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Introduction
The neurotransmitter dopamine (DA) plays a critical role in
Parkinson’s disease and psychiatric disorders such as schizophrenia, obsessive-compulsive disorder, attention-deficit/
hyperactivity disorder, and drug addiction (Volkow and Morales,
2015; Howes et al., 2017). Understanding the neurophysiology
of DA signaling is essential to developing new treatments for
these brain disorders. DA activates DA receptors, which are G
protein-coupled receptors (GPCRs) that are classified as D1like (D1R, D5R) or D2-like (D2R, D3R, and D4R) on the basis of
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inhibitors of proteins activated by ALK signaling. Protein kinase
Cg was activated by dopamine in an ALK-dependent manner,
and a protein kinase C inhibitor completely blocked dopamineinduced D2R internalization. Taken together, these results
identify ALK as a receptor tyrosine kinase transactivated by
D2R that promotes its internalization, possibly through activation
of protein kinase C. ALK inhibitors could be useful in enhancing
D2R signaling.
SIGNIFICANCE STATEMENT
Receptor internalization is a mechanism by which receptors are
desensitized. In this study we found that agonist-induced
internalization of the dopamine D2 receptor is regulated by the
receptor tyrosine kinase ALK. ALK was also transactivated by
and associated with dopamine D2 receptor. Dopamine activated
protein kinase C in an ALK-dependent manner and a PKC
inhibitor blocked dopamine D2 receptor internalization. These
results indicate that ALK regulates dopamine D2 receptor
trafficking, which has implications for psychiatric disorders
involving dysregulated dopamine signaling.

their coupling to the G-proteins Gas or Gai, respectively. Like
all GPCRs, the activity of DA receptors is tightly controlled by
receptor desensitization as a cellular mechanism to terminate
signaling after prolonged stimulation (Grady et al., 1997).
Agonist-induced endocytosis is one mechanism of desensitizing receptors, by removing them from the cell surface and into
the endocytic compartment. D1R and D2R differ in their
endocytic mechanisms and fate once internalized (Vickery
and von Zastrow, 1999; Bartlett et al., 2005). Whereas D2R
undergoes both ligand-dependent and -independent constitutive endocytosis, very little D1R is internalized in the
absence of ligand (Vickery and von Zastrow, 1999). In
addition, D1R and D2R are localized to different endocytic
vesicles after internalization (Vickery and von Zastrow,
1999). Finally, whereas agonist stimulation of D1R results
in recycling back to the cell surface after internalization
(Ariano et al., 1997; Vickery and von Zastrow, 1999; Bartlett
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protein kinase; NVP-TAE684, 5-chloro-2-N-[2-methoxy-4-[4-(4-methylpiperazin-1-yl)piperidin-1-yl]phenyl]-4-N-(2-propan-2-ylsulfonylphenyl)pyrimidine-2,4-diamine; PBS, phosphate-buffered saline; PD98059, 2-(2-amino-3-methoxyphenyl)chromen-4-one; PDGFR, platelet-derived growth
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ABSTRACT
The dopamine D2 receptor (D2R) is a G protein-coupled receptor
(GPCR) expressed in regions of the brain that control motor
function, cognition, and motivation. As a result, D2R is involved
in the pathophysiology of disorders such as schizophrenia and
drug addiction. Understanding the signaling pathways activated
by D2R is crucial to finding new therapeutic targets for these
disorders. D2R stimulation by its agonist, dopamine, causes
desensitization and internalization of the receptor. A previous
study found that inhibitors of the receptor tyrosine kinase
anaplastic lymphoma kinase (ALK) blocked D2R desensitization
in neurons in the ventral tegmental area of the brain. In the
present study, using a cell-based system, we investigated
whether ALK regulates D2R internalization. The ALK inhibitor
alectinib completely inhibited dopamine-induced D2R internalization. Since GPCRs can transactivate receptor tyrosine
kinases, we also examined if D2R stimulation activated ALK
signaling. ALK phosphorylation increased by almost 2-fold after
dopamine treatment and ALK coimmunoprecipitated with D2R.
To identify the signaling pathways downstream of ALK that
might regulate D2R internalization, we used pharmacological
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Materials and Methods
Chemicals, Antibodies, and Kits. Primary antibodies used were
as follows: anti-FLAG M2 (cat. no. F1804, 1:1000; Sigma Aldrich),

anti-FLAG M2 affinity gel (cat. no. A2220; Sigma Aldrich), antib-actin (clone AC-15, cat. no. A5441, 1:5000; Sigma Aldrich), antiALK (cat. no. 51-3900, 1:1000; Thermo Fisher Scientific), anti-pALK
(phosphotyrosine 1278, clone D59G10; cat. no. 6941, 1:1000; Cell
Signaling Technology), anti-pPKCg (phosphothreonine 514, clone
EP2730Y, cat. no. ab109539, 1:1000; Abcam), anti-PKCg (cat. no.
ab71558, 1:1000; Abcam), anti-PLCg1 (cat. no. 2822, 1:1000; Cell
Signaling Technology), anti-pPLCg1 (phosphotyrosine 783, clone
D6M9S, cat. no. 14008, 1:1000; Cell Signaling Technology), antidopamine D2 receptor (DRD2) (clone no. B-10, cat. no. sc-5303, 1:
200; Santa Cruz Biotechnology). Secondary antibodies used were
goat anti-mouse IgG (H1L)-horseradish peroxidase (HRP) conjugate (Bio-Rad), and goat anti-rabbit IgG (H1L)-HRP conjugate (BioRad). Dopamine hydrochloride was purchased from Sigma-Aldrich,
alectinib and WP1066 were purchased from Selleck Chemicals,
Gö6976 was purchased from Tocris, PD98059 was purchased from
Thermo Fisher Scientific, phorbol 12-myristate 13-acetate (PMA)
was purchased from LC Laboratories, and glutathione, iodoacetamide, and Triton X-100 were purchased from Millipore Sigma.
PNGase F was obtained from New England Biolabs. Pierce enhanced chemiluminescent (ECL) detection reagents, Halt protease
inhibitor cocktail, EZ-Link Sulfo-NHS-SS-Biotinylation, and Pierce
BCA protein assay kits were from Thermo Fisher Scientific.
Vectastain ABC kit (HRP) was purchased from Vector Laboratories.
NaCl, NaOH, KCl, CaCl2, Tris, phosphate-buffered saline (PBS),
Tween-20, and formaldehyde were purchased from Thermo Fisher
Scientific. Cell Lysis Buffer was purchased from Cell Signaling
Technology and nitrocellulose was from Bio-Rad.
Cell Culture. HEK-293FT cells (cat. no. R70007; ThermoFisher
Scientific) and HEK cells stably expressing N-terminal FLAGtagged D1R and D2R-long isoform (kindly provided by Dr. Jennifer
L. Whistler) were grown at 37°C with 5% CO 2 in Dulbecco’s Modified
Eagle’s Medium (DMEM; Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals). IMR-32
cells (CCL-127; American Type Culture Collection) were grown at
37°C and 5% CO2 in Eagle’s Minimum Essential Medium (Thermo
Fisher Scientific) containing 10% FBS. Cells were cultured to
80%–90% confluency and starved in serum-free medium for 3 hours
prior to treatments. For experiments with PKCg and control siRNAs
[ON-TARGETplus Human PRKCG (5582) siRNA-SMARTpool and
ON-TARGETplus Non-targeting Pool; Dharmacon, Inc.], cells
were transfected with 100 nM siRNA using Lipofectamine 2000
transfection reagent (Thermo Fisher) according to manufacturer’s
instructions. Cells were used for experiments 72 hours after
transfection.
Biotin Protection Assay. HEK cells expressing D1R-FLAG or
D2R-FLAG were grown to 80%–90% confluency in 10-cm plates. Cells
were incubated with inhibitors (200 nM alectinib, 20 mM Gö6976,
50 mM PD98059, and 5 mM WP1066) or 10 mM PMA for 1 hour prior to
treatment with DA. Cells were washed with cold PBS and then
incubated with 3 mg/ml disulfide-cleavable biotin for 30 minutes at
4°C. After incubation with biotin, cells were washed with PBS and
placed in 37°C DMEM for 15 minutes before treatment with 10 mM DA
(or no treatment) for 60 minutes at 37°C. Separate plates with total
cell surface biotin (total) and biotin stripped from the cell surface
(strip) remained at 4°C while experimental plates were treated with
DA. After treatment, plates were washed with PBS, and remaining
cell surface biotinylated receptors were stripped of biotin (except the
“total” plate) using 50 mM glutathione, 75 mM NaCl, 75 mM NaOH,
and 10% FBS at 4°C for 30 minutes. Reactions were quenched with
50 mM iodoacetamide, 10% BSA, and Tris-HCl buffer (pH 7.4), then
lysed in 1 mg/ml iodoacetamide, 0.1% Triton X-100, 150 mM NaCl,
25 mM KCl, and 10 mM Tris×HCl, pH 7.4, containing protease
inhibitors. Lysates were cleared of insoluble material by centrifugation
(16,000g for 10 minutes at 4°C). Cleared lysates (1 mg, determined using
BCA kit) were immunoprecipitated with 20 ml of anti-FLAG M2 affinity
gel, washed three times with immunoprecipitation (IP) buffer (same
buffer as above without iodoacetamide), and then treated with PNGase
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et al., 2005), prolonged agonist stimulation causes D2R
trafficking into lysosomes and subsequent receptor degradation (Bartlett et al., 2005).
In dopaminergic (DAergic) neurons of the ventral midbrain,
D2R functions as a regulatory autoreceptor that reduces
excitability of DAergic neurons by activating G protein-gated
inwardly rectifying potassium channels (Lacey et al., 1987).
Bath application of DA onto brain slices containing the ventral
tegmental area (VTA) initially inhibits the firing of DAergic
neurons, but after prolonged exposure to DA, the inhibitory
response is reduced and firing of DAergic neurons recovers,
indicating that D2Rs have desensitized (Nimitvilai and
Brodie, 2010). We previously found that inhibition of anaplastic lymphoma kinase (ALK), a receptor tyrosine kinase,
blocked the recovery of inhibition by DA but not the initial
DA-induced inhibition in VTA slices (Dutton et al., 2017),
indicating that ALK plays a role in the desensitization of D2R.
We hypothesized that ALK regulates D2R desensitization
by promoting endocytosis in response to prolonged DA stimulation, because ALK is internalized and degraded in lysosomes in response to agonist antibody treatment (Mazot et al.,
2012), and because agonist stimulation of D2R transactivates
receptor tyrosine kinases such as epidermal growth factor
receptor (EGFR) and platelet-derived growth factor receptor
(PDGFR) (Oak et al., 2001; Kotecha et al., 2002; Kim et al.,
2004; Wang et al., 2005; Shioda et al., 2017). The purpose of
this study was to determine if ALK: 1) plays a role in the
internalization of D2R, 2) is transactivated by D2R stimulation, and 3) associates in a complex with D2R. We used human
embryonic kidney (HEK) cells expressing FLAG-tagged versions of either D1R or D2R (Bartlett et al., 2005) to measure
ALK-dependent internalization of D2R, transactivation of
ALK by DA, and the association of ALK with D1R and D2R.
Association of ALK with D2R and D2R-mediated activation of
ALK was confirmed in a neuroblastoma cell line with endogenous expression of ALK and D2R.
ALK signals through many pathways, including the mitogenactivated protein kinase (MAPK), phosphatidylinositide 3
kinase (PI3K), signal transducer and activator of transcription
3 (STAT3), and protein kinase C (PKC) pathways (Palmer et al.,
2009). Having demonstrated that ALK is transactivated by
D2R and regulates its endocytosis, we predicted that signaling
downstream of ALK would promote internalization of D2R. The
second goal of this study was to determine potential signaling
pathways downstream of ALK that are involved in D2R
internalization. Specifically, PKC is a prime candidate because
it is known to regulate the internalization and desensitization
of D2R (Namkung and Sibley, 2004; Morris et al., 2007;
Thibault et al., 2011; Nimitvilai et al., 2012; Cho et al., 2013).
We investigated whether inhibitors of PKC and other signaling
pathways downstream of ALK regulate agonist-induced D2R
internalization and found a selective effect of PKC inhibition on
D2R internalization.
The results presented here indicate that ALK regulates D2R
trafficking, possibly through a mechanism involving PKC. To
our knowledge, this is the first demonstration that ALK is
transactivated by a GPCR and regulates its internalization.
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F for 1 hour at 37°C. Sample loading buffer containing sodium dodecyl
sulfate and b-mercaptoethanol was added (Bio-Rad) and samples were
resolved on Tris-glycine gels (Novex 4%–12% gradient; Thermo Fisher
Scientific) under denaturing conditions with sodium dodecyl sulfatecontaining running buffer. Resolved proteins were transferred to
nitrocellulose membranes and visualized with Vectastain ABC kit
(HRP).
Western Blots. Cells were lysed in 1X Cell Lysis Buffer (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate,
1 mM Na3VO4, and 1 mg/ml leupeptin; Cell Signaling Technology)
supplemented with Halt protease inhibitor cocktail. Lysates were
clarified by centrifugation at 16,000g for 5 minutes at 4°C. Protein
concentrations were determined using the BCA protein assay kit and
equal amounts of protein (20–25 mg) were subjected to gel electrophoresis on Tris-glycine gels (10% or 4%–12%) and transferred to
nitrocellulose membranes. Membranes were blocked with 5% BSA
or 5% milk in TBST (25 mM Tris-HCl, 137 mM NaCl and 0.1% Tween
20) and incubated with primary antibodies overnight at 4°C. The
membranes were then incubated with HRP-conjugated secondary
antibody (1:2000) at room temperature and developed using enhanced
chemiluminescent detection reagents. Films were developed using
a Konica SRX-101A film processer. Films were scanned and densitometry performed using NIH ImageJ software.
Immunoprecipitation. HEK cells expressing D1R-FLAG or
D2R-FLAG were washed twice with PBS and lysates were prepared
in lysis buffer as described above for Western blots. Protein concentrations were determined with a BCA protein assay kit. Equal
amounts of protein (500–800 mg) were incubated with 20 ml antiFlag M2 affinity gel overnight at 4°C. Samples were centrifuged at
5000g for 5 minutes and washed three times with ice-cold PBS.
Protein-agarose complexes were dissociated by boiling for 5 minutes in
sample loading buffer. Samples were run on Tris-glycine gels and
Western blotted as described above. For IMR-32 cells, IP and Western
blotting were performed as described above, except that lysates were
immunoprecipitated with antibody to D2R and protein A/G agarose
beads (Santa Cruz Biotechnology).
Statistical Analysis. Statistical analysis was done using GraphPad Prism software (version 8). Data in Figs. 1, 3, 4, D–F, and 5
were analyzed by one-way ANOVA followed by post-hoc Tukey’s
multiple comparisons test. Data in Figs. 2 and 4, B and C, were
analyzed by two-way ANOVA followed by post-hoc Tukey’s multiple

comparisons testing. Data were accepted as statistically significant
with a P-value ,0.05.

Results
D2R Internalization Is Blocked by the ALK Inhibitor
Alectinib. To determine if ALK is involved in agonistinduced D2R internalization, we performed a biotin protection assay (BPA), in which cell surface receptors are labeled
with disulfide-cleavable biotin and internalized receptors are
“protected” from biotin cleavage by membrane-impermeant
glutathione. HEK cells expressing N-terminal FLAG-tagged
D1R (D1R-FLAG) or D2R (D2R-FLAG) (Bartlett et al., 2005)
were labeled with biotin after a preincubation with the
selective ALK inhibitor alectinib. Cells were then treated
with DA for 1 hour to induce receptor internalization.
Remaining cell surface receptors were stripped of biotin using
glutathione buffer and cell lysates were immunoprecipitated
with anti-FLAG M2 affinity gel and analyzed by streptavidin
overlay to measure intracellular biotinylated receptors. As
expected, treatment with DA promoted a 3-fold increase in
internalized D2R-FLAG. Pretreatment with alectinib, however, abolished DA-induced internalization (Fig. 1A) without
changing total D2R-FLAG levels (Fig. 1B). Likewise, treatment with the D2R agonist quinpirole promoted D2R-FLAG
internalization, which was reduced by treatment with alectinib (Supplemental Fig. 1). DA treatment also induced a 3.3fold increase in internalized D1R-FLAG; however, alectinib
had no effect on DA-induced D1R-FLAG internalization
(Fig. 1C). These results suggest that ALK is involved in the
internalization of D2R but not D1R.
ALK Associates with D2R and Is Activated by DA
Treatment. On the basis of the observation that ALK regulates D2R internalization, we hypothesized that ALK may be
either directly or indirectly associated with D2R. To test this,
we performed an IP experiment in HEK cells expressing D1RFLAG or D2R-FLAG. Cells were treated with DA for 0, 15, or
30 minutes. Lysates were then immunoprecipitated with FLAG
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Fig. 1. D2R internalization is blocked by the ALK inhibitor alectinib. (A) Biotin protection assay of HEK cells expressing FLAG-tagged D2R (D2R-FLAG)
after 1 hour of dopamine treatment showing internalization of D2R-FLAG and blockade by pretreatment with alectinib (alec). Top blot: representative
streptavidin blot of internalized biotinylated D2R-FLAG. Bottom blot: representative Western blot (WB) of total cell lysates probed with an antibody to
b-actin. Labels on blots: total, biotinylated cell surface D2R-FLAG prior to incubation with DA (positive control); strip, biotinylated D2R-FLAG prior to
incubation with DA and after stripping biotin from cell surface (negative control); NT, no treatment; alec, 200 nM alectinib treatment; DA, 10 mM
dopamine treatment. Graph shows relative levels of D2R/actin quantified with NIH ImageJ software. ****P , 0.0001 by post-hoc Tukey’s test after oneway ANOVA when comparing DA treatment with NT, alec, and DA1alec. (B) Immunoprecipitation and WB showing that total levels of D2R-FLAG after
60-minute treatment of cells with DA and alectinib are not altered. Top blot: representative WB of cell lysates that were immunoprecipitated with FLAG
antibody and probed with FLAG antibody. Bottom blot: representative blot of total cell lysates that were probed with antibody to b-actin. Graph shows
quantified levels of D2R/b-actin. IgG, immunoglobulin heavy chain. (C) BPA of HEK cells expressing FLAG-tagged D1R (D1R-FLAG) showing that alec
does not affect the internalization of D1R. Blots are labeled as in (A). ****P , 0.0001 by post-hoc Tukey’s test after one-way ANOVA, comparing DA and
DA1alec treatment with NT and alec. All data are plotted as the mean 6 S.D. of three independent experiments.
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antibody followed by Western blotting with antibody to ALK. In
cells expressing D2R-FLAG, bands for the 220- and 140-kDa
isoforms of ALK (ALK 220 and ALK 140) were evident after
FLAG IP (Fig. 2A). Interestingly, ALK 140 showed greater
association with D2R than full-length ALK 220 (approx. 3-fold
increase). In contrast, very low levels of ALK 220 and ALK 140
were observed on Western blots after FLAG IP in cells
expressing D1R-FLAG. DA treatment did not affect the amount
of ALK IP with D2R-FLAG.
We confirmed the association of ALK with D2R in another
cell line, IMR-32, which is a human neuroblastoma cell line
that expresses wild-type ALK (Janoueix-Lerosey et al., 2008)
and D2R (He and Lasek, unpublished data). IMR-32 cells were
treated with DA for 0, 5, 15, or 30 minutes, and then lysates
were immunoprecipitated with antibody to D2R followed by
Western blots with ALK antibody. Similar to our findings in
HEK cells expressing D2R-FLAG, ALK 220 and ALK 140 were
associated with endogenous D2R, with more ALK 140 associated with D2R than ALK 220 (Fig. 2B). Treatment of IMR-32
cells with DA increased the association of ALK with D2R (2.5fold increase in ALK 140 after 15 minutes of DA treatment), in
contrast to what was observed in HEK cells expressing D2RFLAG. The specificity of the ALK-D2R interaction was
confirmed by incubating cell lysates with protein A/G agarose

beads without D2R antibody. ALK was not associated with
D2R in this negative control experiment (Supplemental
Fig. 2). Together, these results suggest that ALK can associate
in a complex with D2R.
Activation of D2R is known to transactivate receptor
tyrosine kinases (Oak et al., 2001; Kotecha et al., 2002; Kim
et al., 2004; Wang et al., 2005; Shioda et al., 2017). The
association of ALK with D2R suggests that agonist-induced
D2R activation might transactivate ALK. IMR-32 cells were
treated with DA for 0, 5, or 15 minutes and cell lysates were
probed with antibodies to ALK and phosphorylated ALK
(pALK, Y1278) by Western blot. DA treatment induced
phosphorylation specifically of ALK 140 (1.7-fold increase)
but not of ALK 220, an effect that was completely blocked by
pretreatment with the ALK inhibitor alectinib (Fig. 2C). pALK
140 levels were also increased by 2-fold at 5 minutes and 1.5fold at 15 minutes after treatment of IMR-32 cells with the
D2R agonist quinpirole (Supplemental Fig. 3). These results
indicate that in addition to associating with the D2R, ALK 140
is transactivated by D2R in response to D2R agonists.
PKC Inhibition Blocks Internalization of D2R. D2R
phosphorylation by PKC promotes D2R internalization and
desensitization (Namkung and Sibley, 2004; Morris et al.,
2007; Thibault et al., 2011; Cho et al., 2013). Since ALK can
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Fig. 2. ALK associates with D2R and is activated by DA
treatment. (A) ALK 220 and 140-kDa isoforms associated with D2R-FLAG. HEK cells expressing D1R-FLAG
or D2R-FLAG were incubated with 10 mM DA for 0, 15,
or 30 minutes. Cell lysates were immunoprecipitated
(IP) with FLAG antibody and WB with ALK (top blot) or
FLAG (bottom blot) antibody. Graph shows intensity of
ALK/FLAG bands (relative to untreated ALK 220/
FLAG) on blots plotted as mean 6 S.D. from five
independent experiments. Post-hoc Tukey’s test (collapsed across time): ****P , 0.0001 when comparing
ALK 140 in D2R-FLAG to D1R-FLAG cells and ALK 220
to ALK 140 in D2R-FLAG cells. *P , 0.05 when
comparing ALK 220 in D2R-FLAG vs. D1R-FLAG cells.
#
P , 0.05 when comparing ALK 220 to ALK 140 in D1RFLAG cells. (B) ALK 140 associated with D2R. IMR-32
cells were treated with DA for the indicated times.
Lysates were immunoprecipitated with D2R antibody
and WB with either ALK (top blot) or D2R antibody
(middle blot). Bottom blot shows cell lysates probed with
antibody to total ALK. Post-hoc Tukey’s test: ****P ,
0.0001 when comparing ALK 140 at 0 minutes to ALK
140 at either 15 or 30 minutes. Graph shows mean 6
S.D. from three independent experiments. (C) DA treatment increased phosphorylation of ALK 140. IMR-32
cells were incubated with DA 6 alec for the indicated
time and lysates were probed by WB with antibody to
phosphorylated ALK (pALK) or total ALK protein. There
was a significant increase in pALK 140 after DA
treatment, which was blocked by treatment with alec.
Post-hoc Tukey’s test: ****P , 0.0001 when compared
with NT (0 minute) within each time point; ***P ,
0.001 when comparing pALK 140 between alec-treated
vs. non-alec-treated collapsed across time points.
Graph shows mean 6 S.D. from three independent
experiments.
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activate PKC through phospholipase C (PLCg1) (Crockett
et al., 2004; Van den Eynden et al., 2018), we postulated that
this might be a potential mechanism by which ALK promotes D2R internalization. To first establish whether inhibition of PKC would block DA-induced internalization of
D2R, we performed BPA in HEK cells expressing D2RFLAG. Cells were pretreated with Gö6976, an inhibitor of
the conventional (Ca1 -dependent) PKC isoforms, and then
treated with DA for 1 hour to induce endocytosis of
D2R-FLAG. DA treatment resulted in internalization of
D2R-FLAG, while pretreatment with Gö6976 abolished
internalization (Fig. 3A). To determine if inhibition of other
signaling proteins downstream of ALK altered the internalization of D2R, we pretreated cells with an inhibitor of
MEK1 (PD98059), a member of the ERK/MAPK pathway.
PD98059 did not affect DA-induced internalization of D2RFLAG (Fig. 3B). The STAT3 signaling pathway is activated
by ALK (Sattu et al., 2013). Because Gö6976 inhibits JAK2,
a kinase upstream of STAT3, it was possible that the ability
of Gö6976 to block DA-induced internalization of D2R
resulted from inhibition of JAK2, rather than PKC. To rule
out this possibility, we treated cells with the JAK2 inhibitor
WP1066 and measured internalization of D2R. WP1066 had
no effect on internalization of D2R-FLAG (Fig. 3C). These
results indicate that conventional PKCs are involved in the
DA-induced endocytosis of D2R, whereas the ERK/MAPK
and JAK2/STAT3 signaling pathways likely do not play
a role in trafficking of D2R.
DA Induces Phosphorylation of PKCg and PLCg1 in
an ALK-Dependent Manner. We next investigated if treatment with DA could induce phosphorylation of PLCg1
(pPLCg1), an upstream regulator of PKC, and various isoforms of conventional and novel PKCs (pPKC) in an ALKdependent manner, since PLCg1 interacts with ALK (Crockett
et al., 2004). HEK cells expressing D2R-FLAG were treated
with DA 6 alectinib for 0, 5, 15, or 30 minutes and lysates were
analyzed for levels of total and phosphorylated PKCa, PKCb1,
PKCg, PKCu, and PLCg1. DA rapidly and transiently increased
pPKCb1, pPKCu, pPKCg, and pPLCg1, but not pPKCa (Fig. 4;
Supplemental Fig. 4). Alectinib pretreatment attenuated DAinduced increases in pPKCg, pPKCu, and pPLCg1, indicating

that DA-induced phosphorylation of these proteins was at
least partially dependent on ALK activation. These results
indicate that DA can activate PLCg1, PKCg, and PKCu
through ALK.
We next determined whether reducing levels of PKCg
would alter DA-induced internalization of D2R. HEK cells
expressing D2R-FLAG were transfected with either a control siRNA pool or a pool of siRNAs targeting PKCg and
subjected to BPA 72 hours after transfection. PKCg protein
was reduced in cells transfected with PKCg siRNAs by
approx. 50% compared with cells transfected with the
control siRNA. A corresponding approx. 50% decrease in
DA-induced internalization of D2R occurred in cells transfected with the PKCg siRNAs (Fig. 4, D–F). These data
demonstrate that PKCg contributes to DA-induced internalization of D2R in this heterologous system and suggests
that DA-induced activation of PKCg through ALK may
promote internalization of D2R.
PKC Activation by the Phorbol Ester PMA Eliminates the Ability of Alectinib to Block D2R Internalization. We hypothesized that the activation of PKC
through a PLC- and ALK-dependent mechanism is probably
involved in the agonist-induced D2R internalization. If ALK
is upstream of PKC-mediated D2R endocytosis, then direct
activation of PKC should eliminate the ability of alectinib to
block internalization of the D2R. To test this, we performed
a BPA with HEK cells expressing D2R-FLAG after treatment with DA, PMA, and alectinib. As demonstrated above,
DA induced D2R-FLAG internalization (a 4.4-fold increase
compared with untreated), whereas pretreatment with
alectinib attenuated D2R-FLAG internalization (Fig. 5).
Brief treatment with PMA in the absence of DA did not
statistically significantly increase D2R-FLAG internalization (a 1.5-fold increase compared with untreated), nor did
PMA alter DA-induced D2R-FLAG internalization (a 4.4fold increase compared with untreated). However, PMA
blocked the ability of alectinib to inhibit DA-induced internalization of D2R (Fig. 5, a 4.4-fold increase in internalized receptor compared with untreated). Taken together,
these results suggest that ALK activation might act upstream of PKC to promote D2R internalization.
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Fig. 3. PKC inhibition blocks D2R internalization. BPA of HEK cells expressing D2R-FLAG after treatment of 1 hour with 10 mM DA 6 inhibitors to (A)
PKC (Gö6976, 20 mM), (B), MEK1 (PD98059, 50 mM), and (C) JAK2 (WP1066, 5 mM). For each experiment, the top blot is a representative streptavidin
blot of internalized biotinylated D2R-FLAG and the bottom blot is the corresponding blot of total cell lysates probed with b-actin antibody. Labels on blots:
total, biotinylated cell surface D2R-FLAG prior to incubation with DA (positive control); strip, biotinylated D2R-FLAG prior to incubation with DA and
after stripping biotin from cell surface (negative control); NT, no treatment. Graphs show the mean 6 S.D. of three (A) or two (B and C) independent
experiments. **P , 0.01 when compared with NT, Gö6976, and Gö69761DA (A), ***P , 0.001 when compared with NT and PD98059 (B), and *P , 0.05
when compared with NT and WP1066 by post-hoc Tukey’s test after one-way ANOVA.
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Discussion
Transactivation of receptor tyrosine kinases by GPCRs in
the brain activates signaling cascades that affect diverse
processes such as cell proliferation, neurite outgrowth, dendritic spine formation, and neurotransmission. Activation of
D2R can transactivate both EGFR and PDGFR to affect
cellular processes (Wang et al., 2005; Yoon and Baik, 2013;
Shioda et al., 2017). Here, we demonstrated that D2R
associates with and activates another receptor tyrosine kinase, ALK, and that ALK promotes D2R internalization.
These results suggest that ALK is involved in D2R desensitization, which has implications for the pathophysiology of
psychiatric disorders such as addiction and schizophrenia in
which D2R signaling plays a prominent role.
The association of ALK with D2R does not generalize to all
DA receptors, because ALK did not associate with D1R, nor
did it regulate D1R internalization. D2R and D1R exhibit
distinct trafficking mechanisms and fates once internalized
(Vickery and von Zastrow, 1999; Bartlett et al., 2005).
Whereas D1R is recycled back to the plasma membrane,
D2R is routed to lysosomes and degraded via an association

with GPCR-associated sorting protein (GASP) (Bartlett et al.,
2005). The association of D2R with ALK represents yet
another difference between D1R and D2R with respect to
trafficking.
Co-IP of ALK and D2R indicates that these proteins interact, probably in a multiprotein complex localized to plasma
membrane microdomains such as lipid rafts. Although the coIP results suggest an association between ALK and D2R, this
may not be a direct protein-protein interaction. These proteins
may instead exist together in a large multiprotein complex at
the plasma membrane. The majority of D2R partitions into
detergent-resistant structures in cultured cells and in the
mouse and rat striatum (Celver et al., 2012; Sharma et al.,
2013; Vanderwerf et al., 2015), and treatment of cells with
methyl-b-cyclodextrin, which disrupts lipid rafts, preventing
D2R internalization (Cho et al., 2007). In neuroblastoma cells,
ALK associates with flotillin, a lipid-raft protein that regulates endocytosis and is localized at the plasma membrane in
detergent-resistant structures that act as platforms for cell
signaling (Tomiyama et al., 2014; Palacios-Moreno et al.,
2015). Treatment with ALK agonist antibodies causes ALK
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Fig. 4. DA induces PKCg and PLCg1 phosphorylation in an ALK-dependent manner. HEK cells expressing D2R-FLAG were treated with dopamine (DA,
10 mM) 6 alectinib (alec, 200 nM) for 0, 5, 15, or 30 minutes. Cell lysates were prepared and subjected to Western blotting for phosphorylated PKCg
(pPKCg, T514), total PKC, phosphorylated PLCg1 (pPLCg1, Tyr783), and total PLCg1. (A) Representative western blots. NT, no treatment. (B)
Quantification of relative band intensity of pPKCg/PKCg on Western blots. (C) Quantification of relative band intensity of pPLCg1/PLCg1 on western
blots. All data are shown as the mean 6 S.D. of three independent experiments. Post-hoc Tukey’s test: ****P , 0.0001 when compared with NT, *P , 0.05
when compared with NT, #P , 0.0001 when comparing DA to DA1alec within each time point by post-hoc Sidak’s test after two-way ANOVA. (D) HEK
cells expressing D2R-FLAG were analyzed by BPA 72 hours after transfection of PKCg or control siRNAs. Labels on blots: total, biotinylated cell surface
D2R-FLAG prior to incubation with DA (positive control); strip, biotinylated D2R-FLAG prior to incubation with DA and after stripping biotin from cell
surface (negative control); siCtl, transfected with control siRNA pool; siPKCg, transfected with siRNA pool targeting PKCg. Top blot is a representative
streptavidin blot of internalized biotinylated D2R-FLAG, middle blot shows corresponding blot of total cell lysates probed with PKCg antibody, and the
bottom blot is the corresponding blot of total cell lysates probed with b-actin antibody. (E) Graph showing the mean 6 S.D. intensity of D2R-FLAG/b-actin
from three independent experiments. ***P , 0.001 when compared with siCtl and siPKCg, #P , 0.01 when compared with siCtl1DA. (F) Graph showing
the mean 6 S.D. intensity of PKCg/b-actin from two independent experiments. ***P , 0.001 when compared with siCtl and siCtl1DA.
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internalization and degradation via lysosomes (Mazot et al.,
2012). A recent study also demonstrated that different isoforms of NUMB, an endocytic adapter protein, differentially
direct ALK degradation in lysosomes or its recycling back to
the plasma membrane (Wei et al., 2019). Since D2R is also
routed to lysosomes and degraded after prolonged DA treatment (Bartlett et al., 2005), it seems probable that both ALK
and D2R are eventually trafficked to lysosomes for degradation after prolonged agonist stimulation. More studies are
needed to identify if ALK and D2R are colocalized in the same
plasma membrane microdomains and endocytic vesicles, and
routed to lysosomes after prolonged DA treatment. It is also
important to investigate whether flotillin or NUMB are
involved in internalization of D2R in an ALK-dependent
manner. We attempted to examine subcellular localization of
ALK and D2R using immunocytochemistry in HEK and IMR32 cells, but low levels of expression of ALK in HEK cells
expressing D2R-FLAG and low levels of endogenous D2R in
IMR-32 cells prevented successful confirmation of colocalization of these proteins. An experiment using tagged versions of
both ALK and D2R is needed to observe colocalization and
their subcellular fates after DA-induced internalization.
One particularly interesting observation from this study is
that ALK 140 preferentially associated with D2R over ALK
220. ALK 140 is a proteolytic product of full length ALK 220
that has been detected in the brain (Iwahara et al., 1997;
Lasek et al., 2011). Cleavage of ALK 220 releases an 80-kDa
extracellular fragment, the function of which is currently
unknown (Moog-Lutz et al., 2005). The remaining ALK 140
contains a portion of the extracellular domain, a transmembrane domain, and an intracellular kinase domain. Why ALK
140 associates with D2R over ALK 220 is not readily apparent. It is possible that a conformational difference in ALK 140
renders it more permissive for association with D2R. Interestingly, DA treatment of IMR-32 cells increased ALK
140 phosphorylation and association of ALK with D2R, providing evidence that activating ALK drives the association
with D2R. However, DA treatment of HEK cells expressing
D2R-FLAG did not increase ALK and D2R association. The
reason for this discrepancy is unknown, but may result
from the difference between a heterologous expression system
(HEK cells) with high levels of D2R expression and/or the low
levels of endogenous ALK expressed in HEK cells resulting in

an agonist-independent association. ALK protein levels are
very low in HEK cells; however, ALK 140 appears to be more
abundant than ALK 220 in these cells (data not shown).
Although ALK was able to coimmunoprecipitate with D2R in
the absence of DA treatment in HEK cells, this association was
not sufficient to drive internalization of D2R. Agonist activation of D2R was required for receptor internalization.
Alectinib treatment of IMR-32 cells decreased levels of
pALK 140 even in the absence of DA. Since ALK autophosphorylates, inhibition of ALK kinase activity by alectinib
might be expected to decrease basal ALK phosphorylation.
ALK 140 has higher basal levels of phosphorylation than ALK
220, suggesting a different conformation of ALK 140 compared
with ALK 220 that might be more permissive for autophosphorylation and inhibition by alectinib. Indeed, it has been
reported that truncated ALK lacking the extracellular domain
has higher levels of phosphorylation compared with fulllength ALK in cells stimulated with pleiotrophin (PerezPinera et al., 2007). We also previously observed a reduction
in basal pALK 140 in IMR-32 cells treated with another ALK
inhibitor, NVP-TAE684 (He et al., 2015).
The mechanism(s) by which ALK is activated by D2R is an
important area for future research and may be elucidated on
the basis of information obtained from other studies on GPCRreceptor tyrosine kinase transactivation. D2R activates the
EGFR by increasing the processing of pro-heparin-bound-EGF
to active heparin-bound-EGF by matrix metalloproteinases
(Wang et al., 2005; Yoon and Baik, 2013). Processing of either
full-length ALK itself (to ALK 140) or one of its ligands, such
as midkine or FAM150B, could be a potential mechanism
(Wellstein, 2012; Reshetnyak et al., 2015). Alternative explanations include the agonist-induced generation of reactive
oxygen species that can inactivate protein tyrosine phosphatases that regulate the function of receptor tyrosine kinases, or
activation of Src family kinases that may in turn activate
receptor tyrosine kinases (Cattaneo et al., 2014).
ALK may regulate the internalization of D2R by PKC
activation, because treatment of cells with an inhibitor of
the Ca1-dependent PKCs (Gö6976) blocked DA-induced D2R
internalization, indicating that a conventional PKC regulates
D2R endocytosis. In addition, DA-induced activation of PLCg
and PKCg were attenuated by alectinib. We also found that
treatment with PMA was able to overcome the blockade of
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Fig. 5. PKC activation by the phorbol ester PMA abrogates the ability of alectinib to block D2R internalization. (A) HEK cells expressing D2R-FLAG
were analyzed by BPA after treatment with various combinations of dopamine (DA, 10 mM), alectinib (alec, 200 nM), and PMA (10 mM). Labels on blots:
total, biotinylated cell surface D2R-FLAG prior to incubation with DA (positive control); strip, biotinylated D2R-FLAG prior to incubation with DA and
after stripping biotin from cell surface (negative control); NT, no treatment. Top blot is a representative streptavidin blot of internalized biotinylated
D2R-FLAG and the bottom blot is the corresponding blot of total cell lysates probed with b-actin antibody. (B) Graphs showing the mean 6 S.D. intensity
of D2R-FLAG/b-actin of two independent experiments. **P , 0.01 by post-hoc Tukey’s test after one-way ANOVA when compared with NT, DA1alec,
PMA, and PMA1alec.
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D2R internalization by alectinib, suggesting that PKC acts
downstream of ALK in regulating D2R endocytosis. PKC is
known to be involved in internalization of D2R (Namkung
and Sibley, 2004; Thibault et al., 2011; Cho et al., 2013).
PMA promotes phosphorylation and internalization of D2R
(Namkung and Sibley, 2004), and agonist-induced internalization of D2R is attenuated when putative PKC phosphorylation sites in the third intracellular loop of D2R are mutated
(Cho et al., 2010). The PMA treatment conditions used here
did not induce a statistically significant internalization of
D2R, but this may be owing to a shorter treatment time with
PMA (30 minutes) compared with that used by Namkung and
Sibley (2 hours) (Namkung and Sibley, 2004). Cho et al. (2007)
also did not observe internalization of D2R after 30 minutes of
PMA treatment. Combined treatment with PMA and DA was
required for D2R internalization in our experiments. It is
possible that the conditions we used induced a subthreshold
amount of PKC activation that was increased by DA treatment, possibly through engagement of ALK-independent
mechanisms. Another PKC isoform such as PKCb could be
involved, because mice treated with a PKCb inhibitor had
increased striatal cell surface D2R, suggesting that PKCb is
involved in internalization of D2R (Luderman et al., 2015).
Phosphorylation of PKCb1, PKCg, and PKCu were all
increased by DA treatment, but alectinib only decreased
pPKCg and pPKCu. Since PKCu should not be inhibited by
Gö6976, we suspected that PKCg may be involved in D2R
internalization downstream of ALK. Evidence that PKCg
contributes to internalization of D2R was provided by experiments in which PKCg expression was attenuated by transfection of siRNAs. A reduction in PKCg expression resulted in
a corresponding decrease in DA-induced internalization of
D2R as measured by BPA. Our data provides evidence that
activation of PKCg by ALK may contribute to agonist-induced
internalization of D2R.
We propose a model in which DA activation of D2R transactivates ALK by increasing levels of pALK 140, and that ALK,
in turn, activates PKC through a PLC-dependent mechanism
(Fig. 6). PKC would then either phosphorylate D2R in the third

intracellular loop or, alternatively, phosphorylate a GPCR
kinase such as GPCR kinase 2 (Chuang et al., 1995; Krasel
et al., 2001), which would then phosphorylate D2R and recruit
b-arrestin (Kim et al., 2001), resulting in D2R and ALK
endocytosis (Fig. 6). Presumably, D2R endocytosis would lead
to receptor desensitization, since we have shown previously
that ALK regulates desensitization of D2R in DAergic neurons
of the ventral tegmental area (Dutton et al., 2017). ALK
inhibitors might therefore represent a novel way to restore
normal D2R cell surface expression and signaling in psychiatric
disorders in which D2R signaling is attenuated. Further
investigation of the regulation of D2R endocytosis by ALK is
warranted.
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