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ABSTRACT
◥

Although it is established that the sustained psychologic stress
conditions under which patients with tumors often reside accelerates
malignant progression of tumors, the molecular mechanism behind
this association is unclear. In this work, the effect of psychologic stress
on tumor progression was verified using a stress-stimulated tumor-
bearing mouse model (Str-tumor). Both D2 dopamine receptor
(DRD2) and hypoxia-inducible factor-1a (HIF1a) were highly
expressed in the nucleus of Str-tumors. Treatmentwith trifluoperazine
(TFP), a DRD2 inhibitor, elicited better antitumor effects in Str-
tumors than the control group. These results indicate that DRD2
may mediate stress-induced malignant tumor progression. DRD2
interacted with von Hippel-Lindau (VHL) in the nucleus, and com-
petitive binding of DRD2 and HIF1a to VHL resulted in reduced

ubiquitination-mediated degradation of HIF1a, enhancing the
epithelial-mesenchymal transition of tumor cells. TFP acted as an
interface inhibitor between DRD2 and VHL to promote the degra-
dation of HIF1a. In conclusion, DRD2may promote the progression
ofmalignant tumors induced by psychologic stress via activation of the
oxygen-independent HIF1a pathway, and TFP may serve as a ther-
apeutic strategy for stress management in patients with cancer.

Significance: This work identifies DRD2 regulation of HIF1a
as a mechanism underlying the progression of malignant tumors
stimulated by psychologic stress and suggests that DRD2 inhibition
can mitigate these stress conditions in patients.

See related commentary by Bernab�e, p. 5144

Introduction
Psychologic factors, such as stress, depression, anxiety, and social

isolation, have a strong connection with cancer progression (1), which
is verified in tumor-bearing mice model (2). Anxiety induced by stress
in patients with tumors will decrease their survival time. Themolecular
mechanism underlying stress-induced malignant progression of
tumors has not been elucidated. In addition to the known adrenaline
pathway, whether a pathway directly acts on tumor cells is unclear (3).
Hypoxia is a feature of the microenvironment in solid tumors (4, 5).
Hypoxia promotes the malignant progression and therapeutic resis-
tance of tumors. Hypoxia-inducible factor-1a (HIF1a), whose dis-
covery won aNobel Prize, mediates the hypoxic response by acting as a
transcription factor and affects the proliferation, metastasis, invasion,

and epithelial-mesenchymal transformation (EMT) of tumor cells (6).
Von Hippel–Lindau (VHL) acts as a subunit of E3 ubiquitin ligase,
which targets the alpha subunits of HIF1a for cullin-2 (Cul2)–mediated
ubiquitination. The degradation of HIF1a requires nuclear-
cytoplasmic trafficking of VHL (7), which occurs under hypoxic
conditions. However, the upregulation of HIF1a that is independent
of hypoxia is still unclear. Previous studies showed that the expression
of HIF1a in tumor tissue increased under chronic stress (8–11), and
b2-AR-HIF1a axis can regulate the stress-induced pancreatic tumor
growth and angiogenesis (11). The relationship between psychologic
stress stimulation and hypoxia-independent HIF1a pathway activa-
tion in tumors needs to be further clarified.

D2 dopamine receptor (DRD2) is highly expressed in a variety of
cancers and may promote the malignant progression of tumors, such
as pancreatic cancer (12, 13) and melanoma (14). Many studies
implicated the important role of DRD2 in the pathogenesis of anxiety
and depression (15). Stress can induce the pathologic increase of
dopamine, which plays a regulatory role mainly by acting on DRD2.
Trifluoperazine (TFP), which also has an antitumor effect, is a classical
antagonist of DRD2 commonly used in clinics for the treatment of
anxiety and depression.Whether the antitumor effect of TFP is related
to DRD2 is unclear. Anxiety or depression is a common stress state in
cancer patients (16, 17), and the role of DRD2 in stress-induced
malignant progression of tumors has not been reported.

In this study, we first evaluated the effect of psychologic stress on
tumors using B16F10 and 4T-1 tumor-bearing mice, which had
normal immune and gut microbiota systems, stimulated by water
immersion and isolation stress. The results showed that psychologic
stress can promote tumor growth, and the expressions of DRD2 and
HIF1a were up-regulated in tumor cells of the stress stimulation
group. TFP exhibited a desirable therapeutic effect on tumors under
stress stimulation. Further studies showed that under stress conditions,
DRD2 can interact with VHL in the nucleus and inhibit the degra-
dation of HIF1a by ubiquitin-mediated degradation pathway, which
promotes the proliferation, migration, and invasiveness of malignant
tumors.
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Materials and Methods
Materials

The sources of antibodies against the following proteins were
obtained: GAPDH (Abcam, Ab181602, RRID:AB_2630358, 1:5000
for Western blot), tubulin (Affinity, AF7010, RRID:AB_2839418,
1:5000 for Western blot); E-cadherin (Affinity, AF0131, RRID:
AB_2833315, 1:200 for IF, 1:100 for IHC, and 1:1,000 for Western
blot); vimentin [Affinity, BF0071, RRID:AB_2833686, 1:200 for
immunofluorescence (IF) and 1:1000 for WB], DRD2 (Abcam,
ab30743, RRID:AB_1139814, 1:200 for IF, 1:1000 for Western blot);
VHL (Santa Cruz, sc-135657, RRID:AB_2215955, 1:1,000 forWestern
blot, and 1:100 for IF), HIF1a (Affinity, BF8002, RRID:AB_2846221,
1:1,000 for Western blot, and 1:100 for IHC), ubiquitin (Abcam,
ab134953, RRID:AB_2801561, 1:1,000 for immunoprecipitation); flag
(Affinity, T0003, RRID:AB_2839412, 1:1000 forWestern blot); histone
H3 (Affinity, AF0863, RRID:AB_2810277, 1:1,000 for Western blot).

Cell culture and plasmid transfection
B16-F10 cells (RRID:CVCL_0159) and 4T-1 cells (RRID:CVCL_

0125) were purchased from KeyGen Biotech and authenticated
by short tandem repeat (STR) genotyping. The cells were tested
for mycoplasma before use. The cells were cultured in RPMI-1640
medium (HyClone) supplemented with 10% volume for volume (v/v)
FBS (Thermo Fisher Scientific) at 37�C and 5% CO2. The number of
passages between cells thawing and use in all the experiments was
limited in 15 passages. The human DRD2 gene open reading frame
cDNA clone-expression plasmid, N-Flag tag, was purchased from Sino
Biological. All the plasmidswere transiently transfected into cells using
Lipofectamine 2000 (Invitrogen). DRD2 was transiently transfected
into B16-F10 cells. Then, the stably transfected cells were screenedwith
hygromycin B for 15 to 30 days. Afterward, the expression of DRD2
was tested by Westen blotting.

Cell-invasion assays
Cell-invasion assay was performed using a 24-well transwell cham-

ber. B16-F10 cells were transfected with DRD2 or SiDRD2. Then, the
cells were cultured in a Matrigel-coated top chamber containing
serum-free medium. Then, the B16-F10 cells were cultured with or
without TFP. The bottom chamber was added with culture medium
containing FBS. After 48 hours, cells on the transwell chambers were
fixed and then stained with 0.1% crystal violet. The cells that invaded
the bottom surface of the chambers were counted in at least five
random fields (magnification, �200; Nikon). Each experiment was
performed in triplicate.

Wound-healing and tube formation assay
B16-F10 cells were transfected with DRD2 or SiDRD2 and cultured

in 24-well plates. After 24 hours, a scratch was made on the center of
the well once the confluence reached about 95%. Then, portions of the
cells were treated with TFP, and others remained untreated. The
migration rate of cells was assessed by measuring the distance of the
scratch. Wound images were photographed every 24 hours using a
light microscope (Nikon). Each experiment was performed in tripli-
cate. B16-F10 cells were cultured in a 48-well plate coated with
matrigel. Then, the plate was placed in a 37�C incubator, and images
were photographed every 12 hours using a light microscope (Nikon).

IF assay
Cells were cultured on glass coverslips (BD) and then fixed with 4%

paraformaldehyde (PFA). Samples were then blocked in 5% serum

containing 0.1% Triton X-100. Afterward, the cells were incubated
with primary antibodies against E-cadherin, vimentin, or DRD2 and
secondary antibodies coupled to Alexa Fluor 488 or 594 (Invitrogen).
DiD cell membrane red fluorescent dye was used to label the cell
membranes. Finally, the cells were stained with DAPI to locate the
nucleus. Images were captured with a confocal microscope (Nikon).

Ubiquitination assay
A total of 50 mL 50% protein A/G agarose beads (Pierce) suspended

in PBSwas incubated withHIF1a antibody (1–2mg) for 8 hours at 4�C
with constant rotation. B16-F10 cells treated with MG132 and with or
without DRD2 transfection were lysed by 0.3% Nonidet P-40 lysis
buffer (in PBS). Then, anti–HIF1a antibody-conjugated protein A/G
beads were incubated with B16-F10 cellular extracts for 12 hours at
4�C. Then, protein A/G beads were boiled in SDS loading buffer and
subjected to SDS-PAGE. A polyvinylidene difluoride (PVDF) mem-
brane was incubated with the antiubiquitin antibody and horseradish
peroxidase (HRP)–labeled secondary antibodies (Affinity, 1:5000).
Finally, target proteins were visualized using enhanced chemilumi-
nescence (ECL) substrate reagents.

Nuclear extract and Western blot
Nuclear extracts from B16-F10 cells with or without treatment were

harvested and lysed with nuclear protein lysate buffer (Nuclear and
Cytoplasmic Protein ExtractionKit, Sigma). Buffers A and Bwere used
to separate the cytoplasm and nuclear protein, respectively. The
protein concentrations were detected, and the proteins were boiled
in SDS loading buffer. Proteins from B16-F10 cells were separated by
12% SDS-PAGE and transferred onto PVDF membranes. Then, the
membranes were blocked with 5% skimmed milk and incubated with
primary antibodies, followed by secondary antibodies. The proteins on
PVDFmembranes were studied by ECLmethods. The autoradiograms
were analyzed with Image J software (RRID:SCR_003070) to quantify
the band densities.

The tumor-bearing mice experiment
All animal care and experimental procedures complied with the

NIH Guide for Care and Use of Laboratory Animals and with the
European Communities Council Directive of November 24, 1986
(86/609/EEC). All animal procedures were approved based on the
guidelines of the Animal Ethics Committee of Tianjin International
Joint Academy of Biotechnology and Medicine [Institutional Animal
Care and Use Committee Issue No. TJAB-2017–0225]. C57BL/6J
mice (4–6 weeks old, female) were purchased and the mice were
allowed to adapt to conditions for 1 week. Before the establishment of
stress model, 6mice were fed in each cage. All themice were allowed to
freely access food and water. Then the mice were divided into stress
stimulation group (Str-group) and nonstress stimulation group (non-
Str group). The mice in Str-group were treated with water immersion
stress (12 hours/day; refs. 18, 19) and housed in isolation for 7 days.
The water-immersion stress was performed from 22:00 to 10:00 of the
next day, and thefloor of the cagewas floodedwith fresh sterile water at
25� 2�C to a depth equivalent to ankle height of themice. Because the
mice are nocturnal, this period of time can avoid disruptions in the
sleep cycle of the mice.

And then all the mice in Str-group and non-Str group were
inoculated with 1 � 106 B16-F10 cells. After inoculation with tumor
cells, the mice in the Str-group were still kept in isolation, but were not
subjected to water stress stimulation, which can prevent the tumor
rupture or infection after inoculation. One week after the tumor cells
were inoculated, the mice in Str-group and non-Str group were
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randomly divided into control group, TFP-L group (4 mg/kg/day,
intraperitoneally), and TFP-H group (6 mg/kg/day, intraperitone-
ally), separately. Tumor volume was calculated using the formula:
(length � width2)/2. The weight of each mouse and its food
intake were measured every day. After 2 weeks, all the mice were
euthanized. And the tumor tissues were collected and fixed with
PFA. Then the tissues were embedded in paraffin and cut into
4 mmol–thick sections.

IHC analysis
After dewaxing and hydration, the pathologic sections were treated

with 3% hydrogen peroxide for 15 minutes to block the endogenous
peroxidase activity. Citrate buffered saline was used for antigen
retrieval for 15 minutes at 95�C. Then, the sections were blocked for
20minutes with normal goat serum (NGS) at room temperature. Next,
the sections were incubated with primary antibodies overnight at 4�C.
Afterward, the sections were incubated with the HRP goat-antirabbit
secondary antibody for 30 minutes. Finally, the slides were stained
with diaminobenzidine (DAB) and hematoxylin. Then the slides were
observed under a microscope and photographed.

Dual-luciferase reporter gene assay
B16-F10 cells were seeded in 96-well plates. After 24 hours, the

luciferase reporter plasmids of snail1, snail2, twist1, and twist2 were
transfected separately into the cells and treated with TFP. After
48 hours, luciferase activities were measured by using Dual-
Luciferase Reporter Assay kit. The experiment was performed in
triplicate.

In situ proximal ligation assay analysis of B16-F10 cells
Glass slides with ethanol-fixed cells were blocked in 20% goat

serum (Invitrogen), and the cells were incubated with antibodies
of DRD2 and VHL. Then, the slides were added with Duolink
Proximal Ligation Assay (PLA) probe (Sigma) and ligation solution.
The coupled reaction of interaction proteins was amplified using the
amplification solution. Afterward, the nuclear of cells was stained
with DAPI. Finally, the fluorescent spot signal (represent the
interaction between DRD2 and VHL) was observed with a confocal
microscope (Nikon).

Data analysis
The data were expressed as means� SD. The statistical significance

of differences among multiple groups was determined with analysis of
variance and unpaired Student t test using GraphPad Prism (RRID:
SCR_002798). Statistical significance was considered at P < 0.05.

Results
TFP suppressed the progression of malignant tumors under
psychologic stress condition

B16F10 and 4T-1 tumor-bearingmice under stress stimulationwere
used to evaluate the effect of psychologic stress on tumors, which was
induced by water immersion and social isolation (Fig. 1A). The water
immersion stress model can simulate the state of an individual in
unavoidable psychologic stress. Isolation feeding stress can simulate
the stress state caused by social isolation. TFP, a psychiatric interven-
tion drug commonly used in clinical settings, was used for the trial
treatment. B16-F10- or 4T-1–bearing C57BL/6J mice were stimulated
by water immersion for 12 hours/day and fed in isolation. Then, the
micewere treatedwith low- (TFP-L, 4mg/kg/day, intraperitoneally) or
high-dose (TFP-H, 6 mg/kg/day, intraperitoneally) of TFP. The

experimental results showed that the tumor growth of mice under
stress condition (Str-tumor) was faster than that of the control group
without stress stimulation (Fig. 1B). Tumor weight in the Str-group
was about 1.5 times that of the control group. Evidently, the
tumor volume (Fig. 1B) and weight (Fig. 1C) were inhibited by TFP.
Figure 1D and E show the representative tumor images. The DRD2
inhibitor TFP showed a better antitumor effect on tumor-bearingmice
exposed to psychosocial stress than the unexposed ones. In the control
group, the tumor inhibition rates (B16F10 model) of the TFP-L and
TFP-H groups were 13% and 32%. Under the stress-stimulated
condition, the tumor inhibition rate (B16F10 model) in the TFP-L
andTFP-H groups reached 46% and 57%, respectively. The same trend
was observed in the 4T-1 tumor-bearing model. These results suggest
that DRD2 may mediate the effect of stress stimulation–induced
malignant progression of tumors.

DRD2 translocated into the nucleus in tumor tissues of mice
under stress stimulation

Based on the above hypothesis, DRD2 expression level was detected
in tumor tissues of each group. The results showed that the expression
level of DRD2 in B16F10 (Fig. 1F and G) and 4T-1 (Fig. 1H and I)
tumor tissues under stress condition was higher than those of without
stimulation. We observed that the expression of DRD2 in nucleus was
strongly positive, and the expression ratio of nucleus to cytoplasm was
upregulated in tumor tissues under stress condition. Western blot
results also showed that the expression level of DRD2 in the nuclei of
stress-stimulated tumor tissues was higher than that without stimu-
lation (Fig. 1J). The mRNA-sequencing (mRNA-seq) data of mela-
noma cancer samples in The Cancer Genome Atlas database (TCGA;
https://portal.gdc.cancer.gov/) were obtained to study the main func-
tions and signaling pathways that may be affected by DRD2. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis were used to analyze the differential
genes affected by DRD2. The results showed that DRD2 mainly
affected the pathways of ubiquitin proteasome, HIF1 signal, and Janus
kinase/signal transducers and activators of transcription (Fig. 1K).
The mRNA-seq data of tumor tissues were also obtained to study the
main functions affected by stress stimulation. The results showed that
the proteins affected by stress stimulation were mainly enriched in the
HIF1 signal pathway (Fig. 1L).

DRD2 promoted migration, invasion, clonogenicity, and tube
formation of tumor cells

Overexpression and RNAi of DRD2 in B16-F10 cells were used to
evaluate the effect ofDRD2 on tumor cells. Scratch experiment showed
that overexpression of DRD2 can promote the migration of B16-F10
cells (Fig. 2A and B), and DRD2 silencing markedly inhibited the
migration of B16-F10 cells. Tube formation assay indicated that DRD2
enhanced the tube formation ability of B16-F10 and A375 cells
(Fig. 2C and D). Transwell experiment results showed that DRD2
overexpression enhanced the invasion ability of melanoma cells
(Fig. 2E and F), whereas DRD2 silencing decreased the number of
invasion cells. Clone formation assays showed that DRD2 promoted
the clonogenicity of B16-F10 cells (Fig. 2G andH). Proliferation assay
showed that DRD2 can promote the cell viability of B16-F10 and A375
cells (Fig. 2I).We also observed that the overexpression ofDRD2 led to
decreased E-cadherin expression (epithelial marker of EMT) and
increased vimentin expression (mesenchymal marker of EMT), as
detected by Western blot (Fig. 2J) and IF (Fig. 2K and L). These
findings indicate that DRD2 overexpression can promote the EMT of
tumor cells.
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Figure 1.

DRD2 may promote the malignant progression of melanoma and breast cancer under psychologic stress condition. A, Construction scheme of Str-tumor. B and C,
Changes in the volume andweight of tumors treatedwith TFP in stress stimulation B16F10 and 4T-1 tumor-bearingmice.D and E,Representative images of tumors in
each group. F and G, IHC analysis of DRD2 expression levels in B16F10 melanoma tissues with or without stress stimulation. Scores of staining intensity and the
nucleus/cytoplasm expression ratio of DRD2 were also analyzed. H and I, IHC analysis of DRD2 expression levels in 4T1 breast cancer tissues with or without stress
stimulation. J,Western blot analysis of DRD2 expression levels in the nuclei of B16F10 and 4T1 tumor tissues with or without stress stimulation. K, KEGG enrichment
analysis of the differential expression genes affected byDRD2. L,Protein–protein interaction analysis of differentially expressed proteins in tumor tissues affected by
stress stimulation. � , P < 0.05; �� , P < 0.01.
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Figure 2.

DRD2 overexpression promotes the metastasis, invasion, tube formation, and cloning formation of tumor cells. A and B,Wound-healing assay of B16-F10 and A375
cells treated with DRD2 overexpression vectors or siRNA. C and D, Effect of DRD2 on vasculogenic mimicry formation of B16-F10 and A375 cells detected by tube
formation assay. E and F, Effect of DRD2 on the invasion ability of B16-F10 and A375 cells. G and H, Effect of DRD2 on cloning formation ability of B16-F10 and A375
cells. I, Effect of DRD2 on the cell viability of B16F10 and A375 cells. J, Effect of DRD2 on the expression E-cadherin and vimentin detected byWestern blot. K and L,
Effect of DRD2 on the expression of E-cadherin and vimentin detected by IF. Each experiment was performed in triplicate. Results are shown as means � SD,
� , P < 0.05; �� , P < 0.01.
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Dopamine promoted the nuclear localization of DRD2
DRD2 translocation into thenucleushasnotbeen reported inprevious

studies. Thus, we further explored the induction factors of DRD2nuclear
translocation. IF results showed that DRD2 expression (Fig. 3A and B)
and nucleus location (Fig. 3C) were upregulated when melanoma cells
were treated with dopamine or DRD2 overexpression. The hypoxic
environment can also induce the overexpression of DRD2. However,
hypoxia cannot effectively promote the nucleus localization of DRD2
compared with dopamine. Western blot results also showed that DRD2
andHIF1a expressions in nucleuswere up-regulatedwhenB16-F10 cells
and A375 cells were treated with dopamine and DRD2 overexpression
(Fig. 3D).We also detected the relationship between dopamine-induced
DRD2 nucleus localization and HIF1a expression under nonhypoxia
condition. Western blot results revealed that DRD2 expression dose-
dependently increased in the nucleus of B16-F10 cells treated with
different dopamine concentrations (Fig. 3E). The effect of DRD2 on
the expression of HIF1a was also detected in DRD2-knockdown
B16-F10 and A375 cells. The results showed that the expression of
HIF1a decreased inDRD2-knockdown B16-F10 andA375 cells (Fig. 3F
andG). HIF1a expression level was also detected in tumor tissues under
stress condition.The results revealed that the expression level ofHIF1a in
B16F10 tumor tissues under stress conditionwashigher than thatwithout
stress stimulation. The expression of HIF1a in the nucleus was strongly
positive, and the expression ratio of nucleus to cytoplasmwasupregulated
in tumor tissues under stress condition (Fig. 3H–J).

DRD2 physically interacted with VHL under dopamine-
stimulation condition

Aprediction software (FpClass website: http://dcv.uhnres.utoronto.
ca/FPCLASS/; ref. 20) was used to predict the interaction between
DRD2 and HIF1a. The predicted results showed no direct physical
interaction between DRD2 and HIF1a. However, some proteins can
interact with bothDRD2 andHIF1a (Fig. 4A). VHL is an E3 ubiquitin
ligase that targets HIF1a for proteasomal degradation, which is closely
related to the degradation of HIF1a. So we further verified the
interaction between DRD2 and VHL. The interaction between DRD2
and VHL was verified by molecular docking (Score: -5.052), which
indicated that DRD2 may interact with VHL (Fig. 4B). Based on the
above results, we further conducted the biochemical experiment to
research the relationship between DRD2 and HIF1a in tumor cells.
Coimmunoprecipitation (co-IP) results showed no interaction
between DRD2 and HIF1a (Fig. 4C). Western blot results showed
that DRD2 overexpression can increase the content of HIF1a in
melanoma cells, whereas VHL overexpression decreased the HIF1a
expression (Fig. 4D). PLA and co-IP experiments were performed to
verify the interaction between DRD2 and VHL. PLA results showed
that the red dots caused byDRD2 andVHL interaction increased in the
nucleus ofmelanoma cells stimulated by dopamine or hypoxia (Fig. 4E
and F). DRD2 coimmunoprecipitated with VHL in the nucleus of
melanoma cells treated with dopamine (Fig. 4G). VHL can directly
bind with elongin C (EloC), which can bind EloB, Cul2, and RING box
protein-1 to form amultimeric complex. The VHL complex can target
HIF1a for ubiquitin-mediated degradation. The effect of DRD2 on the
interaction of HIF1a/VHL and VHL/EloC was studied. Co-IP results
showed thatDRD2 overexpression can interfere with the interaction of
HIF1a/VHL (Fig. 4H) and VHL/EloC.

DRD2 overexpression inhibited the ubiquitin-mediated
degradation of HIF1a

Based on the above results, we assumed that the interaction between
DRD2 and VHL can competitively inhibit the interaction between

HIF1a and VHL and ubiquitination degradation of HIF1a. We fur-
ther verified this hypothesis. Cycloheximide chase assays were
designed to detect the half-life of HIF1a influenced by DRD2. The
results indicated that DRD2 overexpression prolonged the half-life of
HIF1a (Fig. 4I and J). Meanwhile, HIF1a half-life decreased in
DRD2-deficient cells (Fig. 4K and L). Melanoma cells were also
treated with proteasome inhibitor MG132. The reduced protein level
of HIF1a due to DRD2 knockdown can be rescued by proteasome
inhibitor MG132 (Fig. 4M). These results revealed that DRD2
mainly regulates the stability of HIF1a. The ubiquitination assays
confirmed that the ubiquitinylate level of HIF1a was reduced in
DRD2-overexpressing cells with MG132 treatment (Fig. 4N). These
results indicate that DRD2 can stabilize HIF1a by inhibiting HIF1a
degradation through the proteasome pathway.

TFP targeted the interaction interface of DRD2 and VHL and
inhibited the expression of HIF1a

Molecular docking results revealed that TFP can bind to the
interface between DRD2 and VHL (Fig. 5A). This result reveals the
possible antitumor mechanism of TFP. The co-IP results showed that
TFP can inhibit the interaction between DRD2 and VHL (Fig. 5B).
PLA results showed that the red dots caused by DRD2 and VHL
interaction decreased in the nucleus of melanoma cells in TFP treated
groups (Fig. 5C). Western blot experiment also unveiled that TFP
decreased the expression of HIF1a in B16-F10 cells under hypoxia or
dopamine stimulation (Fig. 5D). Wound-healing assay revealed that
dopamine promoted the migration of tumor cells, and the cells treated
with TFP inhibited the migration of B16-F10 and A375 cells (Fig. 5E
and F) induced by dopamine. Tube formation, transwell, and clone
formation assays exhibited that TFP decreased the tube formation
(Fig. 5G and H), invasion ability (Fig. 5I and J), and clone formation
ability (Fig. 5K and L) of tumor cells induced by dopamine.

TFP inhibited the EMT of tumor cells under nonhypoxia
condition

HIF1a is closely related to tumor invasion andmetastasis and EMT
in hypoxia. We evaluated the effect of TFP on EMT in nonhypoxia
condition induced by dopamine/DRD2. qPCR results showed that
TFP can inhibit the mRNA expression of Twist1, Gltu1, vascular
endothelial growth factor-A (VEGF-A), and TGF-b1 in A375 cells
(Fig. 6A). Luciferase reporter gene assay showed that TFP inhibited the
activation of EMT-related transcription factors (Twist1, Twist2,
Sanil1, and Snail2), which can be regulated by HIF1a (Fig. 6B).
Western blot analysis revealed that TFP treatment upregulated the
expression level of E-cadherin and downregulated the expression level
of vimentin in tumor cells (Fig. 6C). The results were also supported by
IHC assay of tumor tissues in the Str-group (Fig. 6D–F). The results of
IHC experiments confirmed that TFP can inhibit the expression of
vimentin, HIF1a, VEGFA, and Twist1 (Fig. 6D–F) in tumor tissues of
the Str-group. The in vivo experiment also showed that TFP exhibited
minimal effects on the tumors when DRD2 was knocked down using
the shRNA of DRD2 (Fig. 6G andH), which indicated that TFP plays
the antitumor role mainly through targeting DRD2.

Discussion
Chronic behavioral stress leads to high levels of catecholamines (eg.

norepinephrine) and promotes the growth of tumors (21, 22). Behav-
ioral stress can also enhance the invasion andmetastasis of tumor cells,
thus promoting the evolution of malignant tumors (2, 23, 24). Arranz
and colleagues confirmed that chronic stress is associated with tumor
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Figure 3.

Dopamine or hypoxia stimulation promotes nuclear localization of DRD2. A, Localization and expression of DRD2 detected by IF assays in dopamine, hypoxia, or
DRD2 overexpression–treated melanoma cells. B, Pearson correlation coefficient of DRD2 and nucleus analyzed by IF assays. C, Nucleus-to-cytoplasmic ratio of
DRD2 in each group. D, DRD2 and HIF1a expressions in nucleus extracts of B16-F10 cells with hypoxia, dopamine, or DRD2-overexpression treatment. E, Changes in
DRD2 expression level in B16-F10 andA375 cells treatedwith different concentrations of dopamine. F andG,Effect of DRD2 on the expression of HIF1a in B16-F10 and
A375 cells. H–J, IHC analysis of HIF1a expression levels in B16F10 melanoma tissues with or without stress stimulation. Results are shown asmeans� SD. � , P < 0.05;
�� , P < 0.01.
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Figure 4.

DRD2 overexpression inhibited the ubiquitin-dependent degradation of HIF1a. A, Venn diagram of proteins that interacted with DRD2 and HIF1a, as predicted by
FPclass website. B,Molecular docking results of DRD2 and VHL. C, Co-IP results of DRD2 and HIF1a. D, Effect of DRD2 and VHL on the content of HIF1a detected by
Western blotting. E and F, Interaction between DRD2 and VHL validated by Duolink PLA experiments. G, Interaction of DRD2 and VHL detected by co-IP assay.
Nucleus lysates of melanoma cells treated with or without dopamine were immunoprecipitated with anti-DRD2 antibodies, followed byWestern blotting detection.
H, Interaction of HIF1a/VHL and Eloc/VHL detected by co-IP assay in the nucleus lysates of DRD2-overexpressing melanoma cells. I–L, Effect of DRD2 on the
degradation of HIF1a. Cells were transfected with DRD2 overexpression vector or siRNA treated with cycloheximide (CHX) and harvested at the indicated time
followed byWestern blot detection of HIF1a.M, Effect of DRD2 on the expression of HIF1a. Melanoma cells treated with DRD2 siRNA and incubated with or without
5 mmol/L MG132. N, Effect of DRD2 on the content of ubiquitin binding to HIF1a. DRD2-overexpressing cells treated with MG132, and cellular extracts were prepared
for co-IP assaywith anti–HIF1a antibody, followed byWestern blotting detection of ubiquitin. siRNA, small interfering RNA. ns, nonsignificant; � , P <0.05; �� , P <0.01.
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Figure 5.

TFP targeted the interaction interface of DRD2 andVHL and inhibited themetastasis, invasion, tube formation, and cloning formation ofmelanoma cells.A,Molecular
docking results showed that TFP can bind to the interface between DRD2 and VHL. B and C, Effect of TFP on DRD2 and VHL interaction in dopamine-treated
melanoma cells detected by co-IP assay and PLA assay.D, Effect of TFP on the expression of HIF1a in melanoma cells exposed to DRD2 overexpression or dopamine
stimulation. E and F, Effect of TFP on the migration ability of dopamine-treated B16-F10 and A375 cells. G and H, Effect of TFP on the tube formation ability of
dopamine-treated B16-F10 and A375 cells, respectively. I and J, Effect of TFP on the invasion ability of dopamine-treated B16-F10 and A375 cells, respectively. K and
L, Effect of TFP on the cloning formation of dopamine-treated B16-F10 and A375 cells, respectively. Each bar represents the mean � SD for biological triplicate
experiments. � , P < 0.05; �� , P < 0.01.
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Figure 6.

TFP inhibits EMT of melanoma cells. A, Effect of TFP on the mRNA expression of EMT-related genes (Twist1, TGF-b1, and VEGFA) of A375 cells detected by qPCR.
B, Effect of TFP on the activity of transcription factors related to EMT in A375 cells, as detected by dual-luciferase reporter assay.C, Effect of TFP on the EMTmarkers
(E-cadherin and vimentin) in dopamine-treated melanoma cells. D–F, IHC analysis of E-cadherin, vimentin, HIF1a, VEGFA, and Twist1 in melanoma tumor tissues of
mice under stress stimulation. Representative images and staining scores are shown. Scale bar, 100mm.G andH,Effect of TFPon shDRD2/B16F10 xenograft tumors in
C57BL/6J mice under stress stimulation (n¼ 6). I,Molecular mechanism of TFP inhibiting the progression of malignant tumors induced by psychologic stress. Each
bar represents the mean � SD for biological triplicate experiments. � , P < 0.05; �� , P < 0.01.
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growth in a chronic-stress mouse model (25). However, the molec-
ular mechanism of stress in promoting the evolution of malignant
tumors is still unclear. Chronic stress–induced epinephrine pro-
motes breast cancer stem-like properties via lactate dehydrogenase
A–dependent metabolic rewiring (3). Norepinephrine induced by
chronic stress can also promote the phosphorylation of L-type
voltage-dependent calcium channels through the b-adrenergic
receptor-protein kinase A pathway, thereby promoting lung tumor-
igenesis (26). In this work, we observed that the growth rate of
tumors in the Str-group was higher than that of the control group.
As an antipsychotropic drug, DRD2 antagonist TFP has a desirable
therapeutic effect on melanoma-bearing mice under pressure stim-
ulation. Thus, DRD2 may mediate the stress-induced tumor-
malignant progression. DRD2 is highly expressed in pancreatic,
breast, ovarian, and lung cancers and other tumor tissues and can
promote the proliferation of these tumor cells. However, DRD2 also
has antitumor effects on several tumor cells. DRD2 agonists and
inhibitors have been reported to possess antitumor effects. Thus,
DRD2 may play different roles in various types of cancer. These
previous studies did not consider the background of psychologic
stress. Based on the results of the current work, we speculate that
psychologic stress station and dopamine stimulation may be the
main influencing factors of DRD2 in promoting tumor progression.

The IHC results of tumor tissues showed increased DRD2 and
HIF1a expression levels. Nuclear localization of DRD2 was signif-
icantly enhanced in the Str-group. DRD2 belongs to the G protein
coupled receptor (GPCR) family, which consists of a single poly-
peptide chain that loops through the cell membrane seven times to
form an interhelical cavity of seven alpha-helical transmembrane
domains (27). The location of DRD2 in nucleus and its function
have been rarely reported in previous research. Traditionally, GPCR
is thought to be located on the cell surface, where it transmits
extracellular signals to the cytoplasm. Several studies indicated that
certain GPCRs are localized to various subcellular compartments
such as the nucleus. Intracellular GPCRs can function indepen-
dently, governing processes, such as synaptic plasticity (28), myo-
cyte contraction (29), and angiogenesis (30). Nuclear localization
can drive a1-adrenergic receptor oligomerization and signaling in
cardiac myocytes. Coagulation factor II receptor-like 1 (F2rl1) can
translocate from the plasma membrane to the cell nucleus after
stimulation. In the nucleus, F2rl1 facilitates recruitment of the
transcription factor Sp1 to trigger VEGFA expression and neovas-
cularization (30). Our previous work showed that protease-
activated receptor-1 can increase the expression of endothelial
markers and enhance vasculogenic mimicry formation by upregu-
lating Twist1 through thrombin binding (31). In this study, we
discovered that DRD2 showed evident nuclear translocation under
stress stimulation, but this phenomenon wasn’t evident under
normal expression. Dopamine and DRD2 overexpression can also
promote the nuclear translocation in vitro. Therefore, we speculate
that nuclear translocation of DRD2 may be due to the abnormal
vesicular traffic of tumor cells rather than the assistance of nuclear
entry guidance sequence or chaperone protein.

Hypoxia is a marker of tumor microenvironment, and the
expression of HIF1a in solid tumors promotes the proliferation,
metastasis, angiogenesis, and drug resistance of tumors (32–34).
VHL functions as VBC/Cul-2 particle recognition protein by
promoting the recruitment of the alpha subunits of HIF1a for
Cul2-mediated ubiquitination. VHL is closely related to the EMT of
tumor cells (35). VHL can shuttle between nucleus and cytoplasm,
and its nuclear localization plays an important role in its antitumor

effect (36). HIF1a can be degraded in the nucleus or cytoplasm.
Our study showed that HIF1a can enter the nucleus and function
under non hypoxia conditions. HIF1a cannot be degraded by
ubiquitination because DRD2 protected HIF1a from being recog-
nized by VHL ubiquitination system. This process is a non–oxygen-
dependent HIF1a pathway that may be specific to tumor cells.
However, hypoxic conditions will enhance this pathway. Research
shows that VHL mediates the ubiquitination of HIF1a in the
nuclear compartment prior to its exportation to the cytoplasm (7).
In this work, the mechanism of DRD2 entry into the nucleus and
its regulatory effect on HIF1a in nonhypoxia condition were
evaluated. The interaction of DRD2 and VHL can competitively
inhibit the interaction between HIF1a and VHL and block the
ubiquitination degradation of HIF1a, thus promoting the prolif-
eration, migration, and invasiveness of tumor cells under stress
stimulation condition. The transcription products of HIF1a include
Twist1, VEGFA, and TGF-b1. These target genes are closely related
to the evolution of malignant tumors. In general, hypoxia can
induce HIF1a high expression and promote its transcriptional
activity. However, this study revealed that dopamine-induced
DRD2 nuclear translocation can inhibit the degradation of HIF1a,
thus promoting the expression of downstream genes and progres-
sion of malignant tumors.

Phenothiazines are antipsychotic drugs that act as DRD2 antago-
nists, and they have been widely used to treat anxiety disorders.
Evidence indicates that they interfere with various cellular processes
and have novel properties, such as antimicrobial, antiprionic (37),
and anticancerous activities (38). TFP is a classic phenothiazine
antipsychotropic drug that can improve anxiety symptoms in
patients with abnormal behavior. In addition, TFP has certain
antitumor effect on triple-negative breast cancer (39) and glioblas-
toma (40), but the underlying molecular mechanism of its antitu-
mor effect is unclear. The diversity of pharmacologic effects of
DRD2 inhibitors also indicates the complexity of downstream
signaling pathways affected by DRD2. These pathways have not
been fully elucidated. In this work, we observed that TFP has an
improved therapeutic effect on tumor-bearing mice under pressure
stimulation. We explored the molecular mechanism behind this
phenomenon. The results showed that TFP can inhibit the inter-
action of DRD2 and VHL and promote the ubiquitin-dependent
degradation of HIF1a. In addition, TFP can inhibit the invasion,
metastasis, vasculogenic mimicry formation, and EMT of tumor
cells under dopamine stimulation. In this study, the TFP-H group
(6 mg/kg) has a good antitumor effect, which is about twice the
clinical dose of TFP as a drug for the treatment of anxiety. Clinical
studies have shown that TFP can induce extrapyramidal reactions,
and long-term application may lead to the tardive dyskinesia.
Therefore, the application of TFP as a therapeutic drug for patients
with cancer with psychosocial stress background needs further
clinical safety and effectiveness evaluation.

In conclusion, this work provides evidence that the interaction
between DRD2 and VHL in nucleus may establish a hypoxia-
independent HIF1a pathway, whichmediates themalignant evolution
of tumor-bearing mice under psychosocial stress stimulation. TFP can
inhibit the interaction between DRD2 and VHL and promote the
degradation of HIF1a, thus exerting an antitumor effect (Fig. 6I). TFP
may become a potential therapeutic drug for the treatment of patients
with tumors with psychosocial stress background.
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