP vector were established as a
control cell line. APP knockout (KO) in the N2a-HA-a2AAR-
APP-CRISPR line was confirmed using both Western blot and
immunostaining, and continued expression of APP in the N2a-
HA-a2AAR-control-CRISPR was confirmed in the same way.

For small interfering RNA (siRNA) treatment, siRNAs
targetingmouseAPPwere purchased from IntegratedDNA
Technologies (Coralville, IA, USA) (TriFecta Kit DsiRNA
Duplex), Duplex sequences: 59-ACUAGUGCAUGAAUAGAUU-
CUCUCC-39 and 39-UUUGAUCACGUACUUAUCUAAGA-
GAGG-59; 59-GGAGAUUCAAGAUGAAGUCGAUGAG-39
and 39-CUCCUCUAAGUUCUACUUCAGCUACUC-59 and
were transfected into cells using Lipofectamine 2000. A negative
control siRNA, also from Integrated DNA Technologies (NC1
Control Duplex) was transfected into cells to use as the control.

Animals and drug treatment

Mice were housed in the Association for Assessment and
Accreditation of Laboratory Animal Care–accredited Animal
Resources Program facility at the University of Alabama at
Birmingham, in accordance with procedures of the Animal
Welfare Act and the 1989 amendments to the Act, and all
studies followed protocols approved by the University of
Alabama at Birmingham Institutional Animal Care and Use
Committee.

The generationofa2AAR-knock-inmice has beendescribed in
Lu et al. (24). This line has been backcrossed for more than 10
generations to a pure C57BL/6 background. Themice (6mo old)
were treated though intraperitoneal injection with saline, cloni-
dine, guanfacine, or UK14304 (1 mg/kg) 1 h before euthanizing
for the experiments. Postnatal d 5–7 pups were used to culture
SCG neurons.

Primary culture of SCG neurons

SCG neurons were cultured from HA-a2AAR-knock-in (24)
mouse pups at postnatal d 5–7, as described elsewhere
(24–26), with slight modifications. SCGs were dissected and
placed into HBSS (Thermo Fisher Scientific) with 25 mM
glucose and 20 mM HEPES (pH 7.3). The neurons were
enzymatically digested with 3 mg/ml collagenase (Sigma-
Aldrich) and 1 mg/ml trypsin (Sigma-Aldrich). Using tritu-
ration with a fire-polished siliconized Pasteur pipette, we
dissociated the neurons by trituration. A preplating step was
then performed to reduce non-neuronal cell types in the final
culture. The neurons were then plated onto coverslips treated
with poly-D-lysine (Sigma-Aldrich) and laminin (Thermo
Fisher Scientific). Growth medium was L-15 base medium
(Thermo Fisher Scientific) supplemented with 10%Nu-serum
(Corning, Corning, NY, USA), 30% glucose, 2% GlutaMax
(Thermo Fisher Scientific), 1% insulin/transferrin/selenium
supplement (Thermo Fisher Scientific), 25 ng/ml nerve
growth factor (Thermo Fisher Scientific), and 24 nMNaHCO3.
Medium was changed on days in vitro (DIV) 1, 4, and 6. On
DIV 1 and 4, 10mM5-fluoro-29-deoxyuridine (Sigma-Aldrich)
was added to control nonneuronal cell growth, and on DIV
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4 and 6, 1 mM yohimbine (a2AAR antagonist) was added to
preserve cell surface a2AARs. All experiments were per-
formed on DIV 8.

Immunofluorescence staining

To examine colocalization between a2AAR and APP on the
plasma membrane, live cells were first incubated with a hem-
agglutinin (HA; rat anti-HA.11) and APP (mouse 22C11) Ab to
label cell surface HA-a2AAR and APP, respectively. Cells were
then treated with vehicle or clonidine (1 mM) for 5 min. After
stimulation, the cells were fixed and then incubated with Alexa
Fluor 488–conjugated anti-mouse and Alexa Fluor 594–
conjugated anti-rat secondary Abs. Imageswere obtained using
anLSM710 confocalmicroscope (Zeiss,Oberkochen,Germany),
with a363 oilmagnification. Colocalizationwas estimatedwith
Pearson’s correlation coefficient in ImageJ software (27).

For the arrestin recruitment staining, N2a cells or SCG neu-
rons were treated with NE (10 mM) in the presence of prazosin
(1 mM) and propranolol (1mM) for various times. Cell were then
fixed, permeabilized, and incubated with rabbit arrestin 3 Ab
(kindlyprovidedby the J.Benovic laboratoryatThomas Jefferson
University, Philadelphia PA, USA) and mouse APP Ab (22C11)
followed by Alexa Fluor 488-conjugated anti-rabbit and Alexa
Fluor 594-conjugated anti-mouse secondary Ab. Images were
obtained with a U-TBI90 confocal microscope (Olympus Cor-
poration, Shinjuku, Tokyo, Japan) at 363 oil magnification. The
percentage of recruitment was calculated with ImageJ to de-
termine both surface and internal fluorescence activity, and the
relative amount of fluorescence activity on the membrane com-
pared to the total fluorescence activity was calculated.

a2AAR internalization assays

Immunofluorescent staining

To assess a2AAR internalization, a published prelabeling
method was used (24, 25, 28). In brief, the HA-tagged
a2AARs on the surface of live cells were labeled with a HA
Ab (HA.11) before treatment. After labeling of the receptor,
the cells were stimulatedwith 10mMNE (plus 1mMprazosin
and 1 mM propranolol to selectively activate the a2AAR) for
various time points. After fixation and permeabilization, the
cells were incubated with a rabbit APP Ab (Y188) followed
by anti-mouse Alexa Fluor 488- and anti-rabbit Alexa Fluor
594 conjugated secondary Abs. Images were obtained with
an LSM 710 confocal microscope (Zeiss), with 363 oil mag-
nification. Quantification of internalization was performed
with MetaMorph software (Molecular Devices, Sunnyvale,
CA, USA), to calculate both surface and internal fluores-
cence activity, and a ratio of internal fluorescence over total
fluorescence was determined to give an arbitrary unit of
internalization.

Intact cell surface ELISA

Internalization of a2AARwas examined by intact cell surface
ELISA, according to our procedure (21, 28). In brief, HEK293
cells coexpressing HA-a2AAR, with or without APP, were
plated onto 96-well culture plates at 13 104 cells/well. Cells
were stimulated acutely with NE for the indicated time,
followed by fixation. Samples were then subjected to
blocking, primary Ab (HA.11), and secondary Ab (horse-
radish peroxidase–conjugated anti-mouse) and then in-
cubated with o-phenylenediamine substrate (Thermo Fisher
Scientific). Cell surface receptor density was determined by
measuring absorbance at 490 nm.

In vitro glutathione S-transferase pull-down assay

cDNAencoding the C terminus ofAPP (APP-C; aa 639–695)was
cloned into the pGEX4T vector. Preparation of glutathione
S-transferase (GST) and GST-fused APP-C was performed as
previously described (16, 29). [35S]-labeled, in vitro translated,
a2AAR third intracellular loop (3iloop) was prepared with the
TNT rabbit reticulocyte lysate kit (Promega, Madison, WI, USA)
(16). Pull-down assays with 2 mg of GST or GST-fused APP-C in
each sample were performed according to procedures described
elsewhere (16, 29). In each assay, the same SDS-PAGE gel for
autoradiography was stained with Coomassie Blue to confirm
that a comparable amount of GST or GST-fusion protein was
loaded in each lane.

Coimmunoprecipitation to detect
APP-a2AAR interaction

Coimmunoprecipitation (co-IP) assays were performed
according to published procedures (28, 29). In brief, after
stimulation, HEK or N2a cells were lysed on ice in immuno-
precipitation (IP) buffer [10 mM Tris (pH = 7.4), 10% glycerol,
5 mM EGTA, 5 mM EDTA, 0.3% NP-40 and protease inhibi-
tors], after stimulationwith the appropriate ligands or vehicle.
After 20 min of centrifugation at 14,800 rpm at 4°C, the su-
pernatantwas subjected to IP. For anti-HA IP, cell lysateswere
incubated with rat Anti-HA Affinity Matrix (Roche, Basel,
Switzerland) overnight at 4°C. For anti-APP IP, cell lysateswere
incubated with anti-APP-C Ab (1:100 dilution; Sigma-Aldrich),
followed by incubation with protein A/G beads. HA-a2AAR and
the full-lengthAPP in the IPcomplexor total lysatesweredetected
by Western blot with mouse HA.11 and rabbit anti-APP (Y188;
Abcam) Ab, respectively. Western blots were quantified with the
Odyssey Imaging System (Li-Cor) according to the manufac-
turer’s instruction.

To examine a2AAR interaction with APPDC, the HindIII–ApaI
fragment coding aa 1–649 of APP was amplified by
PCR, using (forward) 59-CCCAAGCTTATGCTGCCCGG-
TTTGGCACTGCTCCTG-39 and (reverse) 59-CCAGGGCC-
CCTACTTGTCGTCGTCGTCCTTGTAATCTGCTGCCTTCAG-
CATCACCAAGGTGATG-39, and cloned into the pCMV-tag2
vector (Agilent Technologies, La Jolla, CA, USA) to generate the
FLAG-APPDC construct.

Quantification of ERK1/2 activation

To test ERK1/2 activation, both HEK293 and N2a-HA-
a2AAR-APP-CRISPR or control cells with the empty vector
were used. HEK293 cells were transfected with either the
empty vector or APP. Cells were stimulated by 10 mM NE
(plus 1 mM prazosin and 1 mM propranolol) for various time
points. Cell lysates were collected and run in a Western blot,
using Abs for p-ERK and t-ERK. Western blots were quanti-
fied using the Odyssey Imaging System (Li-Cor) according to
the manufacturer’s instructions. Activation of ERK1/2 was
calculated by dividing p-ERK1/2 by t-ERK1/2. To calculate
the relative change of the ERK1/2 activation, the percentage
of activation remaining at 10minwas determined by dividing
the amount of activated ERK at 10 min by the amount of ac-
tivated ERK at the peak activation, or 5 min.

Statistical analyses

Statistical analyses were performed with Prism software
(GraphPad, La Jolla, CA, USA). All values are presented as
means6 SEM. To determine difference between 2 groups with
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1 variable, an unpaired Student’s t test was performed, with
P, 0.05 considered significant. Intact cell surface ELISA was
analyzed by 2-way ANOVA followed by Sidak’s multiple
comparisons test.

RESULTS

APP interacts with the a2AAR in an a2AAR
agonist-regulated manner

Both APP and a2AAR are transmembrane proteins. We
used an intact-cell Ab-prelabeling method to specifically
detect a2AAR and APP localized on the plasma mem-
brane. A significant amount of APP (endogenously
expressed) and HA-tagged a2AAR (exogenously trans-
fected) were colocalized in the same compartment on the
cell surface of N2a cells (Fig. 1A). This colocalization was
further enhanced with stimulation of the receptor with an
a2AAR agonist, clonidine, as revealed by a significant

increase in Pearson’s correlation coefficient in clonidine-
treated cells compared to vehicle-treated cells (Fig. 1B).
Although colocalizationofa2AARwith another cell surface
protein, epidermal growth factor receptor, was detected
(Fig. 1C), clonidine stimulation did not change the degree
of the colocalization between these two proteins (Fig. 1D).

Since APP and a2AAR appear to be located in the same
compartment on the plasma membrane, we next de-
terminedwhether these twoproteinsactually interactwith
each other by co-IP assays. In HEK293 cells coexpressing
APP and HA-a2AAR, but not in cells expressing APP
alone,APPwas coimmunoisolatedwithHA-a2AARby an
anti-HA Ab (Fig. 2A and Supplemental Fig. 1A). Further-
more,whena2AARwasstimulatedwithanagonist,NE(in
the presence of propranolol and prazosin to selectively
activate a2AAR) or clonidine, the level of APP coimmuno-
precipitated with HA-a2AAR was markedly increased
(Fig. 2B). The quantification shows that 5 min of NE
stimulation led to a nearly 5-fold increase in the level of

Figure 1. Agonist stimulation enhances APP and a2AAR colocalization on the plasma membrane. A, B) N2a cells stably expressing
HA-a2AAR were first labeled with primary Abs against HA (rat) and APP (22C11, mouse) and then treated with vehicle or 1 mM
clonidine for 5 min. After treatment, cells were fixed and stained with fluorescence-conjugated secondary Abs. A) Representative
images showing localization of HA-a2AAR and endogenous APP in cells. B) Quantification of colocalization between APP and
a2AAR, using Pearson’s coefficient. Data are means6 SEM (n = 11–23 cells per condition). **P, 0.01 (Student’s t test). C, D) N2a
cells stably expressing the HA-a2AAR were first labeled with primary Abs against HA and then stimulated. Cells were fixed,
permeabilized, and incubated with rabbit anti–epidermal growth factor receptor Ab, followed by fluorescence-conjugated
secondary Abs. C) Representative images showing localization of HA-a2AAR and endogenous APP in cells. D) Quantification of
colocalization between APP and a2AAR, using Pearson’s coefficient. Data are means6 SEM (n = 12–14 per condition). Scale bars, 10 mm.
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APP in the IP complex over the control (Fig. 2C).We then
tested the interaction between APP (endogenously
expressed) and HA-a2AAR (exogenously transfected) in
N2a cells by co-IP with an APP Ab. To control the spec-
ificity of the IP assays, we generated anN2a cell linewith
the App gene inactivated (APP-KO) using the CRISPR/
Cas9 technique (Fig. 2D). In control N2a cells (generated
in parallel with the empty CRISPR vector), but not in
APP-KO cells, HA-a2AAR was coimmunoisolated with
APP by an anti-APPAb, and the amount of a2AAR in the
immunoprecipitation complex was further increased by
NE stimulation (Supplemental Fig. 1B). Together, these
results indicate that a2AAR and APP form a complex in
cells and activation of a2AAR enhances the formation of
this complex.

We further examined the interaction between en-
dogenous APP and a2AAR in vivo in the brain by
exploiting an HA-a2AAR-knock-in mouse line that we
had generated (24). Mice were injected with saline or
one of 3 differenta2 agonists: clonidine, guanfacine, and
UK14304 (1 mg/kg, i.p.). One hour after injection, the
cortices were collected, lysed, and subjected to co-IP
assays using anHAAb. Stimulationwith any one of the
3 agonistsmarkedly increased the amount of APP in the
IP complex with a2AAR (Fig. 2E). These data clearly
demonstrate endogenous interaction between APP and
a2AR in the mouse brain, which is promoted by a2AR
agonist treatment.

APP and a2AAR directly interact through their
intracellular domains

We have reported that the 3iloop of a2AAR can interact
withmultiple regulatory proteins (16–18).We therefore
sought to test whether this region is also involved in the
interaction with APP. We performed co-IP assays with
HEK293 cells coexpressingAPPandHA-taggedmutant
a2AAR with the 3iloop deleted (HA-a2AAR-D3iloop)
(30). The removal of the 3iloop significantly decreased
the level of APP coimmunoprecipitated with a2AAR
(Fig. 3A,B), indicating that this portion of the receptor is
essential for its interaction with APP. This result also
suggests that the interaction between APP and a2AAR
likely occurs intracellularly. In this case, the intracel-
lular domain of APP would be necessary for its in-
teractionwitha2AAR. To test this idea,we examined the
interaction between HA-a2AAR and Flag-tagged mu-
tant APP, in which the C-terminal intracellular domain
was deleted. Although we readily detected the full-
length APP in the IP complex with a2AAR, we failed to
detect the APPDC-a2AAR interaction in parallel exper-
iments using the same experimental conditions (Fig. 3C,
D), suggesting the requirement of APP-C for interaction
with a2AAR. Furthermore, when coexpressedwithHA-
a2AAR, the C99 fragment of APP, which contains the
transmembrane and intracellular domains of APP, also
formed a complex with the receptor (Fig. 3E). Complex

Figure 2. a2AAR agonists promote complex formation between APP and a2AAR in cells and in the mouse brain. A–C) HEK293
cells coexpressing APP with or without HA-a2AAR were treated with 10 mM NE (plus 1 mM prazosin and 1 mM propranolol),
clonidine (1 mM), or vehicle. Cell lysates were then subjected to co-IP assays with anti-HA affinity matrix. A, B) Representative
Western blots. C) Quantification of the amount of APP coimmunoprecipitated with HA-a2AAR in cells treated with NE for 5 min.
Data (means 6 SEM) are expressed as fold change compared with vehicle control (defined as 1.0) (n = 8 in each group). **P ,

0.01, NE vs. control (Student’s t test). D) Control or APP-KO N2a cells expressing HA-a2AAR were stimulated with vehicle or
10 mM NE (plus 1 mM prazosin and 1 mM propranolol) for 5 min. Cell lysates were subjected to co-IP assays using an anti-APP Ab.
Representative Western blots are shown. E) Adult HA-a2AAR-knock-in mice were injected (i.p. with saline or 1 mg/kg of
clonidine, guanfacine, or UK14304). At 1 h after injection, cortices were dissected and homogenized. Cortical lysates were
subjected to IP assays using anti-HA matrix. Representative Western blots are shown.
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formation between a2AAR and C99 seemed not to be
affected by agonist stimulation of the receptor.

We next examined whether the a2AAR 3iloop and
C-terminal intracellular domain of APP directly interact
with each other by in vitro GST pull-down assays.
[35S]-labeled, in vitro translated a2AAR-3iloop was suc-
cessfully pulled downwith purifiedGST-fusedAPP-C but
not with GST alone (Fig. 3F). Taken together, these results
reveal a direct interaction between APP and a2AAR that
requires the intracellular domains of these 2 proteins.

APP reduces agonist-dependent endocytosis
of a2AAR

Having discovered this novel a2AAR–APP interacting
pair, we next sought to determine the impact of this in-
teraction on receptor trafficking and signaling. We first
examined agonist-induced endocytosis of the receptor
using a receptor prelabeling method that we have

described in several publications (24, 25, 28). We used 2
different types of cell lines, HEK293 and N2a, for these
studies, taking advantage of thedifferent expression levels
of endogenousAPP in these cell lines. InHEK293 cells, the
endogenous APP level is very low and undetectable by
Western blot (Fig. 4A). In these cells, a significant portion
of a2AAR internalized after treatment with NE (in the
presence of prazosin and propranolol), as detected using 2
independent methods, intact cell surface ELISA (Fig. 4B)
and Ab-prelabeling immunofluorescence (Fig. 4C). The
expressionof exogenousAPP inHEK293cells significantly
reduced the amount of a2AAR that was internalized after
NE treatment for both 10 and 30 min when compared to
that in vehicle-treated control cells in both intact cell sur-
face ELISA (Fig. 4B) and Ab-prelabeling immunofluores-
cence assays (Fig. 4C, D).

Contrary to HEK293 cells, N2a cells have a relatively
high level of endogenous APP (Figs. 2D and 5A).We used
siRNAs againstAPP to knockdown its expression in these
cells (Fig. 5A) and examined a2AAR endocytosis in

Figure 3. APP and a2AAR interact through their intracellular domains. A, B) Deletion of the a2AAR 3iloop significantly reduced
its ability to interact with APP. HEK293 cells coexpressing APP with HA-a2AAR or HA-a2AAR-D3iloop were treated with 10 mM NE
(plus 1 mM prazosin and 1 mM propranolol) or vehicle for 5 min. Cell lysates were subjected to IP assays with an HA Ab.
A) Representative Western blots. B) Quantification of the amount of APP in the IP complex. Data (means 6 SEM) are expressed
as fold change vs. vehicle control (defined as 1.0) (n = 3 in each group). *P, 0.05; **P, 0.01 (Student’s t test). C, D) Removal of
the APP-C abolished its interaction with the a2AAR. HEK293 cells coexpressing HA-a2AAR with APP or APPDC were treated with
10 mM NE (plus 1 mM prazosin and 1 mM propranolol) or vehicle for 5 min. Cell lysates were subjected to IP assays.
C) Representative Western blots. D) Quantification of the amount of APP and APPDC in the IP complex. Data (means6 SEM) are
expressed as fold change vs. vehicle control (defined as 1.0) (n = 3 in each group). **P , 0.01 (Student’s t test). E) The C99
fragment of APP formed a complex with HA-a2AAR. HEK293 cells coexpressing C99, with or without HA-a2AAR were stimulated
with vehicle or 10 mM NE (plus 1 mM prazosin and 1 mM propranolol), and cell lysates were subjected to IP assays. Representative
Western blots are shown. F) In vitro GST pull-down assay showing direct interaction between the a2AAR 3iloop and APP
C-terminal domain. Purified GST or GST-fused APP-C was incubated with [35S]-labeled, in vitro translated a2AAR-3iloop. Input
probe represents one-tenth of the total input in each reaction.
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response to the agonist clonidine. In N2a cells transfected
with siRNA1,a2AAR internalization in response to 30min
of clonidine stimulation was significantly increased com-
paredwith that in cells treatedwith scrambled siRNA(Fig.
5B, C). Similar results were obtained with siRNA2 (data
not shown). We further examined a2AAR internalization
in APP-KO N2a cells, in which NE-induced a2AAR in-
ternalizationwas significantly enhanced compared to that
in control cells that were generated in parallel with
the empty CRISPR vector (Fig. 5D, E). Taken together,
our experiments using both gain- and loss-of-function

approaches strongly suggest that APP reduces agonist-
dependent endocytosis of a2AAR and stabilizes the re-
ceptor on the cell surface.

APP enhances a2AAR signaling intensity
and duration

We next addressed how APPmay affect a2AAR signaling
bymeasuringa2AAR-mediatedERK1/2 activation,which
is a G-protein-dependent process (18, 31). In HEK293 cells

Figure 4. Overexpression of
APP in HEK293 cells reduces
a2AAR internalization. HEK293
cells were cotransfected with
cDNA vectors encoding HA-
a2AAR, together with APP or
empty vector. A) Western blot
image showing expression of
exogenous APP in HEK293
cells, which have a very low
level of endogenous APP. B)
Internalization of cell surface
HA-a2AAR was assessed by in-
tact cell surface ELISA. Inter-
nalization is indicated by the
decrease in the percentage of
surface receptor (with t = 0 set
as 100%). Data are means 6

SEM (n = 4 per condition).
*P , 0.05 by Sidak’s multiple
comparisons test; **P , 0.01 by
2-way ANOVA. C, D) Internali-
zation of HA-a2AAR was exam-
ined by an Ab-prelabeling
method. C) Representative im-
ages showing internalization of
cell surface HA-a2AAR after
10 mM NE treatment (plus 1 mM
prazosin and 1 mM proprano-
lol). Arrows: perinuclear punc-
tate staining, which is indicative
of endocytosed receptors. Scale
bars, 5 mm. D) Quantitation of
a2AAR endocytosis. Data are
means 6 SEM (n = 17–23 cells
per condition). *P, 0.05, ***P,

0.001 (Student’s t test).
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expressing exogenous APP, 5 min treatment of NE (in the
presenceofprazosinandpropranolol)wasable to inducea
significantly higher level of ERK1/2 activation (reflected
by p-ERK/t-ERK ratio) compared to that in control cells
(Fig. 6A, B). Moreover, the decrease in ERK1/2 signals
from the 5-min (peak) to 10-min time point (indicating
signal desensitization) in APP-overexpressing cells was
reduced compared with that in control cells (Fig. 6A, C).
On the other hand, a2AAR-mediated ERK1/2 activation
after 5 min NE treatment was significantly reduced in
APP-KO N2a cells compared with that in control cells
transfectedwith the emptyvector (Fig. 7A,B). In addition,
loss of APP led to a stronger reduction of ERK1/2 signals
from the 5- to 10-min time point, compared with that in
control cells transfectedwith the emptyvector (Fig. 7A,C).
Taken together, our data suggest that the presence of APP
both strengthens and prolongs a2AAR signaling.

APP interaction with the a2AAR competes with
arrestin binding to the receptor

Because APP affects endocytosis and desensitization of
a2AAR, which are arrestin-dependent processes (18, 21,
32), we speculate that the APP-a2AAR interaction may

alter the a2AAR interaction with arrestin 3. We first
examined arrestin 3 translocation after a2AAR stimu-
lation by NE in N2a cells. In control cells transfected
with the empty vector, 10 min NE treatment (in the
presence of prazosin and propranolol) induced a slight
but significant translocation of the endogenous arrestin
3 from cytoplasm to the plasma membrane (Fig. 8A, B).
However, in APP-KO cells, almost all visible arrestin 3
was translocated to the plasma membrane after a2AAR
activation by NE (Fig. 8A, B). These data suggest that
the presence of APP blocks arrestin 3 recruitment to the
a2AAR on the plasma membrane.

We next examined the a2AAR-arrestin 3 interaction
in HEK293 cells, with or without APP overexpression
by co-IP assays. In control cells, we were able to readily
coimmunoisolate GFP-tagged arrestin 3 with HA-
a2AAR using an HAAb, and the amount of arrestin 3 in
the IP complex was enhanced by 5 min of NE stimula-
tion (Fig. 8C,D). However, inAPP-overexpressing cells,
the level of arrestin 3 immunoprecipitated with a2AAR
was significantly reduced compared with that in con-
trols, both with and without NE stimulation (Fig. 8C,
D). These data suggest that APP competes with arrestin
3 for binding to a2AAR.

Figure 5. Loss of endogenous APP in N2a cells increases a2AAR internalization. A–C) N2a cells stably expressing HA-a2AAR were
transfected with APP siRNAs or a scrambled siRNA. Internalization of surface HA-a2AAR was examined by an Ab-prelabeling
method. A) Western blot image showing expression of the knockdown efficiency of scrambled or APP siRNAs. B) Representative
images showing internalization of cell surface HA-a2AAR after 1 mM clonidine treatment for 30 min. Arrows: perinuclear
punctate staining, which is indicative of endocytosed receptors. C) Quantitation of a2AAR endocytosis. Data are means6 SEM (n =
11–13 cells per condition). D, E) a2AAR internalization was examined in APP-KO and control N2a cells. D) Representative images
showing internalization of cell surface HA-a2AAR after 30 min 10 mM NE treatment (plus 1 mM prazosin and 1 mM propranolol).
Arrows: perinuclear punctate staining, indicative of endocytosed receptors. E) Quantitation of a2AAR endocytosis. Data are
means 6 SEM (n = 14–22 cells per condition). **P , 0.01, ***P , 0.001 (Student’s t test). Scale bars, 10 mm.
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Loss of APP promotes arrestin recruitment to
plasma membrane and enhances a2AAR
endocytosis in primary neurons

The above studies demonstrate regulation of a2AAR by
APP in heterologous cells. We next sought to determine
whether such regulation exists in native SCG neurons,
which have a relatively high level of expression of both
APP and a2AAR. siRNA was used to knock down en-
dogenous APP. We first examined translocation of en-
dogenous arrestin 3 after a2AAR stimulation. In control
neurons transfected with scrambled siRNA, 10 min NE
treatment slightly enriched arrestin 3 at the plasma
membrane. However, in neurons with APP knocked
down, almost all detectable arrestin 3 was localized onto
the plasma membrane after NE treatment (Fig. 9A, B).

These data suggest that APP blocks arrestin 3 recruitment
to a2AAR in native neurons.

Taking advantage of our HA-a2AAR-knock-in mouse
line (24), we examined agonist-dependent endocytosis of
endogenousa2AAR in SCGneurons,with orwithoutAPP
knockdown.After 10minofNEstimulation (plusprazosin
and propranolol), internalization of endogenous a2AAR
was significantly increased in neurons treated with the
APP siRNA, compared that in neurons treated with the
scrambled siRNA (Fig. 9C,D). These data suggest that, as
in the heterologous cells tested, APP stabilizes a2AAR to
the cell surface in native neurons.

DISCUSSION

In the present study,we identified a novel function ofAPP
in regulating trafficking and signaling of a GPCR, namely
a2AAR. APP directly interacts with the 3iloop of a2AAR

Figure 6. Overexpression of APP increases the strength and
duration of a2AAR-mediated ERK signaling. HEK293 cells were
cotransfected with cDNA vectors encoding HA-a2AAR together
with APP or empty vector. A) Representative Western blots
showing p- and t-ERK in HEK293 cells, with or without APP
overexpression. B) Quantification of ERK2 activation with 10 mM
NE (plus 1 mM prazosin and 1 mM propranolol) treatment for
5 min. Data (means 6 SEM) are expressed as fold change vs.
control cells expressing empty vector (defined as 1.0). C)
Quantification of the relative change in ERK1/2 activation at
10 vs. 5 min of NE treatment. *P , 0.05, **P , 0.01 (Student’s
t test; n = 8 per group).

Figure 7. KO of endogenous APP in N2a cells decreases the
strength and duration of a2AAR-mediated ERK signaling. A)
Representative Western blots showing p-ERK and t-ERK in
control and APP-KO N2a cells. B) Quantification of ERK2
activation with 10 mM NE (plus 1 mM prazosin and 1 mM
propranolol) treatment for 5 min. Data (means 6 SEM) are
expressed as fold change vs. that in WT control cells (defined
as 1.0). C) Quantification of the relative change in ERK1/2
activation at 10 vs. 5 min of NE treatment. n = 5 in each group.
*P , 0.05, **P , 0.01 (Student’s t test).
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through its C-terminal intracellular domain (Fig. 3). The
APP-a2AAR interaction occurs in an agonist-dependent
fashion in both cultured cells and the mouse brain (Figs. 1
and 2), and competes with arrestin 3 binding to the re-
ceptor (Figs. 8 and 9). Consequently, the presence of APP
blocks arrestin translocation to the plasma membrane
(Figs. 8 and 9) and attenuates arrestin-mediated in-
ternalization (Figs. 4, 5, and 9) and desensitization (Figs. 6
and 7) of a2AAR. Our study provided the first evidence
demonstrating that APP stabilizes a GPCR on the cell
surface and potentiates its signaling. Furthermore, the
APP antagonism of arrestin translocation and a2AAR
endocytosis exists in primary SCG neurons (Fig. 9),

demonstrating the physiologic relevance of APP-a2AAR
interaction.

It has now been well established that non-G-protein-
interactingpartners playa crucial role in fine tuningGPCR
signaling and functions (17, 33–35). The nonvisual arrest-
ins 2 and 3, have been appreciated as universal regulators
of GPCRs (36, 37). Agonist-induced arrestin translocation
from cytosol to the plasma membrane represents a hall-
markofGPCRactivationanddesensitizationofG-protein-
dependent signaling (38–40). Like many GPCRs, agonist
stimulation of a2AAR leads to receptor phosphorylation
by GRK2/3 and subsequent binding of arrestin 3 (17). In
WT N2a cells and SCG neurons, a2AAR activation was

Figure 8. APP reduces the interaction between a2AAR and arrestin in cells. A, B) APP-KO and control N2a cells were simulated
with 10 mM NE (plus 1 mM prazosin and 1 mM propranolol) for 10 min. Endogenous arrestin 3 and APP were examined. A)
Representative image of control and APP-KO N2a cells showing endogenous arrestin. Scale bars, 15 mm. B) Quantification of
arrestin membrane recruitment. Data are means 6 SEM. (n = 16 cells per condition). C, D) HEK293 cells coexpressing HA-a2AAR
and GFP-arrestin 3, together, with or without exogenous APP, were treated with 10 mM NE (plus 1 mM prazosin and 1 mM
propranolol) for 5 min. Cell lysates were subjected to co-IP assays. C) Representative Western blots are shown. D) Quantification
of the amount of arrestin 3 coimmunoprecipitated with HA-a2AAR. Data (means 6 SEM) are expressed as fold change vs. vehicle
control without APP expression (defined as 1.0) (n = 5 in each group). *P , 0.05, **P , 0.01, ***P , 0.001 (Student’s t test).
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able to induce recruitment of only a small portion of
arrestin 3 to the plasma membrane (Figs. 8 and 9).
However, when APP expression is disrupted, by
CRISPR KO or siRNA knockdown, almost all arrestin 3
was translocated to plasma membrane after a2AAR
stimulation (Figs. 8 and 9). Concomitantly, agonist-
induceda2AARendocytosiswas significantly increased
(Figs. 4, 5 and 9). Our experiments thus revealed a novel
role of APP in antagonizing arrestin-mediated regula-
tion of a2AAR in neuronal cells.We have reported that a
dendritic spine-enriched scaffolding protein, spino-
philin, also competeswith arrestin 3 for interactionwith
a2AAR (16, 18). Spinophilin is mainly localized in the
postsynaptic compartment (41, 42), whereas APP has
been shown to localize in both dendrites and axons (43,
44) and can regulate localization and activity of pre-
synaptic membrane proteins such as the high-affinity
choline transporter (45). It is plausible that spinophilin
and APP play a dominant role in different neuronal
compartments in impeding arrestin-mediated regula-
tion of a2AAR.

Regulation of other cell surface receptor-initiated sig-
naling may represent an important mechanism un-
derlyingAPP-elicitedphysiologic functions.APPhasbeen
shown to interact with the NGF receptor, TrkA (46), and
this interaction is critical for TrkA activation in response to
NGF (9). To the best of our knowledge, how APP could
regulate GPCRs has not been investigated. APP has been
reported to interact with 2 other GPCRs, the orphan
GPCR, GPR3, and the prostaglandin E receptor 2 subtype
EP2 (PTGER2), in HEK cells (47). However, whether APP
interactions with these receptors are direct or indirect and
what the functional consequences of such interactions
are on receptor trafficking or signaling remain to be
addressed. In our current study, we showed by multiple
lines of evidence that a direct APP-a2AAR interaction oc-
curs intracellularly in an agonist-promoted manner (Figs.
1–3). Different from the case of GPR3, in which the com-
plex formation between APP and GPR3 can be enhanced
by the presence of arrestin 3 (47), a2AAR interactions with
APP and arrestin 3 seem to be mutually exclusive (Figs. 8
and 9). Such a result is not surprising, given that bothAPP

Figure 9. Loss of APP promotes a2AAR-induced arrestin recruitment to the membrane and a2AAR internalization in primary SCG
neurons. Primary SCG neurons derived from HA-a2AAR-knock-in mice were transfected with APP siRNA or scrambled siRNA and
treated with 10 mM NE (plus 1 mM prazosin and 1 mM propranolol) for 10 min. A) Representative images showing endogenous
arrestin 3 and APP. Scale bars, 25 mm. B) Quantification of arrestin membrane recruitment. Data are means6 SEM. n = 12 cell per
condition. C) Representative images showing internalization of cell surface HA-a2AAR after 10 mM NE (plus 1 mM prazosin and
1 mM propranolol) treatment for 10 min. Arrows: perinuclear punctate staining, which is indicative of endocytosed receptors.
Scale bars, 15 mm. D) Quantitation of a2AAR endocytosis. Data are means 6 SEM (n = 18 cells per condition). **P , 0.01, ***P ,

0.001 (Student’s t test).
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(Fig. 3) and arrestin 3 (16) directly bind to the 3iloop of
a2AAR. Because arrestin-dependent mechanisms are es-
sential for a2AAR internalization and desensitization (17),
by competing for arrestin 3 binding to the receptor (Figs. 8
and 9), APP stabilizes a2AARon the cell surface (Figs. 4, 5,
and 9) and potentiates its signaling (Figs. 6 and 7).

We have demonstrated that stimulation of a2AAR
promotes amyloidogenic processing of APP through ac-
tivation of Gi/o proteins (23). The direct interaction be-
tween APP and a2AARwould bringAPP to the proximity
of a2AAR downstream signaling to modulate its process-
ing route. Meanwhile, such an interaction potentiates
a2AARsignaling, as suggestedby the current study,which
may further facilitate amyloidogenic processing of APP.
The signaling molecules that mediate a2AAR-promoted
APP processing and potential effects of APP-a2AAR in-
teraction on activation of these signaling molecules are
currently under investigation.

As the primary autoreceptor of the noradrenergic neu-
rons, a2AAR plays a key role in controlling the brain
noradrenergic activity and sympathetic outflow (48). In
addition,a2AARactivation in sympatheticneurons inhibits
high-frequency stimulus-induced NE release and reduces
sympathetic tone (48, 49). Pharmacological stimulation
of a2AAR lowers blood pressure and represents an ef-
fective strategy for long-term control of hypertension
(50, 51). Through enhancing a2AAR surface retention
and signaling, APP could influence noradrenergic ac-
tivity and sympathetic tone. Indeed, sympathetic al-
terations have been indicated in APP-deficient mice
(52). Future studies are necessary to understand the
mechanistic contribution of impaired a2AAR signaling
in this process. Nonetheless, our current study using
multiple complementary approaches and native neu-
rons provides new and valuable insights into the
physiologic functions of APP, and may have implica-
tions for understanding sympathetic regulation.
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