Received: 22 May 2020 Revised: 14 September 2020 Accepted: 24 September 2020

DOI: 10.1002/cac2.12103

ANCER
COMMUNICATIONS

ORIGINAL ARTICLE

Increased dopamine and its receptor dopamine receptor D1
promote tumor growth in human hepatocellular carcinoma

Yan Yan"** | Jiahao Pan”* | Yonghua Chen®* | WeiXing' | QiangLi' |
Dongyin Wang' | Xiaoshuang Zhou' | Jingdun Xie! | Changhong Miao* |

Yunfei Yuan® | Weian Zeng'! | Dongtai Chen'

! Department of Anesthesiology, Sun Yat-Sen University Cancer Center, State Key Laboratory of Oncology in South China, Collaborative Innovation
Center for Cancer Medicine, Guangzhou, Guangdong 510060, P. R. China

2 Department of Anesthesiology, Huizhou Municipal Central Hospital, Huizhou, Guangdong 516001, P. R. China
3 Department of Anesthesiology, Peking University Shenzhen Hospital, Shenzhen, Guangdong 518000, P. R. China
4 Department of Anesthesiology, Fudan University Zhongshan Hospital, Shanghai 20032, P. R. China

5 Department of Hepatobiliary Oncology, Sun Yat-Sen University Cancer Center, State Key Laboratory of Oncology in South China, Collaborative
Innovation Center for Cancer Medicine, Guangzhou, Guangdong 510060, P. R. China

Correspondence

Weian Zeng and Dongtai Chen, Sun Yat-
sen University Cancer Center, No. 651,
Dongfeng Road East, Guangzhou 510060,
Guangdong, P.R. China.

Email: zengwa@mail.sysu.edu.cn;
chendt@sysucc.org.cn

#These authors contributed equally: Yan
Yan, Jiahao Pan, Yonghua Chen.

Funding information

National Natural Science Foundation of
China, Grant/Award Numbers: 81971057,
81902490

Abstract

Background: Dopamine and dopamine receptor D1 (DRD1), a member of the
dopamine receptor family, have been indicated to play important roles in cancer
progression, but dopamine secretion in hepatocellular carcinoma (HCC) and the
effects of DRD1 on HCC remain unclear. This study was designed to explore the
contribution of the dopaminergic system to HCC and determine the relationship
between DRDI and prognosis in HCC patients.

Methods: The dopamine metabolic system was monitored using enzyme-linked
immunosorbent assays (ELISAs). The expression of DRD1 was detected by
microarray analysis, immunohistochemistry (IHC), and quantitative real-time
PCR (qRT-PCR). Stable DRD1 knockout and overexpression cell lines were estab-
lished for investigation. Transwell, colony formation, and Cell Counting Kit 8
(CCKS) assays were performed to assess the malignant behaviors of cancer cells.
The cAMP/PI3K/AKT/ cAMP response element-binding (CREB) signaling path-
way was evaluated by Western blot. This pathway, which is agitated by DRDI in
striatal neurons, had been proven to participate in tumor progression. Xenograft
HCC tumors were generated for in vivo experiments.

Results: Dopamine secretion increased locally in HCC due to an imbalance in
dopamine metabolism, including the upregulation of dopa decarboxylase (DDC)

Abbreviations: CCKS, Cell Counting Kit 8; DDC, dopa decarboxylase; DMEM, Dulbecco’s modified Eagle medium; DMSO, Dimethyl sulfoxide;

DRD1, dopamine receptor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HCC, hepatocellular carcinoma; MAOA, monoamine oxidase A;
OS, overall survival; RFS, relapse-free survival
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and the downregulation of monoamine oxidase A (MAOA). Dopamine pro-
moted the proliferation and metastasis of HCC. DRD1 was highly expressed in
HCC tissues and positive DRD1 expression was related to a poor prognosis in
HCC patients. The upregulation of DRDI agitated malignant activities, including
proliferation and metastasis in HCC by regulating the cAMP/PI3K/AKT/CREB
pathway, and the downregulation of DRD1 had opposing effects. The effects of
dopamine on HCC was reversed by depleting DRD1. SCH23390, a selective DRD1
antagonist, inhibited the proliferation and metastasis of HCC cells both in vitro
and in vivo.

Conclusion: Dopamine secretion was locally increased in HCC and promoted
HCC cell proliferation and metastasis. DRD1 was found to exert positive effects
on HCC progression and play a vital role in the dopamine system, and could be

KEYWORDS

1 | BACKGROUND

Liver cancer has become one of the most common cancers
in many countries and is responsible for approximately
800,000 deaths each year [1]. Hepatocellular carcinoma
(HCC) accounts FOR 70%-85% of liver cancers in adults
[2]. In China, HCC is the fourth most common cancer and
the second leading cause of cancer-related death ([3, 4]).
Surgical treatment is still the main therapeutic option used
to treat early-stage HCC, however, the surgical indications
are limited. When the opportunity for surgery is missed,
nonsurgical treatment becomes very important. Targeted
molecular therapy has provided an important and effective
means for treating liver cancer. Some targeted drugs, such
as lenvatinib [5], regorafenib [6], and sorafenib [7], have
been developed and improved the survival rate of cancer
patients by approximately 30% due to their antiangiogenic
and antiproliferative effects.

Neurotransmitters affect the progression of tumors by
altering the tumor microenvironment [8]. Dopamine, as
one of the major catecholamine neurotransmitters, plays
an important role in the central nervous system. Dysfunc-
tion of the dopaminergic system can cause schizophre-
nia and Parkinson’s disease [9]. Some epidemiological and
molecular biology studies have found that schizophrenia
and Parkinson’s disease had different effects in different
cancers and even in the same cancer, and different conclu-
sions have been drawn [10-13]. These findings implied that
an imbalance in the dopaminergic system may be related
to cancer development.

Dopamine works via its receptors, which belong to the
G protein-coupled receptor family. There are five subtypes

a potential therapeutic target and prognostic biomarker for HCC.
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of dopamine receptors, dopamine receptor D1 (DRDI),
dopamine receptor D2 (DRD2), dopamine receptor D3
(DRD3), dopamine receptor D4 (DRD4), and dopamine
receptor D5 (DRD5), which are divided into 2 classes, D1-
like receptors (DRD1, DRD5) and D2-like receptors (DRD2,
DRD3, DRD4), depending on their biochemical and phar-
macological properties [14].

It has been found that positive expression of DRD1 in
breast cancer patients indicated a poor prognosis [15], the
expression of DRD2 was found in an increased level in
pancreatic cancer patients, and inhibitors of DRD2 could
slow tumor growth by suppressing the ERK signaling path-
way [16]. In addition, inhibiting the function of DRD4 pre-
vented the autophagy and proliferation of brain glioma
stem cells, as reported by Sonam Dolma [17]. DRD1 and
DRD5 had different expression levels in HCC, and thior-
idazine, as a dopamine receptor antagonist, suppressed
metastasis in HCC and proliferation in breast cancer ([18,
19]). These evidence suggest that dopamine and dopamine
receptors could influence different types of cancer [20].

The effect of dopamine on HCC has been reported
in some studies ([18, 21]), however, studies on the local
dopamine metabolic system in HCC are lacking. Some
reports have observed an increased local secretion of
dopamine in cholangiocarcinoma cell lines which con-
tributed growth-promoting effects [22]; suggesting an
imbalance in the dopaminergic system in HCC. DRD1
has been proven to be involved in cancer progression [15]
but research on the contribution of DRD1 to HCC is still
lacking.

We designed this study to verify the function of
the dopamine metabolic system and the expression of
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dopamine receptors in HCC, to explore the contribution
of the dopaminergic system to HCC, and to determine the
mechanisms involved in this process. The significance of
dopamine receptors in the prognosis of HCC patients was
also analyzed.

2 | MATERIAL AND METHODS

2.1 | HCC patients and tissue specimens
This study was approved by the Clinical Research Ethics
Committee (Identification code, GZR2016-037) of Sun Yat-
sen University Cancer Center (Guangzhou, China), and
informed consent was obtained from all participants. All
the data and material were collected in accordance with
the Declaration of Helsinki and conformed to relevant
aspects of the ARRIVE guidelines [23]. Six pairs of HCC
and corresponding non-tumor tissue samples, which were
collected from 10 patients who underwent curative surgery
at the Department of Hepatobiliary Oncology, Sun Yat-sen
University Cancer Center, were used for microarray anal-
ysis. Supplementary Table 1 shows the characteristics of
the patients for transcriptome sequencing. Furthermore,
tissue samples from 221 HCC patients confirmed by
pathology were used in this study. The patients were not
treated with preoperative therapy and had no history of
other malignancies. Patients with extrahepatic metastasis
and HCC invading the biliary system were excluded. All
the patients underwent hepatectomy for primary HCC
by the same surgeon between June 9, 1999, and February
15, 2012, at the Department of Hepatobiliary Oncology,
Sun Yat-sen University Cancer Center. All 221 samples
were analyzed by immunohistochemistry (IHC). The
overall survival (OS) and relapse-free survival (RFS) of the
patients were analyzed using Kaplan-Meier analysis.

2.2 | Celllines

The MHCC97-H (RRID: CVCL_4972), MHCC97-L (RRID:
CVCL_4973), SK-HEP-1 (RRID: CVCL_0525), PLC/PRF/5
(RRID: CVCL_0485), Huh-7 (RRID: CVCL_0336) human
HCC cell lines were purchased from the cell bank of
the Chinese Type Culture Collection (Shanghai, China),
while the Hep-3B (RRID: CVCL_0326) and hepatoblas-
toma Hep-G2 (RRID: CVCL_0027) cell lines were pur-
chased from the Guangzhou Cellcook Biotech Co., Ltd.
(Guangzhou, Guangdong, China). The normal liver Miha
(RRID: CVCL_SAI11) cell line was purchased from the
cell bank of the Chinese Type Culture Collection (Shang-
hai, China). MHCC97-H and MHCC97-L represent sub-
clones of the parental MHCC97 cell line with high and

low metastatic potential, respectively. All cell lines were
authenticated using short tandem repeat (STR) profiling
over the last three years. The cells were cultured with Dul-
becco’s modified Eagle medium (DMEM, Gibco, Carlsbad,
CA, USA) supplemented with 100 pg/mL penicillin, 100
pg/mL streptomycin (Invitrogen, Carlsbad, CA, USA), and
10% fetal bovine serum (Gibco) in a 37°C incubator with 5%
carbon dioxide and 85% humidity. The cells were cultured
for 3 to 6 passages. All experiments were performed with
mycoplasma-free cells.

2.3 | Reagents

Dopamine (S2529) was purchased from Selleck Chemicals
(Houston, TX, USA). Dimethyl sulfoxide (DMSO, 20-139)
and SCH23390 (D054) were purchased from Sigma (St.
Louis, MO, USA). The DRD1 antibody (NBP2-16213)
was purchased from Novus Biological (CO, USA). The
PI3K (pl10) (4249S), AKT (4685S), p-AKT (R4060S),
cAMP response element-binding (CREB) (9197S), p-CREB
(9198S), glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH, 2118S) antibodies, and anti-rabbit antibody
(7074S), which served as a secondary antibody, were
purchased from Cell Signaling Technology (Danvers, MA,
USA).

2.4 | Microarray analysis

Samples from cancer tissues were purified and processed
for hybridization according to the Agilent One-Color
Microarray-Based Gene Expression Analysis protocol
(Agilent Technologies Inc., CA, USA) with minor modi-
fications. Array images were analyzed using the Agilent
Feature Extraction software (version 11.0.1.1, Agilent
Technologies Inc.). The GeneSpring GX v11.5.1 software
package (Agilent Technologies Inc.) was used to perform
the quantile normalization and subsequent data process-
ing. The screening conditions used to identify differential
expression were a false discovery rate (FDR) < 0.05, a fold
change (FC) > 1.5, and a P value < 0.05. Normalized and
log-transformed data were analyzed and a hierarchical
clustering heat map was drawn to visualize the genes that
were differentially expressed between tumor and paired
non-tumor tissues.

2.5 | Overexpression and knockout of
DRD1 in HCC cells

The overexpression and shRNA sequences of DRD1 were
designed by GeneCopoeia (Rockville, MD, USA), and
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the pEZ-Lv105 human DRD1 overexpression vector, psi-
LVRU6GP human DRD1 shRNA vector, and pEZ-Lv105-
GFP control vector were also constructed by GeneCopoeia.
HCC cells were allowed to grow to 70% confluency before
transfection. Lenti-Pac™ HIV Expression Packaging Kits
(HPK-LvTR-40, GeneCopoeia, Atlanta, GA, USA) were
used according to the manufacturer’s instructions before
transfection. Overexpression and knockout were verified
by Western blot analysis.

2.6 | Quantitative real-time PCR
(qRT-PCR)

RNA was extracted from HCC cell lines with the TRI-
zol reagent (15596026, Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. cDNA synthe-
sis was performed using a PrimeScript RT Kit (RR047A,
Takara, Dalian, China). Primer pairs (Invitrogen, Carls-
bad, CA, USA) were specific for DRD1, and GAPDH
(Supplementary Table 2) served as the endogenous con-
trol. qRT-PCR was performed with SYBR Green qRT-PCR
SuperMix (C11744500, Invitrogen, Carlsbad, CA, USA)
on an ABI 7900HT Sequence Detector System (A46109,
Applied Biosystems, CA, USA) following the manufac-
turer’s instructions.

2.7 | Immunohistochemistry

Tumor samples from primary HCC patients were fixed in
10% neutral buffered formalin, and serial sections were
obtained after embedding in paraffin. Tissue sections were
deparaffinized and hydrated through an alcohol gradient
to water, and subsequently, they were blocked with 3%
hydrogen peroxide for endogenous peroxidase for 45 min.
The sections were subjected to microwave antigen retrieval
in 10 mM citrate buffer (pH 6.0) for 10 min. Then, the
primary antibody (anti-DRD1 at a dilution of 1:150; LSA44,
Lifespan Biosciences, Seattle, WA, USA) was added and
incubated at 4°C overnight, followed by the addition of
biotinylated goat anti-rabbit secondary antibody (Dako,
Carpinteria, CA, USA) and incubation for 30 min at room
temperature. DAB (K500711-2, Dako) detection was per-
formed under a microscope. Two experienced pathologists
performed the staining assessments using the German
immunoreactive score (IRS) in a double-blinded manner.
Based on staining intensity, we graded DRDI1 protein stain-
ing as follows: 0 = not stained, 1 = weakly stained, 2 =
moderately stained, or 3 = strongly stained. In addition, the
percentage of positive tumor tissue was evaluated as fol-
lows: 0 (< 10%), 1 (10%-25%), 2 (26%-50%), 3 (51%~75%), or
4 (> 75%). After multiplying the two scores and producing

a weighted score for each sample, four categories of IHC
staining were determined: absent staining (—) (score, 0-3),
weak staining (+) (score, 4-6), moderate staining (++)
(score, 7-9), and strong staining (+++) (score, 10-12) [24].

2.8 | Western blot analysis

All the proteins from HCC cell lines, whether they
received treatment or not, were extracted using the Cell
Lysis Buffer (9803S, Cell Signaling Technology, Danvers,
MA, USA) supplemented with Protease Inhibitor Cocktail
Set I (535142, Sigma, St. Louis, MO, USA), and protein
concentrations were quantified with a BCA Protein Assay
Kit (23225, Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturer’s protocol. Protein elec-
trophoresis was performed on 8%, 10%, or 12% SDS-PAGE
gels depending on the target protein’s molecular weight,
and the proteins were then transferred to a polyvinyli-
dene fluoride membrane (p0807, PVDF, Millipore, MA,
USA). The blots were probed with primary antibodies
against DRD1 (1:500 dilution), PI3K, AKT, p-AKT, CREB,
p-CREB (1:1,000 dilution), and GAPDH (1:1,000 dilution)
at 4°C overnight, and then, incubated for 1 h using the
secondary antibody (1:5,000 dilution). Membranes were
developed with BeyoECL Plus (P0018S, Beyotime Biotech-
nology, Shanghai, China) and the blots were detected by
using the enhanced chemiluminescence system (Pierce,
USA).

2.9 | Cellviability assay

Cell viability was examined with the Cell Counting Kit 8
(CCKSB) assay (CK04, Dojindo, Shanghai, China) accord-
ing to the manufacturer’s protocols. The cells were seeded
into 96-well plates at a density of 6x10° cells per well
overnight and then treated with DA (100 uM), SCH23390
(50 uM), and 0.1% DMSO (as a control) for 24 h. CCK8
reagent was added to each well and incubated at 37°C for
2 h. The absorbance of each well was detected at 450 nm
(OD450). The sh-NC, sh-DRD1-1, sh-DRD1-2, ex-vector,
and ex-DRDI cell lines were seeded at a density of 6x10°
cells per well without any treatment. CCK8 assays were
performed on days 1, 2, 3, 4, 5, and 6.

2.10 | Colony formation assay

Cells were seeded into 6-well plates at a density of
1000 cells/well. After 14 days of incubation at 37°C and
5% CO, in a humidified incubator, PBS was used to
wash the colonies. All the colonies were fixed with 4%
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paraformaldehyde for 30 min. The colonies were counted
after staining with 0.1% crystal violet.

2.11 | Cell migration and invasion assays
Transwell assays were used to examine cell migration
and invasion. The migration assays were performed using
24-well tissue culture plates (BD Bioscience, Becton, NJ)
with an 8-um-pore polycarbonate membrane, and invasion
using Matrigel was examined with a Membrane Invasion
Culture System (Corning, NY, USA). A total of 2.0x10*
SK-Hep-1 cells or 1.0x10* MHCC-97H cells were inserted
into each filter with serum-free DMEM containing DA
(100 uM), SCH23390 (50 uM), or 0.1% DMSO (as a control).
Then, the filters were placed into 24-well plates and
surrounded with DMEM containing 10% fetal bovine
serum. The plates were incubated for 24 h. Cotton swabs
were used to remove the non-migrated cells, and cells
that had migrated through the membrane were fixed with
dehydrated alcohol and stained with crystal violet. Cell
migration and invasion assays were performed on cells
transfected with sh-NC, sh-DRD1-1, sh-DRDI-2, ex-vector,
and ex-DRD1 using the same materials and methods
described above, except without treatment.

2.12 | Enzyme-linked immunosorbent
assay (ELISA)

The Human DDC/DOPA Decarboxylase ELISA Kit (Cat.:
LS-F7499), Human MAOA/Monoamine Oxidase ELISA
Kit (Cat.: LS-F54991), the All Species cAMP/Cyclic AMP
ELISA Kit (Cat.: LS-F10530), and the All Species Dopamine
ELISA Kit (Cat.: LS-F39204) were purchased from Lifespan
Biosciences (Seattle, WA, USA). All kits were used accord-
ing to the manufacturer’s protocols.

2.13 | Experimental animals and ethical
statement

All animal experimental protocols were approved by
the Clinical Research Ethics Committee of Sun Yat-
sen University Cancer Center under Project License
1102012016002Q and conformed to relevant aspects of the
ARRIVE guidelines [23]. Male athymic nude mice (4 weeks
old) with an average body weight of 18 g were purchased
from the Guangdong Medical Laboratory Animal Center
(Foshan, Guangdong, China). and raised under specific
pathogen-free (SPF) conditions at the animal center of
Zhongshan School Medicine, Sun Yat-sen University.

WILEY -

2.14 | Animal housing

Two or three mice were housed in one ventilated cage.
All the cages were maintained in an animal room with 23
+ 2°C and 55 + 10% humidity. Cages were enriched with
nesting material, and food and water were provided ad
libitum. The mice were monitored daily by a professional
technician. A total of 30 6-week-old nude mice were
used for the xenograft mouse model experiment, and
each group of six mice was divided into five subgroups.
The mice were given at least 1 week to acclimate to the
conditions of the animal room before performing the
experiments.

2.15 | Xenograft tumor formation
Twenty-four mice were randomly divided into group A
and group B, with 12 mice in each group. In group A,
xenograft tumors were generated by subcutaneously inject-
ing 1x10° MHCC-97H cells in 100 uL of PBS mixed with
100 pL of Matrigel (356234, Corning, NY, USA), while in
group B, xenograft tumors were generated by injecting
1x10° SK-Hep-1 cells. When the tumors were visible (one
week after inoculation), the mice in group A were allocated
to groups 1 and 2 based on a computer-generated random
number, and those in group B were allocated to groups 3
and 4 in the same manner. Groups 1 and 3 were treated
with vehicle control, while groups 2 and 4 were treated
with SCH23390 (0.1 mg/kg) daily by intraperitoneal injec-
tion. Every 3™ day, the tumor volumes were calculated
by the formula a (Iength) x b? (width)/2, and their body
weights were measured at the same time. After 30 days,
the mice were sacrificed under anesthesia with isoflurane
(Y0000858, Guidechem, Shenzhen, China) by cervical dis-
location, and the weights of the tumors were measured
post-autopsy.

2.16 | Statistical analysis

All the data are presented as the means with their
respective standard errors (SEMs), and data analyses
were performed with GraphPad Software 6 for Windows
(GraphPad, La Jolla, CA, USA) and the Statistical Package
for the Social Sciences (SPSS, version 22.0, New York,
USA). The association between DRDI1 expression and
the clinicopathological features of HCC patients was
evaluated using the chi-square test. The Cox proportional
hazards regression model was used to perform multivari-
ate analysis of all prognostic factors that were found to be
significant in the univariate analysis. Kaplan-Meier sur-
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vival analysis with the log-rank test was used to evaluate
the relationship between DRD1 and OS or RFS. RFS was
defined as the time from the date of the initial operation to
recurrence, and OS was defined as the time from the date
of the initial operation to death or June 1, 2016. Student’s
t-test was used for comparisons between two groups, and
the Bonferroni test was used for comparisons between
all groups when the data were in normal distribution by
one-way analysis of variance (ANOVA). The homogeneity
of variances between the groups was tested. P < 0.05
was considered significant. At least three replicates were
performed for each in vitro experiment.

3 | RESULTS

3.1 | Dopamine is increased in HCC and
increases the proliferation, migration,
and invasion of HCC cell lines in vitro

To determine the status of dopamine secretion in HCC, we
examined two key enzymes, dopa decarboxylase (DDC)
and monoamine oxidase A (MAOA), which are related to
dopamine secretion and can be used to monitor dopamine
levels. DDC, an important enzyme for peripheral
dopamine synthesis, was found more highly expressed in
HCC tissues than in normal tissues and showed a positive
correlation with dopamine levels (Fig. 1A and B). In con-
trast, the key enzyme for dopamine degradation, MAOA,
was significantly decreased in HCC tissues and showed a
negative correlation with dopamine levels (Fig. 1A and B).
Consistent with our hypothesis, the abnormal expression
of DDC and MAOA could lead to an increase in dopamine
(Fig. 1A). Moreover, dopamine levels were higher in HCC
cell lines MHCC-97H, SK-Hep-1, and MHCC-97L than
in the non-malignant liver cell line (Miha) (Fig. 1C). To
explore the functional role of dopamine in HCC, cell via-
bility experiments were performed, and the results showed
that the MHCC-97H, SK-Hep-1, MHCC-97L, PLC/PRF/5,
and Hep-G2 cell growth rates were significantly elevated
by treatment with dopamine (1 uM), for 24 h (Fig. 1D).
Furthermore, transwell assays revealed that dopamine
facilitated HCC cell migration and invasion in vitro
(Fig. 1E). In summary, dopamine levels were increased in
HCC tissues and enhanced the malignant activity of cancer
cells.

3.2 | DRDI1 expression in human HCC
tissues and cell lines

To determine the actual target receptor of dopamine, all
the dopamine receptors (DRD1, DRD2, DRD3, DRD4, and

DRD5) were subjected to microarray analysis. Among all
DRDs, only DRD1 mRNA was more highly expressed
in HCC tissues than in matching non-tumor tissues,
while the other mRNAs were not differentially expressed
(Fig. 2A). Therefore, the function of DRD1in HCC progres-
sion was the focus of our research. To further confirm our
finding, the expression of DRD1 mRNA in 74 pairs of HCC
samples was examined by qRT-PCR, and the DRDI1 protein
was detected in 7 pairs of HCC samples by Western blot
analysis. DRD1 was more highly expressed in tumor tis-
sues than in normal tissues at both the mRNA (Fig. 2B and
C) and protein levels (Fig. 2D). DRD1 expression was also
examined in liver cancer cell lines and the normal liver cell
line Miha by qRT-PCR and Western blot analyses. DRD1
was positively expressed in the HCC cell lines MHCC-97H,
SK-Hep-1, and PLC/PRF/5 (Fig. 2E and F), consistent with
earlier results.

3.3 | Expression of DRDI1 is an
independent prognostic factor for HCC

Figure 3A shows the immunohistochemical score in HCC
tissues, based on which the patients were classified into
a low and high DRD1 expression group. According to
Kaplan-Meier analysis of 221 patients, including 190 males
and 31 females whose mean age was 48.9 (range: 20-79)
years and had a median follow-up period of 54 (range:
1-127) months, the expression of DRDI1 was related to RFS
(P = 0.008) and OS (P = 0.009) (Fig. 3B and 3C). Analysis
of the correlation between DRDI and other clinicopatho-
logical characteristics showed that the positive expression
of DRD1 was significantly associated with HbsAg (P =
0.024), satellite nodule (P = 0.029), and TNM classification
(P = 0.015) (Table 1). Moreover, the univariate analysis of
all clinicopathological characteristics showed that DRD1
expression (P = 0.008), HbsAg (P = 0.038), tumor size (P <
0.001), satellite nodule (P < 0.001), and TNM classification
(P = 0.007) were related to RFS, while DRD1 expression
(P = 0.009), tumor size (P = 0.001), satellite nodule (P <
0.001), and TNM classification (P < 0.001) were related
to OS (Supplementary Table 3). A multivariate Cox model
was built to determine whether DRDI is an independent
prognostic factor of HCC. The analysis revealed that
DRDI1 expression (P = 0.045), tumor size (P < 0.001), and
satellite nodule (P = 0.048) were independent prognostic
factors for RFS in HCC patients. For OS, multivariate Cox
analysis revealed that DRD1 (P = 0.044) and tumor size (P
= 0.011) were independent prognostic factors (Fig. 3D and
Supplementary Table 4). All these results suggested that
DRDI1 protein expression could be used to predict the prog-
nosis of HCC and that it may be a target of dopamine in
HCC.
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FIGURE 1 Dopamine accumulates locally in HCC and promotes the proliferation, migration, and invasion of HCC cells in vitro. (A) DDC,
MAOA, and dopamine levels in 30 matched non-tumor and tumor tissues from HCC patients. (B) Analysis of the correlation between the levels
of MAOA, DDC, and dopamine in 30 human HCC tissues. (C) Dopamine levels in HCC cell lines, hepatoblastoma Hep-G2, and a normal
liver cell line (Miha). (D) The growth rate of HCC cell lines, hepatoblastoma Hep-G2, and a normal liver cell line (Miha) after treatment with
dopamine (1 uM). (E) Migration and invasion in MHCC-97H and SK-Hep-1. The data are presented as the mean + SD from three independent
experiments. * P < 0.05, ** P < 0.01, *** P < 0.001.
Abbreviations: DDC, dopa decarboxylase. DRDI1, dopamine receptor D1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. HCC, hepato-
cellular carcinoma. MAOA, monoamine oxidase A.
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FIGURE 2

Expression of dopamine receptors in human HCC tissue. (A) Hierarchical clustering heat map showing the expression of

mRNAs in HCC tissues and adjacent non-tumor tissues by microarray analysis. The whole gene list and information are supplied in the Sup-
plementary Table 5. (B) Waterfall plot of dopamine receptor D1 (DRD1) mRNA expression in 74 paired tumor and non-tumor samples tested by
gRT-PCR. (C) DRD1 mRNA expression in tumor and adjacent non-tumor tissues. (D) DRD1 expression in 7 paired tumor tissues and adjacent

non-tumor tissues tested by Western blot analysis and quantification of DRD1 protein levels. (E) DRD1 mRNA levels in HCC cell lines, hep-
atoblastoma Hep-G2, and a normal liver cell line (Miha) were tested by qRT-PCR. (F) DRD1 protein levels in HCC cell lines, hepatoblastoma
Hep-G2, and a normal liver cell line (Miha) were tested by Western blot analyses. * P < 0.05.

Abbreviations: DRD1, dopamine receptor D1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. HCC, hepatocellular carcinoma.
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FIGURE 3 DRDI expression is an independent prognostic factor for HCC. (A) DRD1 immunohistochemical score in HCC tissues accord-
p p progi

ing to four staining intensity classes. (B) RFS curves of patients with HCC in relation to DRD1 protein expression by Kaplan-Meier survival
analysis. (C) OS curves of patients with HCC in relation to DRD1 protein expression by Kaplan-Meier survival analysis. (D) Cox multivariate
analysis of contributory factors to recurrence-free survival and overall survival among 221 HCC patients after hepatectomy.

Abbreviations: DRD1, dopamine receptor D1. HCC, hepatocellular carcinoma. OS, overall survival. RFS, relapse-free survival.

3.4 | Interfering with DRD1 expression
influences HCC cell proliferation,
migration, and invasion in vitro by
targeting the cAMP/PI3K/AKT/CREB
pathway

Additional experiments were performed, and we found
that DRD1 was less expressed in the Hep-3B cell line
and more highly expressed in the MHCC-97H cell line

than in other liver cancer cell lines (Fig. 2E and F),
therefore, these two cell lines were used to establish a
stable DRD1 knockout cell line (sh-DRD1-MHCC-97H-1,
sh-DRD1-MHCC-97H-2) and a DRD1 overexpression cell
line (ex-DRD1-Hep-3B). DRDI1 expression in the stable
cell lines was significantly altered relative to that in the
negative control cell lines (Fig. 4A and B).

Invitro experiments were performed to verify the poten-
tial function of DRD1 in HCC cell lines. Results from the
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TABLE 1 Correlation of DRD1 expression with the clinicopathological characteristics in 221 patients with HCC'
DRD1 protein
Low High
Total no. expression expression
Characteristics of cases (case, n[%]) (case, n[%]) P Value
Gender
Female 31 9 (29.0) 22 (71.0)
Male 190 78 (41.1) 112 (58.9) 0.204
Age (years)
<50 120 51 (42.5) 69 (57.5)
> 50 101 36 (35.6) 65 (64.4) 0.299
HBsAg
Negative 27 16 (59.3) 11(40.7)
Positive 194 71 (36.6) 123 (63.4) 0.024
Child-Pugh classification’
A 218 87(39.9) 131 (60.1)
B 3 0(0) 3(100) 0.160
AFP (ng/mL)
<20 78 29 (37.2) 49 (62.8)
20-400 53 19 (35.8) 34 (64.2)
>400 90 39 (43.3) 51 (56.7) 0.599
GGT (units/L)
<50 104 42 (40.4) 62 (59.6)
> 50 117 45 (38.5) 72 (61.5) 0.770
Tumour size (cm)
<5 103 41(39.8) 62(60.2)
>5 118 46 (39.0) 72 (61.0) 0.901
Satellite nodule
Absent 189 80 (42.3) 109 (57.7)
Present 32 7(21.9) 25 (78.1) 0.029
Tumour capsule
Absent 69 29 (42.0) 40 (58.0)
Present 152 58 (38.2) 94 (61.8) 0.585
Vascular invasion
Absent 196 79 (40.3) 117 (59.7)
Present 25 8 (32.0) 17 (68.0) 0.423
Cirrhosis
Absent 40 17 (42.5) 23 (57.5)
Present 181 70 (38.7) 111 (61.3) 0.654
TNM classification’
I/11 184 79 (42.9) 105 (57.1)
I/ IV 37 8 (21.6) 29 (78.4) 0.015

"Values of statistical significance are in bold.

*There is no patient with Child-Pugh Class C.

*Tumor node metastasis (TNM) was evaluated based on the seventh edition of the American Joint Committee on Cancer (AJCC).

Abbreviations: DRDI, dopamine receptor D1. HCC, hepatocellular carcinoma. AFP, Alpha-fetoprotein. GGT, Gamma-glutamyl transferase. TNM, Tumor Node
Metastasis.
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FIGURE 4 HCC can be regulated by interfering with DRD1 expression. (A) Western blot analysis confirmed the overexpression of DRD1
in Hep-3B cells by stable transfection. (B) Western blot analysis confirmed the knockout of DRD1 expression in MHCC-97H cells by stable
transfection. (C) The upregulation of DRD1 expression significantly enhanced cell proliferation. (D) The downregulation of DRDI expression
weakened cell proliferation. (E) The upregulation of DRD1 expression significantly increased the colony numbers. (F) The downregulation of
DRDI expression decreased the colony numbers. (G) The upregulation of DRD1 expression significantly enhanced cell migration and invasion.
(H) The downregulation of DRD1 expression weakened cell migration and invasion. The data are presented as the mean + SD from three
independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001.

Abbreviations: DRD1, dopamine receptor D1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. HCC, hepatocellular carcinoma.
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CCKS8 and colony formation assays revealed that the upreg-
ulation of DRD1 expression significantly enhanced cell
proliferation, while the downregulation of DRDI expres-
sion exerted the opposite effect (Fig. 4C-F). Moreover, cell
migration and invasion assays indicated that ex-DRDI cells
had stronger migration and invasion potential than nega-
tive control cells. In contrast, sh-DRD1 cells had weaker
migration and invasion potential than negative control
cells (Fig. 4G and H).

DRD1, which belongs to the Gaq family of G proteins,
could stimulate the activation of the cAMP/protein kinase
B (AKT)/CREB pathway in striatal neurons [25]. Further-
more, PI3K/AKT plays a vital role in many kinds of can-
cer, including HCC [26]. Thus, we hypothesized that DRD1
could function by targeting the cAMP/PI3K/AKT/CREB
pathway in HCC cell lines. Next, ELISA and Western blot
analysis were carried out to prove this hypothesis. Our
findings showed that the downregulation of DRDI1 sup-
pressed the cAMP/PI3K/AKT/CREB pathway, and overex-
pression of DRDI stimulated the cAMP/PI3K/AKT/CREB
pathway (Fig. 5A).

3.5 | DRDI1 expression plays a key role in
the effects of dopamine on HCC cell lines

It was previously shown that DRD1 expression could
alter HCC cell malignant activity. DRDI interacted with
dopamine much more easily than other dopamine recep-
tors because of its very lower Ki value [27]. Therefore, we
hypothesized that DRD1 might play a key role in the mech-
anism by which dopamine impacts HCC cell proliferation,
migration, and invasion in vitro. To confirm our hypothe-
sis, RNA interference was first implemented to knockout
DRDI expression, and then the cell lines were treated with
dopamine. Cell proliferation and invasion were observed
by CCKS, colony formation assay, and transwell assays.
The results suggested that the shRNA knockout of DRD1
abrogated the effects of dopamine on HCC cells, including
both proliferation (Fig. 5B and C) and invasion (Fig. 5D).
Consistent with previous results, dopamine activated the
cAMP/PI3K/AKT/CREB pathway, which was reversed by
the shRNA knockout of DRD1 (Fig. 5E). In conclusion,
dopamine promotes HCC cell malignant activity through
DRD1.

3.6 | SCH23390 displays a
tumor-suppressive role both in vitro and in
vivo

To determine whether DRDI could be a potential target
in the treatment of HCC, SCH23390, a selective DRD1

antagonist, was used as a targeted therapy for HCC. First,
the viability of liver cancer cell lines and Miha cells was
assessed after treatment with SCH23390 (100 uM), and
we found that the viability of MHCC-97H and SK-Hep-
1 cells was the most significantly suppressed (P < 0.001)
(Fig. 6A). Moreover, SCH23390 significantly reduced the
number of migrated and invaded cells (Fig. 6B). In addition
to these in vitro experiments, a xenograft tumor model was
built to verify the effect of SCH23390 in vivo. As expected,
SCH23390 inhibited tumor growth (compared to the con-
trol treatment) (Fig. 6C). All these results demonstrated
that SCH23390 plays a tumor-suppressive role both in vitro
and in vivo.

All these results suggest that the abnormal expression
of DDC and MAOA could lead to an increase in dopamine
which could contribute to HCC progression, and DRD1
plays a vital role in the dopamine system. SCH23390, a
selective DRD1 antagonist, displays a tumor-suppressive
role both in vitro and in vivo (Fig. 7).

4 | DISCUSSION

To our knowledge, this is the first study to verify that
dopamine secretion was increased locally in HCC due
to an imbalance in dopamine metabolism, including the
upregulation of DDC and the downregulation of MAOA.
Dopamine promoted the proliferation and metastasis of
HCC, but the effects were reversed by the depletion of
DRD1. DRD1 altered the malignant activities of HCC
cells by regulating the cAMP/PI3K/AKT/CREB pathway.
SCH23390, a selective DRD1 antagonist, inhibited the pro-
liferation and metastasis of HCC both in vitro and in vivo.
DRD1 was highly expressed in HCC tissues, and the pos-
itive expression of DRD1 was related to poor prognosis in
HCC patients.

Previous research demonstrated that increased local
dopamine secretion because of metabolic enzyme dysreg-
ulation promoted cell growth in cholangiocarcinoma [22]
because DDC was increased locally. Furthermore, unam-
biguous evidence showed that MAOA, the major degrad-
ing enzyme of catecholamines, including dopamine,
inhibited HCC metastasis but was downregulated in
HCC [28]. We found that abnormal increases in DDC
and decreases in MAOA caused dopamine to accumulate
locally in HCC. In addition, dopamine was shown to
facilitate HCC cell proliferation, migration, and invasion;
consistent with observations in cholangiocarcinoma
[22].

Dopamine, as a neurotransmitter in the central nervous
system, can bind to DRD1 to induce changes in cell behav-
ior [29]. According to the results of the present study, DRD1
played a vital role in the dopaminergic system of HCC,
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FIGURE 5 DRDI activates the cAMP/PI3K/AKT/CREB pathway and Dopamine regulates HCC cell malignant behaviors via DRDI. (A)

ELISA and Western blot analysis showed that the downregulation of DRD1 suppressed the cAMP/PI3K/AKT/CREB pathway, and the over-
expression of DRDI stimulated the cAMP/PI3K/AKT/CREB pathway. (B) Cell viability assay in sh-DRDI1 and sh-NC cells with or without
dopamine treatment (1 UM). (C) Colony formation assay in sh-DRD1 and sh-NC cells with or without dopamine treatment (1 uM). (D) Migra-
tion and invasion in sh-DRDI and sh-NC cells with or without dopamine treatment (1 uM). (E) The cAMP/PI3K/AKT/CREB pathway was
affected by treatment with dopamine (1 UM). The data are presented as the mean + SD from three independent experiments. *P < 0.05, **P <

0.01, ***P < 0.001.

Abbreviations: DRD1, dopamine receptor D1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. HCC, hepatocellular carcinoma. cAMP,
3’,5’-cyclic adenosine monophosphate. PI3K, phosphoinositide 3-kinase. AKT, protein kinase B. CREB, cAMP response element-binding pro-

tein.
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FIGURE 6 SCH23390 plays a tumor-suppressive role both in

vitro and in vivo. (A) Cell viability assay in HCC cell lines, hepa-
toblastoma Hep-G2, and Miha cells after treatment with SCH23390
(100 M, a selective DRD1 antagonist). (B) Migration and invasion of
MHCC-97H and SK-Hep-1 cells after treatment with SCH23390. (C)
SCH23390 (0.1 mg/kg) restrained tumor growth (compared with the
control) in the xenograft tumor model. The data are presented as the
mean =+ SD from three independent experiments. * P < 0.05, ** P <
0.01, *** P < 0.001.

Abbreviations: DRDI1, dopamine receptor D1. HCC, hepatocellular
carcinoma.
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FIGURE 7
dopaminergic system locally contributed to HCC progression via
DRD1.

Model depicting the possible mechanisms of the

and blocking DRDI interrupted the effects of dopamine.
SCH23390 has been shown to increase the susceptibility of
colorectal cancer cells to the anticancer effects of ONC201
[30]. Furthermore, we proved that SCH23390 suppresses
the progression of HCC. To date, there are few reports of
DRDI1 as a biomarker for prognosis prediction in cancer,
especially in regard to HCC. Our data showed that DRD1
was an independent prognostic factor for OS and RFS, and
the positive expression of DRD1 was related to a poor prog-
nosis, which was also consistent with observations found
in breast cancer [15].

The PI3K/AKT signaling pathway has been reported
to be constantly stimulated in cancer and plays a major
role in regulating the malignant behaviors of cancer
cells [26]. Emerging evidence has shown that activating
the PI3K/AKT/CREB signaling pathway promotes can-
cer progression [31]. DRD1 accomplishes its function by
increasing cAMP ([32, 33]). Our current research revealed
that interfering with DRD1 expression effectively influ-
enced HCC cell proliferation, migration, and invasion in
vitro by targeting the cAMP/PI3K/AKT/CREB pathway.
A previous investigation indicated that the DRD1 agonist
SKF38393 agitated the AKT/CREB signaling pathway in
striatal neurons.

In previous studies, we found that the relationship
between dopamine receptors and tumors was very diverse
and unclear, and dopamine receptors functioned dif-
ferently in various tumors. For example, DRD2 exerted
opposite functions in the development of brain gliomas
and lung cancer ([34, 35]), and dopamine promoted the
proliferation of cholangiocarcinoma cells [22] and inhib-
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ited the growth of glioma [36]. In the same tumor type,
different dopamine receptors could also have different
functions. Thioridazine, a DRD2 inhibitor, inhibited the
growth of breast tumors, and fenoldopam, a DRDI agonist,
exerted a similar effect [15]. We hypothesized that this
could be because D1-like receptors and D2-like receptors
have contrasting functions in many signaling pathways
[27]. Moreover, according to our experimental results, the
expression levels of five dopamine receptors were varied
in different tumor tissues. Even a single type of dopamine
receptor could be expressed differently in different HCC
cell lines. Furthermore, the affinity between dopamine
and each receptor is diverse [27], and these complicated
relationships may lead to the diverse and unclear findings
of dopamine receptors in cancer.

It is important to obtain a more detailed and accu-
rate understanding of the interaction between dopamine,
DRD1, and HCC to identify a treatment strategy for
HCC patients. Patients with positive DRD1 expression
have a poor prognosis, but DRDI targeted therapy may
slow tumor progression and could benefit the patients.
Dopamine participates in various normal physiological
activities in the whole body, especially the nervous sys-
tem. If it simply had direct interference with the func-
tion of dopamine, there may be various uncontrollable side
effects, and the health of the patient may even be threat-
ened. According to our research, DRD1 is a key player
involved in dopamine’s effect on HCC, so blocking the
function of DRD1 in HCC could be a safe treatment and
could provide additional options for the comprehensive
treatment of HCC.

Although DRD2, DRD3, DRD4, and DRD5 were not
the major subjects of this research, the effects of other
dopamine receptors on HCC cannot be ignored. The inter-
play between DRD1 and HCC remains complex, so addi-
tional experiments and clinical studies are needed in the
future.

5 | CONCLUSION

Dopamine secretion was increased locally in HCC
and promoted HCC cell proliferation and metastasis.
DRD1 was more highly expressed in tumor tissues at
both the mRNA and protein levels. DRD1 was found to
exert positive effects on HCC progression and played a
vital role in the dopamine system. SCH23390, a selec-
tive DRDI1 antagonist, displayed a tumor-suppressive
role both in vitro and in vivo. DRDI1 could be a poten-
tial therapeutic target and prognostic biomarker for
HCC.
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