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Abstract 
Dopamine (DA, 3-hydroxytyramine) is a member of the catecholamine family and is classically characterized according to its role in the central 
nervous system as a neurotransmitter. In recent decades, many novel and intriguing discoveries have been made about the peripheral expres-
sion of DA receptors (DRs) and the role of DA signaling in both normal and pathological processes. Drawing from decades of evidence sug-
gesting a link between DA and cancer, the DA pathway has recently emerged as a potential target in antitumor therapies. Due to the onerous, 
expensive and frequently unsuccessful nature of drug development, the repurposing of dopaminergic drugs for cancer therapy has the potential 
to greatly benefit patients and drug developers alike. However, the lack of clear mechanistic data supporting the direct involvement of DRs and 
their downstream signaling components in cancer represents an ongoing challenge that has limited the translation of these drugs to the clinic. 
Despite this, the breadth of evidence linking DA to cancer and non-tumor cells in the tumor microenvironment justifies further inquiry into the 
potential applications of this treatment modality in cancer. Herein, we review the literature characterizing the interplay between the DA signaling 
axis and cancer, highlighting key findings, and then propose rational lines of investigation to follow.
Abbreviations:  AML, acute myeloid leukemia;  CNS, central nervous system;  CRC, colorectal cancer;  DA, dopamine;  DOPA, 3,4-dihydroxyphenylalanine;  DR, 
dopamine receptor;  GI tract, gastrointestinal tract;  GBM, glioblastoma;  hPSC, human pluripotent stem cell;  IGF, insulin-like growth factor;  ISR, integrated 
stress response;  mBC, metastatic breast cancer;  PCa, prostate cancer;  PD, Parkinson’s disease;  PDAC, pancreatic ductal adenocarcinoma;  PRL, prolactin;  
TFP, trifluoperazine;  TME, tumor microenvironment;  TRAIL, TNF-related apoptosis-inducing ligand. 

Introduction
Dopamine (DA, 3-hydroxytyramine) and its associated recep-
tors comprise a signaling network that has been extensively 
characterized in many vital central nervous system (CNS) pro-
cesses over the past 65 years. These functions include, but are 
not limited to, voluntary movement, reward, sleep regulation, 
feeding, mental affect, attention, cognitive function, olfaction, 
vision, hormonal regulation and sympathetic regulation (1). 
DA is a catecholamine neurotransmitter and a precursor to 
norepinephrine and epinephrine.

Like other neurotransmitters, DA signaling is mediated 
through a complex network of G-protein-coupled receptors 
(GPCRs), downstream effector molecules and metabolizing 
enzymes that are present in both the CNS and the periph-
ery. These DA receptors (DRs) are divided into two groups: 
D1-like and D2-like receptors (D1Rs and D2Rs, respectively) 
(2). The D1Rs—DRD1 and DRD5—generally associate with 
the Gαs/olf subunit and activate adenylyl cyclase. Conversely, 
D2Rs—DRD2, DRD3 and DRD4—typically partner with the 
Gαi/o subunit and inhibit adenylyl cyclase activity (3,4).

Early evidence that DA signals outside of the CNS came 
from the discovery of its vasodilatory effect in renal tissue 
(5). Since then, DA has been implicated in various tissues 
including vascular beds, heart, gastrointestinal (GI) tract, eye, 

kidney and pancreas (6–9). As will be discussed in greater de-
tail later in this review, DRs are also expressed in a variety 
of immune cell subsets, where they regulate differentiation 
and activation, functions that could be relevant to anticancer 
immunotherapeutic strategies (10,11).

There is now an increasing body of evidence that DA 
signaling in peripheral tissues is perturbed in cancer and this 
nascent field offers novel insights into cancer cell vulnerabil-
ities and underscores the potential to both purpose and re-
purpose the libraries of dopaminergic ligands and drugs that 
arose from neuropharmacological drug discovery and devel-
opment (12). In this review, we will highlight epidemiological, 
molecular and clinical evidence of the DA pathway’s involve-
ment in cancer and provide our perspective on how the role 
of DA in tumors and in the tumor microenvironment (TME), 
particularly within the immune system, can be translated for 
the therapeutic benefit of cancer patients.

DA-related pathologies and therapeutics 
linked to cancer
Parkinson’s disease and cancer
In 1957, the pioneering neuropharmacologist Avid Carlsson 
published the first observation that DA functions as a classical 
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neurotransmitter within the CNS, independent of its role as 
a precursor to epinephrine and norepinephrine—a discovery 
for which he would ultimately share the 2000 Nobel Prize 
in Physiology or Medicine (13,14). Shortly after Carlsson’s 
seminal paper on DA, Ehringer and Hornykiewicz found 
that the antihypertension and antipsychotic drug, reserpine, 
depletes DA in the brain and induces a Parkinson’s disease 
(PD) phenotype (15). Intravenous administration of the DA 
precursor, 3,4-dihydroxyphenylalanine (l-DOPA), followed 
in 1961 and significantly reduced symptoms in PD patients 
(16), where orally administered l-DOPA remains the stand-
ard course of treatment (17). l-DOPA is used over DA as the 
latter cannot cross the blood–brain barrier.

In the years since, physicians and epidemiologists have 
reported several interesting connections between PD and 
cancer. PD is a neurodegenerative disorder characterized by 
loss of dopaminergic neurons in the substantia nigra pars 
compacta, depletion of DA in the striatum and the presence 
of Lewy bodies. Cancer is a neoplastic disorder characterized 
by uncontrolled cell growth and lack of cell death in the af-
fected tissue (18,19). Thus, at a cellular level, PD and cancer 
are diseases of fundamentally opposite manifestation. At the 
population level, many epidemiological analyses have also re-
vealed an inverse relationship between the incidence of PD 
and cancer mortality (20–24), but the results have not always 
been consistent and may vary with tumor type (25,26).

A recent meta-analysis characterized the risk of lung can-
cer in 15 studies comprising 348 780 PD patients and found 
that PD patients had a 47% reduction in risk of developing 
lung cancer (22). Importantly, the timing of diagnosis was 
critical for observing this effect, as only the patients diag-
nosed with PD had a reduced risk of subsequent lung cancer 
diagnosis, which, the authors suggested, could be explained 
by exposure to dopaminergic therapy. Another large study 
examining the relationship between PD and cancer using data 
from Surveillance, Epidemiology, and End Results (SEER) 
and Medicare found that the odds of lung cancer in the total 
population after a PD diagnosis was reduced, consistent with 
the previous paper. However, the authors also noted that the 
reduced odds of a cancer diagnosis after a PD diagnosis was 
similar to the reduced odds of a cancer diagnosis after an 
automobile crash. As cancer and automobile crashes are un-
likely to be biologically related, the authors concluded that 
the association between PD and subsequent cancer risk was 
consistent with a bias in ascertaining cancer in patients with 
other serious medical conditions rather than an association 
between PD and cancer (26).

Melanoma, however, has the opposite trend and has been 
consistently demonstrated to co-occur with PD at signifi-
cantly higher than expected rates (27–31). The largest pro-
spective study of melanoma in PD to date contained 2106 
PD patients and found that PD patients’ relative risk for mel-
anoma was seven times greater than predicted based on the 
American Academy of Dermatology skin cancer screening 
programs (30). Unlike with lung cancer, the association be-
tween PD and melanoma is independent of the timing of  
diagnosis—melanoma patients are at 50% greater risk of 
subsequent PD diagnosis (28), and PD patients are two times 
more likely to be subsequently diagnosed with melanoma (27). 
Thus, it appears unlikely that l-DOPA therapy for PD medi-
ates the increased risk for melanoma (32,33). Additionally, 
individuals who did not have melanoma but did have a fam-
ily history of melanoma were twice as likely to be diagnosed 

with PD than those without family history of melanoma (29). 
However, melanoma patients without PD are 10.5 times more 
likely to die of metastatic melanoma than melanoma patients 
who have PD, suggesting PD-linked melanoma may be less 
aggressive (34). This unusual relationship between melanoma 
and PD likely relates to their shared melanin dysfunction. 
Melanogenesis is an enzymatic process dependent on l-DOPA 
that is commonly dysregulated in melanocytes of a melanoma 
tumor. Conversely, PD is characterized by the degeneration of 
melanin-rich DA-producing neurons. The complex relation-
ship between melanoma and PD and the potential role of DA 
signaling in reducing melanoma progression deserves further 
inquiry.

DRD2-related psychotropics and schizophrenia and 
cancer
Although DA research progressed slowly for the decade 
following its discovery in PD in 1957, a concurrent break-
through in psychiatry during the 1950s lead to some of the 
earliest documented connections between DA and cancer 
(35). In 1952, the antipsychotic effects of the DRD2 antag-
onist, chlorpromazine (aka Thorazine), were discovered, al-
lowing the drug to be prescribed for millions of psychiatric 
patients (36,37). The subsequent propagation of DA blockers 
in the clinic drove several interesting revelations about the 
pathological relevance of the DA pathway. Among them was 
the DA hypothesis of schizophrenia, which postulates that ex-
cessive DA signaling mediated by excessive D2R and reduced 
D1R activity drives the positive and negative disease symp-
toms, respectively (38–40). Treatment of schizophrenic pa-
tients with DRD2 antagonists has led to multiple interesting 
but complex links between DA signaling and cancer.

Isolated case reports from the 1960s and 1970s sug-
gested that there was increased response to radiation and 
chemotherapy in cancer patients concurrently treated with  
antipsychotics (41–43), prompting the hypothesis that the 
biological processes by which these drugs work could some-
how impact cancer risk, development and/or progression. As 
with the studies examining PD and cancer, the literature is 
heterogeneous, and few unequivocal or clear trends emerge 
(44–47). Some factors that could impact the lack of a uni-
fying hypothesis in these studies is the use of variable meth-
odologies (prospective versus case–control) and sample sizes 
(48,49), background co-morbidity of the participants, hetero-
geneity in molecular subtypes and therapy received.

Two relatively common SNPs in the DRD2 gene, 
rs1799732 and rs1800497, which are associated with PD 
and schizophrenia, are significantly associated with increased 
colorectal cancer (CRC) risk (50) and adenoma recurrence 
(51). These polymorphisms are thought to reduce both the 
expression and function of DRD2 (52–54). Although reduced 
DRD2 expression has been observed in cancers of the stom-
ach and colon (55,56), the impact of these SNPs on DRD2 
expression in epithelial cells of the GI tract has not been ana-
lyzed. Inherited mutations in DA-related genes have also been 
linked with cancer. Our group recently demonstrated that 
a SNP in DRD1 was associated with lung cancer risk (57). 
We initially thought this association was related to nicotine 
addiction given that nicotine mediates its reward effects via 
DA. Nicotine binds to nicotinic receptors on dopaminergic 
neurons and causes the release of DA. However, as we also 
found this relationship among never smokers, our results sug-
gested a direct link between DA with lung cancer biology. 
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Similarly, the studies on D2R SNPs mentioned above also did 
not find evidence of an interaction between the reward path-
way and these SNPs, again suggesting a direct biological link 
between DRD2 function and cancer risk (50,51,58).

As described above, the relationship between psychiatric 
disorders and antipsychotic medications with cancer is still 
unclear based on the current literature (59,60). In addition to 
timing, the dosage and reasons for drug administration could 
affect the relationship with cancer. Further, the pleiotropic 
manner in which these drugs work, coupled with the expres-
sion of altered forms of the DRs, could also confound epi-
demiological studies. For example, alternative splicing of DR 
genes has been reported, including DRD2, a D2R family mem-
ber that is frequently the target of antipsychotic drugs. DRD2 
exists as two main isoforms, denoted as long (D2L) and short 
(D2S), that differ by 29 amino acids (61). Interestingly, these 
two isoforms impart widely varying phenotypic effects and 
reflect different binding affinities with DA agonists (62,63). 
Further, several functional germline genetic variants in DA-
related genes have been linked with schizophrenia, hyperten-
sion, cancer risk and renal tubule dysfunction (64–67), which 
could also impact and/or confound population-based studies. 
As will be discussed in greater detail in section S2.0 of the 
Supplementary Material, DA—and indeed germline variants 
in DR genes—impact the immune system, highlighting an-
other layer of complexity unlikely to be accounted for in etio-
logical epidemiological studies.

Although epidemiologic studies suggest a complex and 
at times conflicting relationship between DA signaling and 
cancer, there is growing molecular and clinical evidence for 
a direct, biological relationship between the peripheral DA 
signaling network and cancer in terms of risk, development 
and progression. The purpose of this review is to present this 
literature and examine the basis for leveraging this developing 
field for new treatment directions.

Molecular evidence for mechanisms of DA 
activity in cancer and translation to clinical 
studies
The first demonstration of DA’s impact on cancer cells was 
over four decades ago when DA inhibited the growth of B16 
melanoma cells (68). While, overall, the mechanisms by which 
DA elicits tumor suppressive effects remain poorly defined, 
recent target-agnostic high-throughput drug screens have fre-
quently identified DA-related modulators as anticancer tar-
gets. This section discusses the potential therapeutic impact 
of various DR modulators in cancer as evidenced in a variety 
of key studies in both the preclinical and clinical settings. For 
a detailed discussion of crosstalk and therapeutic synergies 
between DA signaling and other relevant pathways, including 
somatostatin and insulin-like growth factor-1 (IGF-1), please 
refer to section S1.0 of the Supplementary Material.

Preclinical studies, phase 1 and 2 trials: D2-like 
targeting
Preclinical studies of D2R targeting agents
Early observations describing the link between antipsychotic 
drugs and response to cancer therapy (41–43,69) gained im-
portant mechanistic validation in 2014 when a phenotypic 
screen of 1974 small molecules identified trifluoperazine (TFP) 
as an antimetastatic agent (70). TFP is a well-characterized 
DRD2 antagonist that is generally well tolerated by  

schizophrenic patients (71). Since then, TFP has demonstrated 
preclinical efficacy in a variety of tumor types, including 
triple-negative breast cancer, pancreatic ductal adenocarcin-
oma (PDAC), glioblastoma (GBM), CRC and lung cancer 
(72–76). TFP inhibits migration via a DRD2/AKT/β-catenin 
signaling axis. It reduces activating phosphorylation marks 
on AKT and β-catenin, preventing β-catenin nuclear trans-
location and transcriptional activation of angiogenic and 
antiapoptotic genes (Figure 1) (72,76).

Inhibition of DRD2 with TFP also inhibits the growth 
of CRC cell lines in vitro and in vivo by inducing cell 
cycle arrest at G0/G1 (76). In addition, TFP promotes 
mitochondria-mediated intrinsic apoptosis and targets the DR  
pathway-related molecules, calmodulin and Forkhead Box 
Protein O1 (FOXO1) (77). Most recently, TFP was shown to 
enhance the efficacy of radiation therapy in a murine GBM 
model by inhibiting the phenotypic conversion of glioma-
initiating cells to transformed cells (78).

DRD2 antagonism via other pharmacological com-
pounds, including Pimozide and ONC201, have also shown 
anticancer activity in a variety of other contexts, including 
PDAC and GBM, through a mechanism that involves acti-
vation of the cAMP/PKA pathway, at least partially (79–82). 
It is worth noting, however, that activation of DRD2, as op-
posed to antagonism, also inhibits cell proliferation in sev-
eral tumor types, including breast and lung cancer (83). As is 
currently the case with other DR modulators that have dem-
onstrated activity in the cancer setting, the precise signaling 
mechanisms by which these DRD2 modulating drugs exert 
their anticancer effects are not clearly delineated at present.

DA is a potent inhibitor of angiogenesis through DRD2 
signaling (84,85). Angiogenesis, or the formation of new 
blood vessels, is essential in supporting tumor growth and 
progression (86,87). DA administration inhibits tumor 
growth and vascularization in multiple mouse tumor models 
through DRD2 agonism leading to inhibition of VEGFA-
mediated ERK1/2 phosphorylation in endothelial cells 
(Figure 2A) (88). It also has reduced renal and cardiovascular 
toxicities compared to treatment with another antiangiogenic 
drug, sunitinib (89).

Interestingly, another anticancer phenotypic neurochem-
ical screen in GBM revealed that DRD4 antagonism, by PNU 
96415E, reduced GBM stem cell proliferation and survival 
through inhibition of the autophagy-lysosomal degradation 
pathway while also promoting neuronal stem cell differenti-
ation into normal cells (90). The authors also reported that 
PNU 96415E did not affect the viability of fibroblasts, which 
were used in this screen as a control for non-specific cytotoxic 
effects. It has since been shown that fibroblasts can be regu-
lated by the DA pathway through DRD1 (91), spotlighting 
the DRD4-specific activity of PNU 96415E in this screen. In 
addition to GBM stem cells, D2Rs are also a strong drug tar-
get in other cancer stem cells. While normal human pluripo-
tent stem cells (hPSCs) are devoid of DR expression, all five 
DRs are present in neoplastic hPSCs, making them susceptible 
to DRD2 modulation in leukemia and lung cancer (83,92).

In addition to DRD2 and DRD4, DRD3 has also shown 
potential as a drug target in preclinical studies. Cariprazine, a 
DRD3 partial agonist used to treat schizophrenia and bipolar 
disorder, inhibits multidrug resistance and sensitizes colon and 
lung cancer cells to antineoplastic drugs (93). Cariprazine is 
an atypical antipsychotic drug because of its unique pharma-
codynamic activity—it partially agonizes DRD2, DRD3 and 

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgac045#supplementary-data
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5-HT1A receptors and antagonizes 5-HT2B receptors (94). 
It also shows moderate affinity for adrenergic, histaminergic 
and cholinergic receptors, which allows this drug to alleviate 
many of the side effects associated with conventional anti-
psychotic drugs, which will be important to consider when 
repurposing these drugs for cancer treatment.

Thus far, we have described the anticancer activity of 
several D2R targeting compounds in preclinical models. 
We feel that these compounds provide important proof-of-
concept and mechanistic data, which together support the 
implementation of dopaminergic drugs in cancer treatment 
modalities. While some of these compounds continue to be 
characterized and advanced to clinical trials, we will review 
the efficacy of several other dopaminergic drugs that have 
already progressed through clinical development in the next 
section.

Phase 1 and 2 clinical trials

Cabergoline

Cabergoline, a semisynthetic ergot alkaloid DRD2 agonist, is 
the current treatment of choice for patients with prolactinoma 
(95). Prolactinoma is a non-cancerous adenoma of the pitu-
itary gland and represents the most common type of hormo-
nally active pituitary tumor. Pituitary tumors, which typically 
have high D2R expression, have been successfully treated by 
ergot alkaloid DRD2 agonists for nearly 50 years. Not only 

does DRD2 agonism reduce tumor size in prolactinoma, it re-
duces secretion of the lactotropic hormone, prolactin (PRL), 
and mitigates subsequent gonadal dysfunction (96).

DA/DRD2 signaling negatively regulates the transcription 
of PRL through its inhibition of the cAMP/PKA pathway 
(97–99). Persistent ERK activation by DRD2 in lactotropes 
promotes cell differentiation rather than proliferation, which 
ultimately hinders tumor growth. Agonizing DRD2 with 
cabergoline functionally offsets the balance between the 
ERK1/2 and PI3K pathways in prolactinoma cells, inhibiting 
PI3K/AKT/MTOR-mediated proliferation and promoting 
ERK/S6K-mediated differentiation (63).

Given the role of DRD2 and DA agonists in regulating PRL 
secretion and milk production, there is also interest in under-
standing the significance of this pathway in breast cancer. As 
many antipsychotics increase serum levels of PRL through an-
tagonism of inhibitory D2Rs of lactotropes, this could account 
for the increased risk of breast cancer among female schizo-
phrenic patients described above (48,49). Indeed, cabergoline 
is being evaluated in both phase I and II clinical trials for 
treatment of metastatic breast cancer (mBC) (100–102). Early 
results from a phase II study of 20 hormone receptor-positive, 
mBC patients indicated that cabergoline was well tolerated 
and that it provided clinical benefit to 33% of evaluable pa-
tients (101). While patient response to cabergoline was lower 
than expected in this trial, its safety profile and partial benefit 
provided to patients support its use in certain patient subsets 

Figure 1. Targeting the dopamine pathway in tumor cells. Upper left: schematic of a solid tumor with tumor cells and associated non-tumor cells. (A) 
Description of compounds in development that promote cell death as their primary mechanism of action. (B) Description of compounds in development 
that inhibit cell proliferation as their primary mechanism of action. Image created with Biorender.com.
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stratified by DR expression and in combination with other 
therapies.

Bromocriptine

As a DRD2 agonist, bromocriptine is approved for the treat-
ment of PD, neuroleptic malignant syndrome, and type 2 
diabetes mellitus (103–105). Prior to cabergoline’s success 
in treating prolactinoma, bromocriptine was the preferred 
course of treatment for prolactinoma for over two dec-
ades. Although cabergoline is considerably more effective 
in reducing symptoms of prolactinoma such as amenorrhea, 
galactorrhea and lower pregnancy, there is very little evidence 
that it is better at controlling prolactinoma growth (106). 
Bromocriptine has also shown promise in preclinical models 
of various other cancer types. Bromocriptine inhibits the 
growth of xenografts from small cell lung cancer patients in a 
DRD2-dependent manner (107). In an independent screen of 

FDA-approved small molecules, bromocriptine was recently 
identified as a candidate to treat acute myeloid leukemia 
(AML) (108). Validation studies revealed that it selectively ac-
tivated apoptosis and induced myeloid differentiation of the 
primitive CD34+/CD38− leukemic stem cell fraction in AML 
patient primary samples (108,109).

Most recently, bromocriptine enhanced the efficacy of 
docetaxel, the standard-of-care chemotherapy for treating 
prostate cancer (PCa) bone metastases in the C4-2 mouse 
model by inducing cell cycle arrest at both the G1-S and 
G2-M phases (110). DRD2 is frequently expressed in human 
PCa and is reduced in patients with higher Gleason scores. 
Consistent with previous work, bromocriptine reduced phos-
phorylation of the downstream transcriptional activators, 
CREB and STAT4, but did not affect phosphorylation of 
AKT, which is commonly modulated by other DRD2 drugs. 
Other molecular targets of bromocriptine, which include  

Figure 2. Targeting the dopamine pathway in the tumor microenvironment. Note: For a detailed discussion of the interactions between DA signaling 
and the immune system, including the mechanisms depicted in this figure, please refer to section S2.0 of the Supplementary Material. Upper left: 
Schematic of a solid tumor with tumor cells and associated non-tumor cells. (A) DA treatment inhibits angiogenesis by reducing VEGF signaling and 
ERK phosphorylation in endothelial cells. (B) DRD1 agonism with dihydrexidine regulates YAP/TAZ signaling in lung fibroblasts to reverse idiopathic 
pulmonary fibrosis. (C) Treating regulatory T cells with DRD1 agonist, SKF-38393, upregulates cAMP production and reduces their immunosuppressive 
regulation of effector T cells. (D) Activation of DRD4 on CD4 T cells via DA treatment increases production of IL-2 and STAT-5, and promotes their 
differentiation to T-helper 2 phenotype. (E) Treatment of colorectal cancer cells with DRD2 antagonist, TFP, increased PD-L1 expression in vitro 
and in vivo. TFP treatment also increased PD-1 expression on tumor-infiltrating T cells. (F) DA treatment inhibits NLRP3 inflammasome activation 
in macrophages and reduces systemic inflammation in mice, both in a DRD1-dependent manner. DA treatment also reduces production of the 
proinflammatory cytokine, TNF-α, in macrophages. (G) ONC201 treatment represses oxidative phosphorylation in macrophages and promotes secretion 
of IL-1B and TNF-α. (H) Activation of DRD4 on tumor-associated macrophages (TAMs) via DA treatment reduces the secretion of protumor cytokines and 
reduces the tumor-protective effects associated with the M2 phenotype. (I) Treating microglia with isosibiricin increased expression of DRD1 and DRD2 
and reduced activation of the NLRP3 inflammasome. (J) Activation of DRD5 on dendritic cells via DA treatment increased secretion of IL-12 and IL-13, 
and also inhibited CD4 T-cell activation and IL-2 production. (K) Treatment with DA and SKF-38393 inhibited myeloid-derived suppressor cell activity, as 
measured by nitric oxide production, proliferation and inhibition of CD8 T-cell interaction with tumor cells. Image created with Biorender.com.

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgac045#supplementary-data
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androgen receptor, Skp2, p53, c-Myc and survivin, are po-
tential surrogate biomarkers to evaluate the clinical effective-
ness of bromocriptine in humans. The findings of this study 
are interesting in the context of several other phase 1 and 2 
trials, launched decades earlier, that investigated the efficacy 
of bromocriptine in treating castration-resistant PCa. The 
overall results were that the drug was safe and well toler-
ated; 50% of patients’ bone pain was alleviated immediately, 
and response rates were variable ranging from 0 to 22% re-
gression, but notably these patients were not stratified by DR 
expression (111–113). These studies are a reminder that the 
tissue-specific effects of DRs and their pharmacological lig-
ands must be clarified in detail to more accurately assess the 
efficacy and molecular mechanism of action within each can-
cer type.

Thioridazine

The antipsychotic agent thioridazine, which was first ob-
served to sensitize cancer patients to radiation in 1988, an-
tagonizes all DRs although it has highest affinity for DRD2. 
Its anticancer activity has since been independently validated 
in numerous studies, including three agnostic screening ap-
proaches (92,114,115). It induces differentiation of cancer 
stem cells in AML (92) and enhances the efficacy of the rela-
tively toxic standard-of-care chemotherapeutic, cytarabine. 
This observation led to a phase 1 clinical trial evaluating 
the safety and feasibility of oral thioridazine combined with 
cytarabine in difficult-to-treat, elderly AML patients with re-
lapsed or refractory disease (116). There, thioridazine had ef-
ficacy as a monotherapy and reduced leukemic burden in 8 
out of 11 patients, with reductions ranging from 19 to 55%. 
The effect of thioridazine was correlated with patient-specific 
levels of cellular DRD2 expression, suggesting that DRD2 
expression could be a companion biomarker. Furthermore, 
these responses were observed after only a 5-day exposure 
to thioridazine as a monotherapy; the leukemic blast count 
began to increase again once dosing stopped. Although dose-
limiting neurolepsis and cardiotoxicity hinder longer dosing 
schedules (117), possible solutions include drug reformula-
tion, gradual dose escalation and selection of younger trial 
participants. While this approach needs to be evaluated in 
larger and more diverse clinical trials, ideally using a more 
bioavailable formulation of the drug, this study provides an 
important preliminary signal that DR antagonism is a viable 
clinical approach to cancer therapy.

It should be noted, however, that the role of DRD2 in 
the activity of thioridazine has not yet been validated using 
stringent knockout models, and thus, should be further eluci-
dated in order to maximize the drug’s potential clinical util-
ization. Although thioridazine has high affinity for DRD2, 
it also antagonizes other catecholamine receptors, including 
adrenergic receptors, which could contribute to the observed 
antileukemic effects. Nonetheless, this compound has been 
identified in several anticancer drug screens, and its mechan-
ism of action reflects many similarities shared by most DR 
modulators in cancer. Using the Connectivity Map, a collec-
tion of genome-wide transcriptional datasets from cultured 
human cancer cell lines, Rho et al. predicted that thiorida-
zine treatment produces a gene expression signature similar 
to those of AKT inhibitors (114). Follow-up in vitro experi-
ments verified that thioridazine treatment reduced phosphor-
ylation of AKT, induced apoptosis and enhanced cytotoxicity 
when combined with standard-of-care cisplatin treatment.  

An independent study using a genome-wide RNA interfer-
ence screen for therapeutic partners of the EGFR inhibi-
tor, gefitinib, in lung cancer produced very similar results 
implicating thioridazine as a synthetic lethal partner (115).

ONC201

ONC201 is a first-in-class member of the imipridone molecu-
lar family that acts as a DRD2 antagonist and is currently 
being evaluated for clinical use in various types of cancers 
(12,80,118–121). Collectively, the preclinical efficacy of 
ONC201 in several tumor types was promising enough to 
guide the establishment of several dozen phase I and II clinical 
trials, some of which will be discussed further below. Along 
with its noteworthy progress in the clinic— there are at least 
24 clinical trials currently underway—the detailed molecular 
studies of this novel compound’s anticancer activity have re-
vealed that although DRD2 antagonism is a component, its 
mechanism is complex, tissue type-dependent and likely in-
volves multiple targets.

ONC201 was first described as a TNF-related apoptosis-
inducing ligand (TRAIL) activator, as it was found to pro-
mote cell death through TRAIL/death receptor (DR)-5 
upregulation and enhance chemotherapeutic efficacy in CRC 
cells in a TRAIL-based drug screen (12,118,122). Subsequent 
characterization of ONC201 revealed that DRD2 and 
DRD3 are its direct molecular targets, with TRAIL/DR-5 
upregulation being a downstream consequence. However, 
DRD3 is rarely expressed in human tumors, while DRD2 is 
frequently overexpressed (123). Consistent with many of the 
other DRD2 modulators described in this review, early data 
showed that ONC201 inhibits ERK and AKT downstream 
of target engagement, which promotes a proapoptotic pheno-
type due to increased transcriptional activation of TRAIL/
DR-5 by Foxo3 (124). In addition to molecular data, a novel 
machine-learning analysis of drug screen data also predicted 
that ONC201 would antagonize DRD2 (125). In line with 
these studies, CRISPR-mediated knockout of DRD2 also 
promoted ERK inhibition in GBM cells. These data sup-
port ONC201’s modulation of the canonical DRD2/cAMP/
p38 signaling pathway. However, notably unlike other anti-
psychotic DRD2 antagonists, ONC201 has a lower affinity 
and higher fidelity for DRD2 and, importantly, a wider thera-
peutic index (126).

Aside from its unique kinetic properties, there are sev-
eral key differentiating factors that separate ONC201 from 
other DRD2 modulators, and also suggest the engagement of 
other targets. In several cancer types, ONC201 consistently 
upregulates the integrated stress response (ISR) by activating 
ATF4/CHOP in several cancer types; however, ISR activation 
is not a common feature of DRD2 perturbation (127,128). 
Nonetheless, the synergistic activation of the ISR through 
ATF4 and the inactivation of the AKT/ERK signaling cas-
cade can both promote apoptosis through TRAIL/DR-5 
upregulation, with the former mechanism being an early ef-
fect observed within 2–3 h of treatment and the latter being a 
latent effect observed within 48–72 h (124,128).

Furthermore, when DRD2 expression was knocked out 
in three breast cancer cell lines, the anticancer effects of 
ONC201 were not abrogated. However, it was shown that 
overexpression of DRD2 did enhance the proapoptotic ef-
fects of ONC201, as measured by CHOP induction and sub-
sequent PARP cleavage, suggesting a partial role for DRD2 in 
ONC201’s effects (80). A phase II clinical trial of ONC201 in 
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17 patients with recurrent GBM, which did not reach its pri-
mary endpoint of 6-month progression-free survival, found 
that patients demonstrated a relatively marginal increase in 
circulating PRL, which is a classical marker of DRD2 antag-
onism (129,130), despite all evaluable tumors expressing high 
levels of DRD2 (131). Lastly, authors involved in this drug’s 
development proposed that tumor expression of DRD5 was a 
negative predictor of ONC201 efficacy (126). They leveraged 
expression data from several sources to show that DRD5, 
which generally functions opposite to DRD2 given that its 
activation elicits antiproliferative and proautophagic cell 
death phenotypes in various cancer cell lines (131), decreased 
patient response to ONC201 and demonstrated that it func-
tionally reduced ONC201-mediated apoptosis, as measured 
by PARP cleavage. Although it is not clear how DRD5 func-
tion interferes with DRD2 antagonism by ONC201, Prabhu 
et al. posited that DRD2/DRD5 dimerization may be involved 
(126). Additionally, these associations have yet to be directly 
validated in detail or in a sufficiently large prospective patient 
cohort. Despite its clinical progress in a multitude of cancer 
settings, there are important mechanistic underpinnings of 
ONC201 that remain to be elucidated.

Preclinical studies of D1R targeting agents
D1R targeting
DA signaling through D1Rs affects tumor progression in a 
variety of cancer types, including an inhibitory effect on cell 
proliferation and disease progression in colon, breast, pros-
tate and GI cancers (132,133). In breast cancer, where DRD1 
expression has previously been linked to advanced disease 
and poor prognosis (134), DRD1 agonist Fenoldopam in-
hibited cell proliferation, reduced AKT/IGF-1 activation in 
tumor cells and abrogated IGF-1 induced endothelial smooth 
muscle cell growth (critical for angiogenesis) in vitro (133).

DRD1 expression is also significantly upregulated in liver 
tumors compared to matched non-tumor tissue, and higher 
expression of DRD1 is associated with significantly lower 
survival (135). However, DRD1 appears to function as an 
oncogene in liver cancer, in contrast with the above litera-
ture where DRD1 acts like a tumor suppressor. Repression 
of the Drd1 gene abrogated DA-mediated stimulation of the 
cAMP/PI3K/AKT/CREB pathway and attenuated cell pro-
liferation and migration in a panel of liver cancer cell lines 
(135). Further, pharmacological antagonism of DRD1 by 
SCH-23390 significantly reduced tumor growth in mice. 
The authors also showed that altered expression of the DA 
metabolizing enzymes, DOPA decarboxylase and monoamine 
oxidase A, leads to increased DA production in human liver 
tumors.

Elsewhere, D1R signaling has been extensively reported in 
pituitary tumors and prolactinomas. Of note, DRD5 agonism 
suppresses cell growth through inhibition of mTOR (a down-
stream target of AKT) and induction of autophagic cell death 
in pituitary adenoma (136).

D1R targeting may also inhibit tumor growth through 
modulating fibrosis. Increasing evidence shows that fibro-
blasts play a critical role in carcinogenesis and disease  
progression (137). Pharmacological inhibition of DRD1 effect-
ively regulates the vital YAP/TAZ transcriptional co-activator 
complex in lung fibroblasts to reverse the fatal process of 
idiopathic pulmonary fibrosis (Figure 2B) (91), which is a risk 
factor for lung cancer development (138). Fibrosis has also 
been implicated in a variety of other cancer types including 

metastatic carcinoma of the skin and PDAC (139,140). Taken 
together, these data suggest that targeting DRD1 may miti-
gate the effects of YAP/TAZ activation in tumor types that 
express D1Rs and selectively inhibit the tumorigenic effects of 
fibrosis. This mechanism warrants further investigation.

Limitations and future directions of the field
The biological interplay between cancer and neurotransmit-
ters, such as DA, has many relevant clinical and basic science 
implications. Convincing evidence linking these two osten-
sibly distinct fields of biology has mounted over the course 
of the last 70 years, predating the characterization of DA 
itself. Despite the expansive body of literature establishing 
connections between various components of the DA signaling 
network, the dearth of sufficiently detailed mechanistic data 
elucidating the link between these molecular components and 
the anticancer activities that they mediate is a limitation of 
the field (48). At the root of this challenge is the pleiotropic 
nature of DA signaling and the inherent technical challenges 
in characterizing DR expression.

As DR receptors can function in opposing ways, it is ne-
cessary to understand the expression of all components of 
the DA network, no matter the tissue or cell type under in-
vestigation. This can be limited by the availability of well-
characterized antibodies. In cancer, the TME is a diverse and 
dynamic cellular landscape whose composition ultimately 
dictates the progression and therapeutic susceptibility of each 
tumor, and it will be necessary to have a complete view of 
DA signaling in cancer in various cell types within the TME 
to implement effective therapies using dopaminergic com-
pounds. Going forward, the use of single cell sequencing plat-
forms could provide necessary insight into the dynamics of 
DA signaling in the TME to more accurately model the effects 
of dopaminergic drugs on all cells.

As highlighted in this review, the involvement and activity 
of DA pathway components in cancer is dynamic and vari-
able. Despite this variation, there are several key consistent 
trends that lend themselves to the successful adaptation of 
dopaminergic drugs in treating cancer. First, perturbation of 
DA signaling is common in many cancer types, affecting tumor 
growth and patient survival, suggesting that it is a signifi-
cant manifestation of cancer cell biology. Secondly, DRs have 
been repeatedly, and independently, implicated as potential 
antitumor therapeutic targets in at least nine target-agnostic 
screens (70,81,90,92,108,114,115,125,141). Third, the 
pharmacological modulation of DA signaling consistently af-
fects cell signaling, survival, proliferation and invasion in can-
cer cells in vitro and in vivo. It should be noted that there are 
pharmacodynamic issues in achieving serum concentrations 
matching those used in vitro to demonstrate efficacy (112), 
and optimal pharmacodynamic and pharmacokinetic metrics 
may not be achieved. Many of the anticancer effects caused 
by DR modulators in vitro can only be observed at high con-
centrations, greater than 5 μM, which are also likely to pro-
mote off-target receptor engagement (136,142). Despite these 
concerns, the mechanism by which these anticancer effects 
occur, although not always fully characterized, often involves 
the same molecular pathways: cAMP/PI3K/AKT and MAPK/
ERK. Although some PI3K/AKT and MAPK/ERK inhibitors 
have gained regulatory approval for cancer, the majority have 
ultimately failed due to concerns about safety and/or efficacy 
(143,144). Nonetheless, some of the most impactful targeted 
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therapies recently approved for difficult-to-treat cancers (e.g., 
melanoma, mBC and non-small cell lung cancer) successfully 
inhibit these same pathways through interacting with up-
stream components such as BRAF, HER-2 and EGFR. Thus, 
DRs represent an attractive approach to potentially enhance 
efficacy and reduce toxicities associated with AKT- and ERK 
pathway-directed therapies.

The use of existing datasets to better characterize the ex-
pression of the DA network in immune cells will also promote 
stronger experiments to understand the mechanism by which 
DA signaling acts on immune cells in the healthy and disease 
context. The primary translational focus of these studies 
should be to identify individuals at greater risk of developing 
cancer and cancer patients who are more likely to respond to 
immunotherapy, as well as identify potential therapeutic strat-
egies to enhance immunotherapy efficacy through targeting 
the DA network. More specifically, studies should clarify the 
physiological source(s) of DA signaling in T cells and identify 
at what stage(s) their activity is impacted by DA because T 
cells are either affected by DA signaling during hematopoiesis 
in lymphoid organs, where adrenergic nerves are present and 
known to release catecholamines (which has been described 
in great detail (89,145–148)), or over their lifespan in cir-
culation in peripheral tissues. At present, far less is known 
about the latter aspect of dopaminergic immunomodulation 
and what the collective effect of giving a dopaminergic agent 
to a patient will be on the TME.

It is possible that the DA network will be too complex to 
target in a cancer cell-specific way. Nonetheless, deeper inter-
rogation of the relationship between DA signaling and cancer 
could reveal other druggable targets downstream of DRs, or 
in related pathways, as well as identify subsets of patients 
that are more responsive to dopaminergic therapies. Despite 
its complexity and pleiotropy, targeting the DA pathway has 
demonstrated efficacy across many cancer types, and the ar-
senal of dopaminergic compounds already in use and under 
investigation make it a promising avenue for implementing 
novel cancer therapies.
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