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Functional expression of dopamine D2 receptor is
regulated by tetraspanin 7–mediated
postendocytic trafficking
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The dopaminergic system plays an essential role in various functions of the brain, including locomotion,
memory, and reward, and the deregulation of dopaminergic signaling as a result of altered functionality of dopamine D2
receptor (DRD2) is implicated in multiple neurologic and psychiatric disorders. Tetraspanin-7 (TSPAN7) is expressed to
variable degrees in different tissues, with the highest level in the brain, and multiple mutations in TSPAN7 have been
implicated in intellectual disability. Here, we tested the hypothesis that TSPAN7 may be a binding partner of DRD2 that
is involved in the regulation of its functional activity. Our results showed that TSPAN7 was associated with DRD2 and
reduced its surface expression by enhancing DRD2 internalization. Immunocytochemical analysis revealed that
TSPAN7 that resides in the plasma membrane and early and late endosomes promoted internalization of DRD2 and its
localization to endosomal compartments of the endocytic pathway. Furthermore, we observed that TSPAN7 deficiency
increased surface localization of DRD2 concurrent with the decrease of its endocytosis, regardless of dopamine treatment.
Finally, TSPAN7 negatively affects DRD2-mediated signaling. These results disclosed a previously uncharacterized role
of TSPAN7 in the regulation of the expression and functional activity of DRD2 by postendocytic trafficking.—Lee, S.-A.,
Suh, Y., Lee, S., Jeong, J., Kim, S. J., Kim, S. J., Park, S. K. Functional expression of dopamine D2 receptor is regulated by
tetraspanin 7–mediated postendocytic trafficking. FASEB J. 31, 2301–2313 (2017). www.fasebj.org
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Dopaminergic signaling regulates essential functions in
the CNS and peripheral nervous system, including locomotion, memory, motivation, reward-related cognition,
and endocrine secretion. Neurotransmitter/chemical
messenger dopamine exerts its biologic effects via 2 subfamilies of dopamine receptors, D1-like (DRD1 and dopamine D5 receptor) and D2-like (DRD2, dopamine D3
receptor, and dopamine D4 receptor), which trigger distinct biochemical and pharmacologic reactions (1–3). D1like receptors stimulate the activity of adenylyl cyclase and
increase the intracellular level of cAMP by coupling with G
protein a subunit, Gas, whereas D2-like receptors associate
with inhibitory Gai subunit and decrease cAMP levels (1, 4,
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5). DRD1 and DRD2, expressed by the medium spiny neurons in the striatum, are the predominant dopamine receptor subtypes in the brain that are activated by dopamine,
and their integrative function is responsible for the majority
of dopaminergic effects. A number of neurologic and psychiatric disorders, including drug addiction, attention
deficit/hyperactivity disorder, depression, and schizophrenia, are associated with imbalances in dopaminergic
signaling (6–11); therefore, several antipsychotic and neuroleptic drugs that target dopamine receptors have been
developed, some acting as antagonists of D2-like receptors
(12–15), whereas mood-stabilizing drugs exert their effects
by regulating DRD2 functional expression (16).
The tone of dopamine signaling is modulated by the
functional expression of DRD2 on the cell surface that is
regulated by receptor presentation, internalization, and
degradation (17–20). The fate of internalized DRD2 after
response to dopamine remains relatively unclear. Thus,
some studies showed that after agonist binding, DRD2 is
recycled back to the plasma membrane (19, 21), whereas
other studies have demonstrated its lysosomal degradation (20, 22). DRD2 endocytic trafficking upon prolonged
agonist treatment is well accepted as a critical step in the
process of desensitization. Indeed, in vivo experiments
indicate that DRD2 is down-regulated in response to drug
abuse and increased dopamine tone (23, 24). Furthermore,
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the level of cell-surface DRD2 is independently regulated at
endocytosis and lysosomal degradation steps by neural cell
adhesion molecule and dysbindin, which are schizophrenia
susceptibility factors (17, 25). Endocytic trafficking that underlies dopamine-induced desensitization of DRD2 is
tightly controlled by the concerted activity of multiple protein kinases, including GPCR kinase 2, which phosphorylates dopamine receptor–interacting proteins, including
neural cell adhesion molecule, b-arrestin, and dynamin-2
(26, 27). DRD2 undergoes agonist-independent endocytosis
in various cell lines and primary cultured medium spiny
neurons, and it was found that Ras-related protein Rab4 was
involved in the process (19, 21); however, apart from this
finding, the molecular mechanisms that underlie steadystate expression of DRD2 on the plasma membrane and its
postendocytic trafficking after agonist-independent
internalization remain unknown.
Tetraspanins are a family of membrane proteins comprising 33 members in humans, which are known to be
involved in a variety of biologic processes, including
membrane fusion, cell motility, aggregation, and proliferation, by interacting with multiple binding partners in
tetraspanin-enriched membrane microdomains (28–31).
Tetraspanin 7 (TSPAN7) is encoded by the TM4SF2 gene
and belongs to the transmembrane 4 superfamily (TM4SF)
that is characterized by 4 transmembrane domains and a
large extracellular loop (30). TM4SF2 transcripts are
expressed to variable degrees in different tissues, with the
highest levels in the brain (32), especially in the frontal cortex, caudoputamen, and hippocampus (33). TM4SF2, located on Xp11.4, was first described as a candidate gene for
X-linked intellectual disability: it was shown that a truncated
TSPAN7 protein that lacked the fourth transmembrane
domain and cytoplasmic C-terminal tail because of premature stop codons at positions 218 and 192, respectively, is
directly associated with nonsyndromic intellectual disability
(33, 34). TSPAN7 exerts its functions via interaction with
various partners, such as PI4K (35), cellular prion protein
(36), protein interacting with PRKCA 1, glutamate receptor
2, and b1-integrin (37). Thus, TSPAN7 has been shown to be
involved in excitatory synapse development and a-amino3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor trafficking in hippocampal neurons (37).
Here, we show that TSPAN7 associates with DRD2 and
controls the tone of DRD2-mediated dopaminergic signaling by modulating its steady-state endocytosis, which
suggests that TSPAN7 is a regulator of DRD2 functional
expression. The present work discloses a novel role for
TSPAN7 in the fine-tuning of DRD2 surface expression at
the steady-state by endocytic membrane trafficking.
MATERIALS AND METHODS
Plasmids
Human DRD2 long isoform was cloned in EGFP-N1 (Clontech,
Mountain View, CA, USA) as previously described (38). Fulllength DRD2 coding sequence was amplified by PCR and
subcloned into pDsRed-N1 (Clontech). N-terminal Flag-tagged
DRD2 was cloned as described (39), with some modifications:
the 76-bp signal sequence and Flag epitope were fused with
2302
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DRD2 coding sequence and inserted into pcDNA3.1 vector
(Thermo Fisher Scientific, Waltham, MA, USA). Full-length
TSPAN7 coding sequence was amplified from HEK293 cells by
PCR and subcloned into pEGFP-N1 (Clontech), pDsRed-N1
(Clontech), and pFlag-CMV2 (Sigma-Aldrich, St. Louis, MO,
USA). For mouse tspan7 constructs, full-length tspan7 coding
sequence was amplified by using reverse transcription products
generated from CAD cells, subcloned into pFlag-CMV2 (SigmaAldrich). Amplified coding sequences of human binding immunoglobulin protein and syntaxin 6 (STX6) were subcloned
into pEGFP-C1 and pEGFP-N1, respectively. All cloned genes
were verified by DNA sequencing. EGFP-C1-Rab5 (Ras-related
protein) and pHAGE-UBC-LAMP1 (lysosomal-associated
membrane protein 1)-GFP constructs were gifts from Haeryun
Lee and You-Me Kim (Pohang University of Science and
Technology), respectively. Oligonucleotide sequences used to
generate short hairpin RNA (shRNA) were as follows: 59TGTTAACCAGAAGGGTTGTTATTTCAAGAGAATAACAACCCTTCTGGTTAACTTTTTT-39 and 59-AAAAAAGTTAACCAGAAGGGTTGTTATTCTCTTGAAATAACAACCCTTCTGGTTAACA-39 for human TSPAN7-specific shRNA;
and 59-TGTTAATCAGAAGGGCTGTTATTTCAAGAGAATAACAACCCTTCTGGTTAACTTTTTT-39 and 59-AAAAAAGTTAACCAGAAGGGTTGTTATTCTCTTGAAATAACAGCCCTTCTGATTAACA-39 for mouse tspan7-specific shRNA.
These oligonucleotides were annealed and ligated into the
pLentiLox3.7 vector by using HpaI and XhoI sites.
Yeast 2-hybrid screening
Split-ubiquitin membrane yeast 2-hybrid (MYTH) screening
was conducted by using the DUAL membrane kit 3 (Dualsystems Biotech AG, Schlieren, Switzerland) according to
manufacturer instructions. Full-length DRD2 coding sequence was amplified by PCR and cloned into the pBT3-STE
vector (STE2 leader sequence-bait cDNA-Cub-LexA-VP16).
Host Saccharomyces cerevisiae strain NMY51 with the genotype, MATa his3D200 trp1–901 leu2–3,112 ade2 LYS2::
(lexAop)4-HIS3 ura3::(lexAop)8-lacZ ade2::(lexAop)8-ADE2
GAL, was cotransformed with pBT3-STE-DRD2 and human
adult brain cDNA library cloned in pPR3-C (X-NubG; Dualsystems Biotech AG). A total of 3 3 106 cotransformants were
initially screened for growth on synthetic defined medium-Leu2,
Trp2, Ade2, and His2 that contained 30 mM 3-amino-1,2,4-triazol
(Sigma-Aldrich). Plasmids that were isolated from potential positive colonies were amplified in Escherichia coli DH5a and analyzed
by DNA sequencing. For growth test on selective medium,
cotransformants with pBT3-STE-DRD2 and potentially positive
prey clones were resuspended in distilled water, dropped onto a
dried synthetic defined-Leu2, Trp2, Ade2, and His2 medium that
was supplemented with 30 mM 3-amino-1,2,4-triazol, and incubated for 3 d at 30°C. For the classic MYTH assay, we used
various fragments that corresponded to the following regions of
TSPAN7: N-tail (aa 1–16), extracellular loop 2 (aa 113–215), and
C-tail (aa 238–249); and the following regions of DRD2: N-tail (aa
1–36), intracellular loop 3 (aa 217–377), and C-tail (aa 432–443).
Fragments were amplified by PCR and inserted into the SalI and
NotI sites of the pPC97 vector that contained Gal4-DNA binding
domain or the pPC86 vector that contained Gal4 activation domain
(both from Thermo Fisher Scientific). MaV203 yeast cells were
cotransformed with various pPC97- and pPC86-based constructs,
and colony-lifting assays for b-galactosidase expression were
conducted.
Cell culture and transfection
HEK293, SH-SY5Y, and CAD cells were grown in DMEM that
was supplemented with 10% (v/v) fetal bovine serum and
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antibiotics in a 5% CO2 incubator at 37°C. Cells were transfected
by using calcium phosphate coprecipitation or Lipofectamine
2000 (Thermo Fisher Scientific) according to manufacturer instructions. Primary cultures of striatal neurons were established by isolating primitive striatal areas from CrljBgi:CD-1
(ICR) E15 mouse embryos (Hyo-Chang Science, Daegu, South
Korea) in HBSS (Thermo Fisher Scientific) and dissociating
tissues in 0.25% trypsin (Sigma-Aldrich) and 0.1% DNase I
(Sigma-Aldrich) for 15 min at 37°C. Cells were resuspended in
minimum essential medium that was supplemented with
10 mM HEPES (pH 7.4) and 10% (v/v) horse serum, and plated
on cover slips coated with poly-D-lysine. Four hours after
plating, medium was replaced with minimum essential
medium that was supplemented with 2% B27, 2 mM glutamine, and antibiotics. For immunocytochemistry, striatal
neurons were transfected at 7 d in vitro by using Lipofectamine 2000 (Thermo Fisher Scientific) and incubated for an
additional 2 d.
Real-time quantitative PCR
Total RNA was extracted from HEK293 and CAD cells with TriSolution (Bioscience Technology, Seoul, South Korea), and 1 mg
RNA was used to synthesize first-strand cDNA using the
ImProm-II reverse transcription system (Promega, Madison, WI,
USA). cDNA was analyzed by real-time quantitative PCR by
using the StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, USA) and SYBR Premix Ex Taq
(TakaraBio, Shiga, Japan). The following gene-specific primers
were used: TSPAN7 and tspan7, 59-GCATCGAGGAGAATGGAGACC-39 and 59-CACCATCTCATACTGATTGG39; and GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
and gapdh, 59-GGGCATCCTGGGCTACACT-39 and 59TTACTCCTTGGAGGCCATG-3. mRNA level of TSPAN7
and tspan7 was normalized to that of GAPDH and gapdh,
respectively.
Western blotting
Cells were lysed in erythrocyte lysis buffer (50 mM Tris, pH 8.0,
250 mM NaCl, 0.1% NP-40, 5 mM EDTA, 5 mM glycerol-2phosphate, 2 mM sodium pyrophosphate, 5 mM NaF, 2 mM
Na3VO4, 1 mM DTT, EDTA-free protease inhibitor mixture) and
precleared by centrifugation at 12,000 g for 10 min. Supernatants
were denatured in SDS sample buffer by incubation for 30 min at
37°C. Protein extracts were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membrane (Millipore,
Billerica, MA, USA). For immunoblotting, membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline that
contained 0.25% Tween 20 and incubated overnight at 4°C with
primary Abs. Primary Abs against the following proteins were
used: DRD2 (1:800; Abcam, Cambridge, United Kingdom), GFP
(1:10,000 rabbit polyclonal; Molecular Probes, Eugene, OR, USA),
transferrin receptor (TfR; 1:1000; Zymed, San Francisco, CA,
USA), ERK1/2(p42/44) and pERK1/2(p42/44) (1:1000; Cell
Signaling Technologies, Danvers, MA, USA), Flag (1:2000;
Thermo Fisher Scientific), TSPAN7 (1:500; Sigma-Aldrich), and
DRD2 (1:500; H-50), a-tubulin (1:2000, DM1A), and GFP (1:2000,
B-2, mouse monoclonal; all from Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After washing, membranes were incubated with anti-mouse or anti-rabbit horseradish
peroxidase–labeled secondary Abs (1:10,000; Thermo Fisher
Scientific and KPL, Gaithersburg, MD, USA, respectively) for 1
h at room temperature. After final washing, protein bands were
detected by ECL (Bionote, Hwaseong-shi, South Korea). For
quantitation, selected band intensities were densitometrically
quantified by using ImageJ (National Institutes of Health,
Bethesda, MD, USA).
DRD2 EXPRESSION REGULATION BY TSPAN7

Immunoprecipitation
Cell or tissue lysates were incubated with Abs (0.5–1 mg) for 2 h or
overnight at 4°C on a rocking platform, and immunocomplexes
were precipitated by incubation with 100 ml of 10% protein A
agarose (Roche, Mannheim, Germany) in lysis buffer for 90 min
at 4°C with gentle shaking. Precipitates were washed 3 times
with lysis buffer and analyzed by immunoblotting.
Cell-surface biotinylation
HEK293 and SH-SY5Y cells were washed with ice-cold PBS that
contained 2 mM MgCl2 and 0.5 mM CaCl2 (PBS2+) and incubated
with 0.5 mg/ml Sulfo-NHS-SS-biotin (Thermo Fisher Scientific)
for 30 min at 4°C. Biotinylation reaction was quenched by addition of 1 ml quenching solution (Cell Surface Protein Isolation kit;
Thermo Fisher Scientific), and cells were rinsed twice with PBS2+
and lysed with ELB buffer for 30 min at 4°C. After centrifugation
at 12,000 g for 10 min at 4°C, supernatant was incubated with
Neutravidin agarose (Thermo Fisher Scientific) at 4°C overnight under constant agitation. After extensive washing with
ELB buffer, biotinylated proteins were eluted from agarose beads with 23 SDS sample buffer and analyzed by
immunoblotting.
Ab-feeding immunocytochemistry
HEK293 cells cotransfected with Flag-DRD2 and pEGFP-N1 or
TSPAN7-EGFP were incubated with anti-Flag M2 Ab for 20 min
at 37°C in a CO2 incubator. Cells were washed and stimulated
with dopamine (10 mM) for 60 min at 37°C, followed by fixation
with 4% formaldehyde for 10 min and blocking with 5% nonimmune goat serum for 30 min at room temperature. Cell-surface
DRD2 was labeled with secondary Alexa Fluor 568–conjugated
goat anti-mouse IgG (Molecular Probes). To detect internalized
DRD2, cells were permeabilized with 0.1% Triton X-100 for 10
min and blocked with 5% nonimmune goat serum for 30 min at
room temperature. After incubation with secondary Alexa Fluor
647–conjugated goat anti-mouse IgG (1:500) (Molecular Probes),
cells on coverslips were rinsed 3 times with PBS and mounted in
antifade medium (Molecular Probes); cell images were acquired
by using a confocal microscope (LSM 510; Carl Zeiss, Jena,
Germany). For quantification of receptor internalization, the
same image acquisition settings were maintained for all samples. Fluorescence of surface and internalized DRD2 was
measured by using ImageJ by integrating pixel intensities in the
red and blue channels, respectively. Total DRD2 levels were
calculated as the sum of the surface (red) and internal (blue)
fluorescence intensities. For each cell, the level of surfaceremaining DRD2 was defined as the ratio of fluorescence intensity of surface to total level of DRD2.
Immunocytochemistry
Cells were fixed for 10 min in 4% paraformaldehyde in PBS and
blocked for 30 min in 5% goat serum, followed by permeabilization with 0.1% Triton X-100 in PBS. Cells were then
incubated with primary Abs for 1 h at room temperature or
overnight at 4°C, followed by incubation with secondary Alexa
Fluor 488–conjugated goat anti-rabbit IgG and Alexa Fluor
568–conjugated goat anti-mouse IgG (Molecular Probes) for 1 h
at room temperature. Coverslips were rinsed 3 times with PBS
and mounted in antifade medium. Images were obtained by
confocal microscopy (LSM 510; Carl Zeiss), and protein colocalization was quantified by using the ImageJ colocalization plugin
to obtain Pearson’s correlation coefficients. For total internal
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Figure 1. TSPAN7 interacts with
DRD2. A) Reciprocal coimmunoprecipitation of DRD2 and
TSPAN7. Lysates from HEK293
cells transfected with DRD2-EGFP
and Flag-TSPAN7 were subjected
to immunoprecipitation (IP) with
anti-Flag (left) or anti-GFP (right)
Abs. Immunoprecipitates were analyzed by immunoblotting (IB)
with anti-Flag and anti-GFP Abs.
B) Coimmunoprecipitation of endogenous DRD2 and TSPAN7
from lysates of adult mouse
brains. Proteins immunoprecipitated by anti-DRD2 Abs were
analyzed by immunoblotting with
anti-TSPAN7 and anti-DRD2 Abs.
A longer exposure image of
input lane for DRD2 was also
shown (left). C ) Immunocytochemistry analysis of cultured
primary striatal neurons transfected with Flag-TSPAN7 and
DRD2-EGFP was performed using
anti-Flag (red) and anti-GFP
(green) Abs. Scale bars, 10 mm.

reflection fluorescence (TIRF) imaging, SH-SY5Y cells that were
transfected with Flag-DRD2 and TSPAN7-EGFP were fixed with
4% formaldehyde for 10 min and blocked with 5% nonimmune
goat serum for 30 min at room temperature. Cells were incubated
with anti-Flag Ab for 1 h at room temperature, followed by application of Alexa Fluor 568–conjugated secondary Ab to label
cell surface DRD2s. TIRF imaging was performed on an Olympus IX-71 inverted microscope (Olympus, Tokyo, Japan). Lights
from 2 sapphire lasers (lines 488 and 532 nm) were introduced
into the sample by a high numerical aperture objective lens
(3100, 1.49 NA; Olympus). EGFP and surface DRD2-dependent
Alexa Fluor 568 signals were selected by using FF02-520/28-25
(Semrock, Rochester, NY, USA) and Q565lp (Chroma, Bellows
Falls, VT, USA) filters, respectively. Images were acquired on a
back-illuminated iXon EMCCD camera, model DU897-BV
(Andor Technology, Belfast, United Kingdom), and analyzed
by ImageJ.

concentration determined by the Coomassie protein assay
(Bradford).
Statistical analysis
All statistical analyses were performed by using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Data obtained
in 2 different experimental conditions were compared by
unpaired 2-tailed Student’s t test or 1-way ANOVA followed
by Bonferroni’s multiple comparison test. All data are presented as means 6 SEM. A value of P , 0.05 was considered
statistically significant.

RESULTS
TSPAN7 directly interacts with DRD2

cAMP assay
Transfected HEK293 and CAD cells were pretreated with 10 mM
rolipram (Sigma-Aldrich) for 1 h, then treated with 0.1 mM forskolin (Sigma-Aldrich) and increasing concentrations of dopamine (Sigma-Aldrich) for 30 min. SH-SY5Y cells were treated
with 10 mM rolipram for 1 h, then treated with 0.1 mM forskolin
and 10 mM quinpirole for 1 h. Cells were lysed in 0.1 M HCl and
analyzed for intracellular cAMP levels by using cAMP ELISA kit
(Enzo Life Sciences, New York, NY, USA) according to manufacturer instructions. Results were normalized to protein
2304
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In search of new interaction partners for DRD2, we
employed split-ubiquitin MYTH screening, which is
designed to detect a broad spectrum of interactions between integral membrane proteins (40, 41). MYTH
screening was performed by using human adult brain
cDNA library (DualSystems Biotech, Schlieren,
Switzerland) with full-length human DRD2 as the bait;
potential positive colonies were selected by using auxotrophic growth markers, HIS3 and ADE2. Prey plasmids were
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recovered from yeast and corresponding genes were
identified by sequencing. As a result, a clone that encodes
aa 110–249 of TSPAN7 was identified as a potential
interacting partner of full-length DRD2. Although we
were not able to recover the factors previously known to
be involved in DRD2 trafficking from the screening, we
identified multiple clones that were previously undetected as a binding partner of DRD2, including adaptorrelated protein complex4 b1 subunit and Rho guanine
nucleotide exchange factor 25 (ARHGEF25), which demands further characterization. As confirmation of the
interaction of DRD2 and TSPAN7 in the mammalian cell
context, we detected reciprocal coimmunoprecipitation of
DRD2-EGFP and Flag-TSPAN7 from transfected HEK293
cell lysates (Fig. 1A). Higher MW of DRD2-EGFP
(expected MW; DRD2-EGFP, 80 ; 85 kDa; FlagTSPAN7, 28 kDa) is likely a result of a high level of glycosylation and strong hydrophobicity of DRD2 (18, 42,
43). Consistently, endogenous DRD2 and TSPAN7 were
coimmunoprecipitated from adult mouse brain lysates
(Fig. 1B), which suggested that TSPAN7 forms a complex
with DRD2 in vivo. Furthermore, examination of DRD2
and TSPAN7 subcellular localization in cultured striatal
neurons revealed that DRD2 colocalized with TSPAN7 at
the somata and along neurites, which confirmed the association of these 2 proteins in neurons (Fig. 1C).

TSPAN7 promotes DRD2 internalization
It has been demonstrated that some tetraspanins form
complexes with and regulate functions of membrane
proteins, including GPCRs and ion channels (37, 44, 45),
and that the surface expression and signaling of DRD2, a G
protein receptor, is regulated by dopamine receptor–
interacting proteins (25, 46). Therefore, we examined the
functional importance of the interaction between TSPAN7
and DRD2 by coexpressing them on the surface of HEK293
cells. As shown in Fig. 2A, cotransfection with TSPAN7
caused relocation of DRD2 from the cell surface to intracellular compartments. Indeed, quantitative analysis
of DRD2 membrane expression by surface biotinylation
assay revealed a significant reduction of DRD2 surface
signal caused by TSPAN7 coexpression (Fig. 2B). These
results suggest that TSPAN7 promotes internalization of
DRD2.
To determine whether the decrease in surface-expressed
DRD2 was the result of changes in postendocytic trafficking, we characterized the colocalization of DRD2 and
TSPAN7 on the cell surface by using TIRF imaging. To
focus on surface-specific DRD2, SH-SY5Y cells that
expressed N-terminal Flag-tagged DRD2 and TSPAN7EGFP were fixed and incubated with mouse monoclonal
anti-Flag Abs followed by anti-mouse Alexa Fluor

Figure 2. TSPAN7 reduces surface localization of DRD2. A)
Immunocytochemistry analysis
of HEK293 cells transfected
with DRD2-EGFP and FlagTSPAN7 or Flag-CMV2 was performed by using anti-GFP and
anti-Flag Abs; nuclei were
stained with Hoechst dye
(blue). Scale bars, 10 mm.
B) Surface biotinylation assay of HEK293 cells transfected
with DRD2-EGFP and FlagTSPAN7. Biotin-labeled surface
proteins (surface) and total
proteins (total) were detected
by immunoblotting (IB). Data
are presented as means 6 SEM.
*P , 0.001 by 2-tailed Student’s
t test (n = 3).

DRD2 EXPRESSION REGULATION BY TSPAN7
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568–conjugated secondary Ab under nonpermeabilized
condition. The partial but considerable colocalizations
between TSPAN7-EGFP and surface-labeled DRD2 at
the TIRF layer was observed, which suggested that
fractions of DRD2 and TSPAN7 colocalize in the cell
membrane (Supplemental Fig. S1A). We next examined
the internalization rate of DRD2 in the presence or absence of TSPAN7. Surface DRD2 was labeled with antiFlag Ab on live cells, then challenged with dopamine to
trigger agonist-induced receptor internalization and
analyzed for surface or intracellular colocalization of
DRD2 with TSPAN7. Confocal images demonstrated
that cytosolic DRD2 colocalized with TSPAN7 in the cell
cytoplasm (Fig. 3A), which indicated that TSPAN7
remained associated with DRD2, at least in part, after
internalization. Moreover, the level of remaining surface
DRD2 was significantly lower compared with that of
TSPAN7-untransfected cells regardless of dopamine
stimulation (Fig. 3B). To rule out the possibility of nonspecific effect resulting from abnormally high expression
level of DRD2 and TSPAN7, we examined the effect
of TSPAN7 coexpression at lower levels on DRD2

localization. When cells were cotransfected with DRD2
and TSPAN7 at a low level, TSPAN7-dependent increase
in the level of internal DRD2 was consistently observed
(Supplemental Fig. S1B). Moreover, to test whether dopamine treatment affects formation of DRD2-TSPAN7
complex, we performed coimmunoprecipitation experiments by using lysates of transfected HEK293 cells followed by challenging with dopamine. Quantitative
analysis of immunoblotting on immunoprecipitates
showed that DRD2 and TSPAN7 form a protein complex
independent of dopamine treatment (Supplemental Fig.
S1C), which further supported that TSPAN7 augments intracellular trafficking of DRD2 in a dopamine-independent
manner.
TSPAN7 guides DRD2 trafficking to
endocytic compartments
Membrane expression of TSPAN7 has been established;
however, its intracellular localization has not been explored (36, 37). As endocytosed DRD2 is known to be
targeted to lysosomes for degradation by postendocytic

Figure 3. TSPAN7 enhances internalization of DRD2. A) HEK293 cells cotransfected with Flag-DRD2 and TSPAN7-EGFP or
pEGFP-N1 construct were incubated with mouse monoclonal anti-Flag Ab to detect cell-surface DRD2 in live cells followed by
treatment with 10 mM dopamine (DA) for 60 min. After ﬁxation, surface DRD2 was labeled with secondary Alexa Fluor
568–conjugated goat anti-mouse IgG under nonpermeabilized condition. Cells were then permeabilized and incubated with
secondary Alexa Fluor 647–conjugated goat anti-mouse IgG to detect internalized DRD2. Scale bars, 10 mm. In merged images,
colocalization of internal DRD2 (pseudo-colored with red) with TSPAN7-EGFP was observed predominantly in intracellular
puncta. B) The level of remaining surface DRD2 was calculated as the ratio of surface ﬂuorescence intensity to total ﬂuorescence
intensity and normalized to that of pEGFP N1-transfected control cells treated with vehicle. Data are presented as means 6 SEM.
***P , 0.001 by 1-way ANOVA (n = 35).
2306
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trafficking, we tested whether TSPAN7 was also localized to endosomal compartments in HEK293 cells. Immunofluorescence analysis revealed that TSPAN7 was
partially localized to the trans-Golgi (STX6-positive)
network and to a subset of endosomal compartments,
including early (Rab5-positive) and late (LAMP1positive) endosomes, but not to TfR-positive recycling
endosomes (Fig. 4). Consistently, early (Rab5-positive)
and late (LAMP1-positive) endosomes colocalized with
TSPAN7 along the neurites of primary cultured striatal
neurons (Supplemental Fig. S2). We next determined
whether internalized DRD2 was transported to
TSPAN7-enriched intracellular compartments in the
endocytic pathway by examining the colocalization of
Flag-tagged DRD2 and GFP-tagged organelle markers
in the presence or absence of TSPAN7. As shown in
Fig. 5, DRD2 signals were partially but significantly
colocalized with early and late endosomes and the
trans-Golgi compartment, but not with the Bippositive endoplasmic reticulum network, which was
confirmed by Pearson’s correlation analysis. Taken
together, these results indicate that TSPAN7 guides
DRD2 transport from the cell surface to the endocytic
pathway.
TSPAN7 deficiency increases the surface level
of DRD2 by reducing its internalization
To investigate the role of TSPAN7 in the regulation of
DRD2 surface expression, we blocked TSPAN7 synthesis in HEK293 cells with human-specific shRNA
as evidenced by quantitative RT-PCR (Fig. 6A). Cellsurface biotinylation assay revealed that the membrane level of DRD2-EGFP was augmented by TSPAN7

knockdown (Fig. 6B). This observation was corroborated
by the Ab-feeding immunocytochemistry analysis,
which showed that internalization of Flag-DRD2 in
TSPAN7-deficient cells was decreased regardless of dopamine treatment (Fig. 6C). To verify the physiologic role
of TSPAN7 in the regulation of endogenous DRD2
surface expression, we examined the effect of TSPAN7
knockdown on the level of endogenous DRD2 surface
expression by using cell-surface biotinylation assay. As
shown in Fig. 6D, we consistently detected a significant decrement in the level of endogenous DRD2 on
the cell surface upon TSPAN7 silencing in SH-SY5Y
cells, a human neuroblastoma cell line. Collectively,
these findings suggest that TSPAN7 is involved in the
regulation of DRD2 constitutive endocytic trafficking, thereby affecting DRD2 expression on the cell
surface.
DRD2-mediated signaling is modulated
by TSPAN7
As membrane localization of DRD2 is a key factor regulating dopamine-induced signaling, we investigated
whether TSPAN7 affected processes downstream of
DRD2. Down-regulation of adenylyl cyclase by DRD2
coupling with the inhibitory GaI protein is a direct
downstream consequence of receptor signaling (4, 5);
therefore, we examined the effect of TSPAN7 knockdown
on the inhibition of forskolin-stimulated cAMP accumulation. As shown in Fig. 7Aa, in TSPAN7-deficient cells,
dopamine stimulation caused significantly stronger inhibition of cAMP production compared with control cells
(53.02 6 4.14 vs. 25.67 6 6.92%, respectively), whereas
no difference in dopamine half-maximal inhibitory

Figure 4. TSPAN7 is localized in
early and late endosomal compartments. Immunocytochemistry analysis of HEK293 cells
transfected with Flag-TSPAN7
and EGFP-tagged STX6, Rab5,
and LAMP1 was performed by
using anti-Flag, anti-GFP, and
anti-TfR Abs. Scale bars, 10 mm.
STX6, Rab5, LAMP1, and TfR
are the markers of the transGolgi network and early, late,
and recycling endosomes,
respectively.
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Figure 5. TSPAN7 promotes intracellular localization of DRD2 to endosomal compartments of the endocytic pathway.
Immunocytochemistry analysis of HEK293 cells transfected with DRD2-DsRed and EGFP-tagged STX6, Rab5, LAMP1, and Bip1,
together with Flag-CMV2 or Flag-TSPAN7 (ratio, 1:3) was performed by using anti-GFP Ab. Bip1 marks the endoplasmic
reticulum. Data are presented as means 6 SEM. **P , 0.01, ***P , 0.001 by 2-tailed Student’s t test (n = 13 for Rab5, STX6,
LAMP1; n = 3 for Bip1).

concentration was observed (Fig. 7Ab). These results
indicate that TSPAN7 negatively affects DRD2mediated cAMP production without changing dopamine potency.
Because it has been reported that dopamine-induced
DRD2 signaling activates ERK1/2 (47–49), we examined the effect of TSPAN7 on DRD2-mediated ERK1/2
activation. As shown in Fig. 7B, dopamine-induced
phosphorylation of ERK1/2 in DRD2-transfected cells
was abolished by coexpression of TSPAN7, which
2308
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indicated that TSPAN7 attenuated DRD2-mediated
ERK1/2 activation. Moreover, TSPAN7 knockdown
led to a significant reduction in dopamine-stimulated
ERK1/2 phosphorylation compared with control (Fig.
7C), which suggested that TSPAN7 functioned by
regulating DRD2-mediated ERK1/2 activation. To ascertain whether TSPAN7 modulates the functionality
of DRD2 across species, we generated shRNA construct
that targeted the mouse form of TSPAN7 (mTSPAN7) and
validated the efficient knockdown of tspan7 gene in CAD
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Figure 6. TSPAN7 deﬁciency increases the surface level of DRD2 and attenuates its internalization. A) Efﬁcacy of TSPAN7-speciﬁc
shRNA. HEK293 cells were transfected with control (ctl) or TSPAN7 (TS7) shRNA for 72 h and analyzed for expression of
TSPAN7 mRNA by quantitative RT-PCR. Data are presented as means 6 SEM. **P , 0.01 by 2-tailed t test (n = 3). B) Surface
biotinylation of HEK293 cells cotransfected with DRD2-EGFP and TSPAN7 shRNA or ctl shRNA. Biotin-labeled surface proteins
(surface) and total proteins (total) were detected by immunoblotting (IB). Data are presented as means 6 SEM. *P , 0.05 by
2-tailed Student’s t test (n = 6). C ) Quantiﬁcation of remaining surface Flag-DRD2 in HEK293 cells. HEK293 cells were
transfected with Flag-DRD2, together with TSPAN7 shRNA or ctl shRNA for 72 h. Live cells were incubated with mouse
monoclonal anti-Flag Ab to label cell-surface Flag-DRD2 and treated with 10 mM dopamine (DA) or vehicle. Cells were then
stained with secondary Alexa Fluor 568– and 647–conjugated goat anti-mouse IgG before and after permeabilization,
respectively. The remaining surface Flag-DRD2 was calculated as the ratio of surface ﬂuorescence intensity to total ﬂuorescence
intensity. Data are presented as means 6 SEM. NS, not signiﬁcant. *P , 0.05 by 1-way ANOVA (n = 35 for Flag-DRD2 with ctl
shRNA-DA; n = 18 for Flag-DRD2 with ctl shRNA + DA; n = 32 for Flag-DRD2 with TSPAN7 shRNA-DA; n = 17 for Flag-DRD2 with
TSPAN7 shRNA + DA). D) Surface biotinylation of SH-SY5Y cells transfected with TSPAN7 shRNA or ctl shRNA. After 72 h,
biotin-labeled surface proteins (surface) and total proteins (total) were detected by immunoblotting. GAPDH, glyceraldehyde
3-phosphate dehydrogenase. Data are presented as means 6 SEM. *P , 0.05 by 2-tailed Student’s t test (n = 3).

mouse neuroblastoma cells (Supplemental Fig. S3A, B).
Consistent with previous observations in heterogeneous
HEK293 cells, the level of the activated form of ERKs was
significantly increased in mTSPAN7-deficient CAD cells
transfected with DRD2-EGFP upon dopamine treatment
(Supplemental Fig. S3B). Moreover, TSPAN7 knockdown
resulted in a significant increase in DRD2-mediated inhibition of forskolin-stimulated cAMP production followed by dopamine treatment (Supplemental Fig. S3C).
To further confirm the physiologic role of TSPAN7 in
regulation of endogenous DRD2, we examined the level
of activated ERKs followed by challenging with DRD2
agonist, quinpirole. As shown in Fig. 7D, TSPAN7
knockdown significantly exaggerated the level of phosphorylated ERKs in response to quinpirole treatment. Indeed, TSPAN7-deficient cells exhibited reduced cAMP
levels upon quinpirole stimulation (Fig. 7E), which suggested a regulatory role for TSPAN7 in functionality of
DRD2 in the physiologic conditions. These results collectively indicate that TSPAN7 modulates DRD2-mediated
DRD2 EXPRESSION REGULATION BY TSPAN7

dopamine signaling by controlling DRD2 expression on
the cell surface.

DISCUSSION
In the present study, our results show that TSPAN7
physically interacts with DRD2 and that TSPAN7 residing in the plasma membrane and early and late
endosomes promoted internalization of DRD2 and
its localization to endosomal compartments of the
endocytic pathway. Furthermore, we observed that
TSPAN7 silencing in HEK293 cells increased the surface localization of transiently expressed DRD2 concurrent with the decrease of its endocytosis regardless
of dopamine treatment. Finally, TSPAN7 negatively
affects DRD2-mediated signaling. These regulatory
effects of TSPAN7 silencing on surface localization
and intracellular signaling of transiently transfected
DRD2 were recapitulated in endogenous DRD2. These
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Figure 7. DRD2-mediated
signaling is modulated by
TSPAN7. A) HEK293 cells
were cotransfected with
DRD2-EGFP and control
(ctl) or TSPAN7 (TS7)
shRNA, pretreated with 10
mM rolipram for 1 h, then
cotreated with 0.1 mM forskolin and increasing concentrations of dopamine
(DA) for 30 min. a) cAMP
accumulation analyzed by
nonlinear regression. b) No
signiﬁcant differences in dopamine response were detected between control and
TSPAN7-defcient cells (average 2log EC50 values: 8.66 6
0.85 and 7.51 6 0.31, respectively). Data are presented as means 6 SEM. NS,
not signiﬁcant. *P , 0.05 by
2-tailed Student’s t test (n =
7). B) HEK293 cells were
cotransfected with DRD2EGFP and Flag-TSPAN7 or
Flag-CMV2 construct, treated with 10 mM DA for 5 min,
and analyzed for ERK1/2
activation by immunoblotting (IB) with Abs against
phosphorylated or total
ERK1/2. The ratio of phosphorylated to total ERK1/2
was normalized to that of
vehicle-treated control. Data
are presented as means 6
SEM. ***P , 0.001 by 1-way
ANOVA (n = 3). C ) TSPAN7
knockdown increased ERK1/2
phosphorylation. HEK293
cells were cotransfected
with DRD2-EGFP and ctl
or TSPAN7 shRNA, treated
with indicated concentrations of DA, and analyzed
by immunoblotting with
Abs against phosphorylated or total ERK1/2. The
ratio of phosphorylated to
total ERK1/2 was normalized to that of vehicle-treated
control. Data are presented
as means 6 SEM. **P , 0.01
by 1-way ANOVA (n = 3). D)
TSPAN7 knockdown led to
an increase in quinpiroleinduced ERK1/2 phosphorylation. SH-SY5Y cells were transfected with ctl or TSPAN7 shRNA for 72 h, treated with 10 mM
quinpirole for 5 min, and analyzed by immunoblotting with Abs against phosphorylated or total ERK1/2. The ratio of
phosphorylated to total ERK1/2 was normalized to that of vehicle-treated control. Data are presented as means 6 SEM. *P , 0.01,
***P , 0.001 by 1-way ANOVA (n = 3). E ) SH-SY5Y cells were transfected with ctl or TSPAN7 shRNA for 72 h, treated with 10 mM
rolipram for 1 h and followed by 10 mM quinpirole or vehicle with 0.1 mM forskolin for 1 h. Data are presented as means 6 SEM.
***P , 0.001 by 2-tailed Student’s t test (n = 3).

results disclosed a previously uncharacterized role for
TSPAN7 in the regulation of dopamine signaling by
controlling the steady-state level of DRD2 on the plasma
membrane via postendocytic trafficking.
2310
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We identified TSPAN7 as a binding partner of DRD2 by
using split-ubiquitin MYTH screening that enabled systematic investigation of protein interaction using
membrane-expressed proteins as bait. Specifically,
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the clone recovered from the screening encoded extended
regions of TSPAN7, including a part of the third transmembrane domain, extracellular loop 2, fourth transmembrane segment, and C-terminal cytoplasmic tail;
however, it remains unclear whether the interaction between DRD2 and TSPAN7 is mediated by specific hydrophilic regions outside the transmembrane domain,
which are essential for endocytosis and postendocytic
trafficking of DRD2. To address this question, we performed the classic MYTH assay using hydrophilic fragments of both proteins, including the N- and C-terminal
cytoplasmic domains, extracellular loop 2 of TSPAN7,
and the N- and C-terminal cytoplasmic domains and the
third intracellular loop of DRD2 (data not shown); however, we did not detect interaction-dependent activation
of the reporter gene. Thus, it is conceivable that TSPAN7
may associate with DRD2 directly via hydrophobic interaction of their transmembrane domains or indirectly in
complexes with other proteins, similar to those observed
for tetraspanin with integrin, caveolin, and receptor proteins in lipid rafts, which form a network that is referred to
as the tetraspanin web (28). A number of dopamine
receptor–interacting proteins have membrane localization, including ion channels, other dopamine receptor
subtypes, and neurotransmitter receptors (50). Thus, it
has been reported that DRD2 associates with DRD1,
neurotensin 1 receptor, serotonin 2A receptor, and
adenosine A2A receptor in the membrane via allosteric
interactions that increase DRD2 protomer repertoire,
thus broadening the signaling network and functional
activity of DRD2 (51–54). Given that TSPAN7 is highly
expressed in extended brain regions, including the cerebral cortex, olfactory system, hippocampus, and
basal ganglia, which are partially overlapped with
dopaminergic pathways, it is tempting to speculate
that TSPAN7 may modulate dopamine transmission
via transport of macromolecular dopamine-receptor
complexes, thus participating in a variety of dopamineassociated functional responses.
DRD2 internalization occurs by clathrin-mediated endocytosis, which is a well-known mechanism for protein
internalization from the cell surface (55, 56). In the present
study, we showed that TSPAN7 participated in dopamine
signaling by enhancing DRD2 internalization and targeting to endocytic compartments, although the mechanism
that underlies TSPAN7-mediated DRD2 endocytosis remains unclear. However, the results obtained with other
tetraspanins suggest that TSPAN7 may act via clathrinmediated endocytosis. Thus, it was demonstrated that
tetraspanin 30, known as CD63, enhances internalization
of the H+/K+-ATPase b-subunit via association with the
AP-2/AP-3 complex, a key player in clathrin-mediated
endocytosis, through the YXXØ motif (Y, tyrosine; X, any
amino acid; Ø, bulky hydrophobic group) (44, 57, 58).
Tetraspanin CD82 is targeted to endosomal and lysosomal compartments, although it undergoes clathrinindependent endocytosis via its C-terminal YXXØ motif
(59). Of note, it has been indicated that 2 potential major
endocytic sorting motifs, atypical dileucine and YXXØ,
which mediate the internalization and targeting to endosomal compartments and lysosomes, are present at the
DRD2 EXPRESSION REGULATION BY TSPAN7

N- and C-terminal cytoplasmic domains of TSPAN7
(1MASRRM ETKPVI TCLKT17 and 235CCLSRFITANQ
YEMV 249, respectively), although their functional significance is unclear (60, 61). Considering that DRD2 has been
shown to undergo clathrin-dependent endocytosis (62,
63), it is tempting to speculate that TSPAN7 may provide
additional binding sites for the AP complex, thus facilitating clathrin-dependent internalization of DRD2 from
the cell surface. If so, it is interesting to determine the
sorting motifs in TSPAN7 that are responsible for DRD2
endocytosis and lysosomal targeting. In addition,
TSPAN7 was shown to interact with type II PI4K that
produces phosphatidylinositol 4,5-bisphosphate, which
is known to facilitate the interaction between the AP-2
complex and cellular membrane (35, 64). Therefore, it is
also worth investigating whether TSPAN7 acts as a
general adapter protein that provided a signaling hub for
regulation of endocytosis.
Recently, it has been reported that in neurons, TSPAN7
is localized to the neurites and spine heads (37), which is
consistent with our observation. It was shown that
TSPAN7 promoted formation of filopodia and dendritic
spines, whereas TSPAN7 deficiency reduced the head size
and stability of spines in cultured hippocampal neurons.
Furthermore, TSPAN7 mutant that lacked the fourth
transmembrane domain and C-terminal tail exerted a
dominant-negative effect on spine morphology; however,
the mechanism that underlies these TSPAN7 activities
remains unclear. Formation and stabilization of dendritic
spines require balanced dopamine signaling; thus, dopamine transporter knockout resulted in functional hyperdopaminergia and loss of proximal dendritic spines in
striatal projection neurons in mice, whereas dopamine
depletion decreased the density of striatal dendritic spines
(65, 66). Furthermore, DRD2 hyperactivity has been
shown to result in spine deficiency, disconnectivity in the
entorhinal-hippocampal circuit, and deficits in spatial
working memory during adolescence (67). Given our
finding that TSPAN7 facilitates DRD2 internalization by
attenuating DRD2-mediated signaling, further studies
should examine the role of TSPAN7 in the regulation of
spinogenesis and neuronal maturation in the context of the
dopamine pathway as well as test whether DRD2mediated synaptic development may be regulated, at
least in part, by TSPAN7.
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