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Abstract

GPR52 is a highly conserved, brain-enriched, Gs/olf-coupled orphan G protein-coupled receptor 

(GPCR) that controls various cyclic AMP (cAMP)-dependent physiological and pathological 

processes. Stimulation of GPR52 activity might be beneficial for the treatment of schizophrenia, 

psychiatric disorders and other human neurological diseases, whereas inhibition of its activity 

might provide a potential therapeutic approach for Huntington’s disease. Excitingly, HTL0048149 

(HTL’149), an orally available GPR52 agonist, has been advanced into phase I human clinical 

trials for the treatment of schizophrenia. In this concise review, we summarize the current 

understanding of GPR52 receptor distribution as well as its structure and functions, highlighting 

the recent advances in drug discovery efforts towards small-molecule GPR52 ligands. The 

opportunities and challenges presented by targeting GPR52 for novel therapeutics are also briefly 

discussed.
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Introduction

G protein-coupled receptors (GPCRs) are a superfamily of seven-transmembrane (7TM) 

protein cell-surface receptors. To date, more than 800 family members have been identified, 

accounting for approximately 4% of the human genome.(p1) The GPCR superfamily 

is divided into five subfamilies: rhodopsin-like receptors (class A), secretin receptors 

(class B), metabotropic glutamate receptors (class C), adhesion receptors and Frizzled/

Taste2 receptors.(p2) GPCRs are involved in numerous cellular functions and pathological 
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processes, responding to various external stimulants (e.g., heat, light, tastants and viruses) 

and endogenous signaling ligands (e.g., transmitters, ions, small-molecules, peptide ligands, 

proteins, lipids and nucleotides).(p3) For decades, GPCRs have been explored as small-

molecule drug targets for the treatment of human diseases, such as central nervous system 

(CNS) disorders, metabolic disorders, infections, inflammation and cancer.(p3),(p4),(p5),(p6) 

GPCRs are the most successful and promising drug targets: approximately 35% of drugs 

launched in the market target GPCRs,(p7) and these drugs have a sales share of more than 

27% of the global market.(p6),(p8) Currently, 103 members of this family, less than 13% of 

GPCRs, have been successfully exploited by FDA-approved drugs.(p9) Additionally, only 

half of the verified, druggable GPCRs possess endogenous ligands.(p10) More than 400 

GPCRs are potentially druggable targets for the possible therapeutic treatment of human 

diseases.(p9),(p11) Approximately 120 are orphan GPCRs (oGPCRs), the endogenous ligands 

of which are unknown, and their functional roles remain to be elucidated.(p5),(p12),(p13) 

oGPCRs have distinct tissue-specific distribution and are found enriched in the brain as well 

as in metabolism- and immunity-related tissues.(p10),(p14) The tissue-specific distribution of 

oGPCRs leads to specialized functions in tissues, thereby facilitating safety and selectivity 

in drug development. oGPCRs and their associated downstream proteins mediate a plethora 

of physiological and pathological processes, including cell growth and survival, metabolism, 

immune response, allergic reaction, cognition, movement control and reward; however, 

dysfunctions of known GPCRs and oGPCRs might cause cancer, neuropsychiatric disorders, 

metabolic disorders, immune diseases and other human disorders.(p5),(p15),(p16) Therefore, 

the development of small molecules that target oGPCRs represents a rich and untapped area 

for drug discovery and development.

GPR52 is one of the most promising druggable orphan receptors. Recently, several potent 

small-molecule GPR52 ligands have been reported, and GPR52 has been attracting great 

attention from both academia and industry in regards to drug development. The GPR52 gene 

was first discovered as a novel human GPCR gene through homology searches of publicly 

available high-throughput genome databases.(p17) and genome-wide-associated studies have 

recently identified GPR52 as a risk gene for schizophrenia.(p18),(p19) GPR52 expression 

is highly enriched in human striatal brain regions, accounting for about 70% of total 

GPR52 expression in human tissues (Figure 1a). GPR52 brain and striatum expression 

findings are similar in both rodent and human studies and were elucidated by profiling a 

comprehensive anatomical expression of 322 non-odorant GPCR genes in 40 mouse tissues 

by qPCR,(p10) and by using an informatics approach comparing human mRNA expression 

in the striatum versus 31 peripheral tissues and 13 brain subregions.(p10),(p20) Replotting 

the Genotype-Tissue Expression Project (GTEx)(p21) RNA sequencing (RNAseq) results 

indicates that the highest GPR52 expression is in the human brain, in the nucleus accumbens 

(NAc), caudate and putamen (Figure 1b). This striatum-selective expression of GPR52 

suggests an important function in NAc primary striatal neurons and broader corticostriatal 

circuitry. GPR52 remains an understudied oGPCR, and no specific review on GPR52 has 

been published yet. Therefore, this concise review presents the current understanding of the 

structures and physiological functions of GPR52 and highlights the recent advances in the 

discovery of small-molecule ligands targeting GPR52.
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Structures of GPR52

The GPR52 gene (UniProKB ID: Q9YAT5) is mapped to human chromosome 1q24, and 

a single exon encodes a 361-amino-acid 7TM spanning protein.(p17) GPR52 contains an 

extracellular N-terminal domain (amino acid residues 1–39), seven canonical TM domains 

(TM1–TM7), three extracellular loops (ECLs), three intracellular loops (ICLs) and a C-

terminal helix (H8, amino acid residues 327–361) (Figure 2a).(p22) Recently, high-resolution 

crystal structures of human GPR52 were disclosed in three states: a ligand-free state, a 

Gs-coupled auto-activation state and a synthetic agonist c17-bound state.(p22) To stabilize 

GPR52 for crystallography, the ligand-free state crystal structures were determined with a 

seven-mutation modified GPR52 and two ICL3 fusion-protein partners, rubredoxin (Figure 

2b) and flavodoxin (Figure 2c). The configurations of these two GPR52 structures are very 

similar, indicating that the ICL3 fusion proteins do not alter crystal packing or change the 

conformation of the receptor. Remarkably, the ECL2 domain of GPR52 occupies and forms 

multiple interactions with the orthosteric binding pocket, and this ECL2 interaction plays a 

key part in the basal and agonist activation of the receptor, as evidenced by mutagenesis and 

cellular functional assays.(p22) Additionally, GPR52 can couple to Gs protein and forms a 

stable, active, monodispersed GPR52–G protein complex without an agonist (Figure 2d).

The overall configuration of this ligand-free GPR52–mini-Gs–Nb35 complex is highly 

similar to other class A ligand-bound GPCR–G protein complexes.(p22),(p23),(p24) The 

intracellular domain of the receptor (GPR52, red, Figure 2d) binds to and forms extensive 

interactions with the Gs protein (blue, Figure 2d), and the nanobody Nb35 (yellow, Figure 

2d) inserts into an area between Gs and Gβ (green, Figure 2d) (Gs protein consists of 

Gαs, Gβ and Gγ). Furthermore, GPR52 can induce a very high level of in vitro basal 

activity in the absence of an agonist.(p25),(p26) This high level of basal activity and the 

position of the ECL2 in the typical class A GPCR orthosteric binding pocket has led to 

speculation that GPR52 functions as a self-activated oGPCR(p27) and that the ECL2 acts 

as an agonist to stimulate the receptor into the active state. However, whether GPR52 is 

self-activating and highly constitutively active in the brain has not been determined. The 

co-crystal structure of GPR52 and a surrogate synthetic agonist (agonist 5; c17) has also 

been reported (Figure 2e).(p22) Agonist 5 occupies a unique side pocket between TM1, 

TM2, TM7 and ECL2, close to the extracellular surface of the receptor. Compared with 

the ligand-free GPR52 configuration (Figure 2b,c), the structure of ligand-bound GPR52 

(Figure 2e) does not change significantly, including the structure of the ECL2 domain. 

Although mutagenesis studies suggest that ECL2 is important for both basal activity and 

agonist 5 activity,(p22) further studies are needed to better understand the molecular basis for 

how synthetic agonists dynamically bind to and activate GPR52. Excitingly, this co-crystal 

structure of agonist 5 and GPR52 should enable structure-guided drug discovery to create 

new selective small-molecule agonists.

Signaling pathway of GPR52

GPR52 is a highly evolutionarily conserved, Gs/olf-coupled oGPCR, and it shares less than 

20% sequence homology with non-orphan GPCRs.(p17),(p22) As a result of its unknown 

endogenous ligands and low structural similarity to non-orphan GPCRs, the physiological 
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functions of GPR52 have not been extensively elucidated. However, the functional role 

of GPR52 in cAMP-dependent cellular responses has become clearer, with information 

emerging on GPR52′s location and its surrogate ligands, as well as the creation of 

GPR52-knockout and transgenic animal models. Figure 3 provides a schematic of the 

cAMP-dependent signaling pathway of GPR52 and crosstalk with other functional proteins 

in NAc medium spiny neurons (MSNs). GPR52 couples to Gs or Golf and promotes adenylyl 

cyclase (AC) activity to increase the cAMP level and subsequently induces protein kinase A 

(PKA) activation and cAMP response element-binding protein (CREB) to regulate cellular 

responses and gene expression.(p28) In addition, GPR52 can recruit and interact with β-

arrestins, which can result in the activation of extracellular signal-regulated kinase (ERK) 

phosphorylation signaling.(p29),(p30) By contrast, activated dopamine receptors (DARs), such 

as D2/D3 receptors (D2R/D3R), couple to Gi/o to inhibit AC activity, leading to decreased 

production of cAMP.(p31) The opposing actions of GPR52 and D2R in activating and 

decreasing cAMP signaling, respectively, supports the concept that GPR52 agonists could 

prevent D2R signaling, thus providing antipsychotic-like drug effects in neuropsychiatric 

conditions.(p28)

Owing to the functional crosstalk between GPR52 and D2R/D3R and their co-expression in 

the striatum, GPR52 can modulate dopaminergic signaling pathways. Recently, researchers 

found that GPR52 promotes the accumulation of huntingtin protein (HTT) via a cAMP-

dependent but PKA-independent pathway, leading to a guanine nucleotide exchange 

factor (GEF) pathway activation of Rab39B(p32) protein-mediated HTT stabilization.(p33) 

This unique signaling pathway offers a potential mechanism for selective striatal neuron 

degeneration in Huntington’s disease (HD) and provides a possible explanation for why 

GPR52 stabilizes mutant HTT (mHTT) concentrations and why GPR52 knockout protects 

striatal neurons in vitro and in vivo.(p33)

GPR52 functions and CNS diseases

The highest level of GPR52 mRNA expression occurs in the NAc, and anatomical 

studies have determined that GPR52 is selectively expressed and colocalized with D2R 

in NAc D2MSNs.(p20),(p34) The potential crosstalk of GPR52 with D2R through the cAMP-

dependent signaling pathway (Figure 3) suggests that GPR52 agonists are functionally 

similar to D2R antagonists. Common properties can be observed in clinically used 

antipsychotic drugs, because most of them act as D2R activity inhibitors.(p35) Recent 

reports provided additional evidence for this hypothesis. Compared with GPR52 wild-

type mice, GPR52-knockout mice show lower expression of D2R mRNA and enkephalin 

in the striatum, indicating that GPR52 deletion enhances D2R signaling in the basal 

ganglia, reducing the activity of striatopallidal neurons.(p36) Using histological approaches 

in genetically manipulated mice models, studies have indicated that transgenic mice 

overexpressing GPR52 exhibit antipsychotic-like behaviors, whereas GPR52-knockout mice 

display psychosis-related behaviors.(p20) In addition, activation of GPR52 by surrogate 

agonists increased cAMP levels in vitro and showed antipsychotic drug-like activity, 

inhibiting amphetamine- or methamphetamine-induced hyperlocomotor activity.(p26),(p28),

(p37),(p38),(p39),(p40),(p41) Meanwhile, studies of field excitatory postsynaptic potentials 

(fEPSPs) have suggested dose-dependent potentiation effects following treatment with 
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GPR52 agonists at synapses in rat cortical slices.(p40) Moreover, episodic memory was 

significantly increased by GPR52 agonist activation in the rat social recognition model, 

indicating that targeting GPR52 could improve psychiatric-disorder-related cognitive 

impairments.(p40) In view of the above, GPR52 has been emerging as a novel promising 

target for the treatment of psychiatric disorders, including schizophrenia and substance-use 

disorders.

Schizophrenia

In the medial prefrontal cortex, GPR52 is colocalized with the Gs-coupled D1R, which 

is implicated in cognition, memory, attention and reward.(p20),(p42),(p43) rather than with 

D2R as in the striatum. Activation of GPR52 potentiates N-methyl-D-aspartate receptor 

(NMDAR)-mediated γ-aminobutyric acid (GABA) release in vitro in striatal neurons and 

also reverses NMDAR inhibitor (MK801)-induced(p44) working and learning memory 

impairment in vivo.(p28) Thus, in the brain cortex, a GPR52 agonist could, in theory, 

enhance cognitive functions through cortical NMDAR signaling pathways and cAMP 

signaling, but further study of cortical GPR52 function is needed.(p37) Compared with 

control mice, GPR52 agonist-treated mice have a higher number of c-fos-positive neurons, 

and neuronal activation can be observed in cognition-related brain regions using c-fos 

immunohistochemistry.(p28) Therefore, GPR52 agonists demonstrate preliminary therapeutic 

potential for cognitive impairment in these preclinical models.

Huntington’s disease

Self-propagating amyloidogenic mHTT-related neurotoxicity is considered as the primary 

driver of HD.(p45) Studies have revealed that reduction of mHTT expression levels benefits 

the treatment of HD.(p46),(p47),(p48) Recently, GPR52 was found to have a substantial role 

in modulating the expression level of both aggregated and soluble mHTT, and inhibition of 

GPR52 led to dramatically reduced levels of mHTT in striatal neurons.(p33),(p49) Excitingly, 

further experiments revealed that GPR52 expression could be controlled by taking advantage 

of genetic techniques in HD model mice. Both aggregated and soluble mHTT expression 

levels were decreased in GPR52-knockout mice, whereas the concentration of mHTT 

was restored in GPR52 transgenic mice.(p49) In addition, several HD biomarkers (e.g., 

DARPP-32, GFAP and Iba1) were detected in this GPR52-knockout HD mouse model, 

and changes in their expression level were observed.(p49) Moreover, in HD fruit fly and 

mouse models, short hairpin RNA knockdown of GPR52 rescued HD-related movement and 

cognitive impairments,(p33),(p49) and decreased expression levels of the GPR52 in induced 

pluripotent stem cell (iPSC)-derived striatal neurons from patients with HD displayed 

significant neuronal protection effects.(p33) Collectively, these studies suggest that GPR52 

represents a promising neurotherapeutic target for HD.

Small-molecule ligands targeting GPR52

Given the key role of GPR52 in various brain and behavioral functions, modulation of 

GPR52 activity with potent and selective small-molecule ligands could benefit the treatment 

of psychiatric and neurological disorders, such as schizophrenia, substance-use disorders 

and HD. Therefore, there is a crucial need to develop GPR52 ligands as chemical probes 
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to determine the functional roles of GPR52 or as potential drug candidates to ful-fill unmet 

medical needs. However, owing to the lack of known endogenous ligands and the low 

sequence similarity to any non-orphan GPCRs, the development of potent and selective 

GPR52 modulators poses challenges. Currently, there are no FDA-approved GPR52 agonists 

or antagonists. However, several small-molecules that act as surrogate GPR52 ligands have 

been identified to be agonists and antagonists. Herein, we provide a summary on the 

progress of small-molecule drug discovery efforts targeting GPR52.

GPR52 agonists

The vast majority of currently identified GPR52 ligands are agonists. Although GPR52 

exhibits potential self-activation and high constitutive activity,(p22),(p25),(p26),(p27) from a 

CNS perspective, agonists that further stimulate GPR52 would lead to increased Gs/olf-

mediated cAMP signaling. This agonist activity to increase cAMP level would be predicted 

to positively modulate neurons in key brain circuits where GPR52 is expressed, such 

as in the frontal cortex and the striatum. Compound 1 in Figure 4a was identified as a 

GPR52 agonist hit with poor potency (EC50 > 10 lM) by Takeda Pharmaceuticals through 

high-throughput screening (HTS).(p37) Early modifications of hit 1 led to compounds 2 and 

3, with EC50 values of 0.6 μM and 0.3 mM, respectively.(p37) Optimization of compound 

3 led to a series of bicyclic compounds, and compound 4 (Figure 4a) was found to be 

the best, with an EC50 of 30 nM and good efficacy (Emax = 79.8% relative to compound 

15).(p37) Compound 4 displayed good pharmacokinetic (PK) properties in mice (Cmax = 

1 08.1 ng/mL; AUC0–1 = 613.7 ng•h/mL; F = 73%) at the doses of 0.1 mg/kg taken 

intravenously (iv) and 1 mg/kg of oral administration (po). Compound 4 also exhibited 

good brain penetration (brain/plasma (B/P) = 0.94) in mice at the dose of 30 mg/kg (po). 

Additionally, compound 4 showed good target selectivity and no significant activities against 

other GPCRs, including D1R, D2R, 5-HT2R, AMPAR and NMDAR.(p37) In an in vivo study, 

compound 4 significantly inhibited methamphetamine-induced hyperlocomotion in mice at 

a dose of 3 mg/kg (po). Furthermore, compound 4 displayed no strong cataleptic responses 

at dose ranges from 10 to 100 mg/kg in mice, indicating low risk of extrapyramidal side 

effects.(p37) Nevertheless, compound 4 has not been advanced into human clinical trials, 

probably owing to its poor aqueous solubility (<0.05 μg/mL at pH = 6.8 aqueous buffer).
(p39)

To circumvent the issues associated with compound 4, a series of 1-(benzothiophen-7-

yl)-1H-pyrazole derivatives were designed, synthesized and evaluated.(p39) The 1-

(benzothiophen-7-yl)-1H-pyrazole derivative compound 5 showed aqueous solubility of 

21 mg/mL (at pH = 6.8 aqueous buffer), approximately 420-fold better than the 

aqueous solubility of compound 4. Moreover, compound 5 demonstrated high potency 

(EC50 of 21 nM), excellent efficacy (Emax = 103% relative to compound 15) and an 

acceptable oral PK profile (AUC0−∞= 405.5 ng•h/mL, F = 29.9%).(p39) In an in vivo 
study, compound 5 displayed similar methamphetamine-induced hyperlocomotion inhibition 

effects to compound 4. Recently, the co-crystal structure of compound 5 in complex with 

GPR52 was disclosed, providing a clear binding model for ligand–receptor interactions.
(p22) The co-crystal structure revealed that the N-(2-hydroxyethyl)formamide side chain 

and hydroxyl group on the pyrazole moiety form a hydrogen network with residue Cys40 
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of TM1 and residues of ECL2, including Glu191, Ile189 and Asp188 (Figure 4b,c). The 

benzothiophene moiety interacts with Phe300 of TM7 through a π-π stacking interaction. 

The 3-(trifluoromethyl)phenyl group points to a small hydrophobic pocket and forms 

hydrophobic interactions with residues Ile47, Phe117, Ile307, Ttp304 and Thr303.

A structure-based modification of hit 6 (EC50 = 470 nM, Emax = 56% relative to compound 

15) led to compound 7 (EC50 = 75 nM, Emax = 122% relative to compound 15) (Figure 

4a).(p38) Compound 7 displayed good target specificity because it showed no significant 

activity against other GPCRs, ion channels and enzymes.(p28) Furthermore, compound 7 
demonstrated a good in vivo PK profile in rats, including high AUC0−∞ of 383.9 ng•h/mL 

at a dose of 1 mg/kg (po), moderate clearance of 1,409 mL/h/kg (at 0.1 mg/kg, iv), and 

good bioavailability (F = 53.8%). In addition, compound 7 possessed good metabolic 

stability, with microsomal clearance values ranging from 9 to 24 μL/min/mg. It also 

showed good brain penetration, with B/P of 1.53 and 1.68 at doses of 10 mg/kg and 30 

mg/kg in mice, respectively. In an in vivo study, compound 7 dose-dependently suppressed 

methamphetamine-induced hyperlocomotion and MK-801-induced cognitive impairment 

without cataleptogenic side effects.(p28),(p38) In vitro induced neural activation and in vivo 
novel object recognition and radial arm maze studies revealed that compound 7 can improve 

cognitive functions, indicating therapeutic potential for schizophrenia.(p28)

Arena Pharmaceuticals reported a series of 1-heteroaryl-indo line-4-carboxamide analogues 

as GPR52 agonists.(p50) The representative compound 8 (Figure 4a) showed potent GPR52 

agonist activity with an EC50 of 12.6 nM in a homogeneous time-resolved fluorescence 

cAMP assay. Compound 8 showed a B/P at the 1 h time point of 3.51 at a single dose of 3 

mg/kg (po) in mice, and it exhibited strong basal locomotor activity inhibition in mice, with 

an ED50 of 2.7 mg/kg. In an in vivo study, compound 8 also dose-dependently suppressed 

amphetamine-stimulated hyperlocomotion.

Optimization of compound 8 led to an additional series of indoline-carboxamide scaffolds 

with GPR52 agonist activity.(p26) In the GloSensor luciferase-based cAMP assay, compound 

9 was similar in potency to compound 8 (EC50 of 135 nM and 119 nM, respectively), but 

with enhanced efficacy (Emax of 136% relative to compound 8). Additionally, compound 9 
improved on aqueous solubility and showed no activity in a broad-panel counter screening 

against numerous GPCRs, transporters and ion channels. Compound 9 also had a favorable 

PK profile in rats, with a high AUC0−∞ of 13,749 ng•h/mL at 20 mg/kg (po) and 9,030 

ng•h/mL at 10 mg/kg (iv), an acceptable half-life of 2.5 h (po) and 1.0 h (iv), moderate 

clearance of 1.5 L/h/kg (po) and 1.1 L/h/kg (iv), and good bioavailability (F = 76%). 

Compound 9 showed good brain penetration with a B/P ratio of 0.39 after 1 h at 10 

mg/kg (iv). In an in vivo mouse study, compound 9 dose-dependently reduced amphetamine-

induced hyperlocomotor behavior, indicating antipsychotic-like activity in accordance with 

previous studies of GPR52 agonists.

Compound 10 was reported by Sosei Heptares as a GPR52 agonist with an EC50 of 

27.5 nM (Figure 4a).(p51) In vivo PK studies of compound 10 in male Sprague-Dawley 

rats demonstrated low plasma clearance (16 mL/min/kg, ~22% of hepatic blood flow), a 

moderate volume of distribution (Vss) of 1.0 L/kg and a plasma half-life of 0.8 h at the dose 
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of 1 mg/kg (iv). Compound 10 showed good oral bioavailability (F = 40%) and apparent 

oral absorption (Fabs = 52%) at 3 mg/kg (po), and it showed good brain penetration with 

an unbound B/P of 0.35 at 1 mg/kg (iv). In vivo PK profiling of compound 10 in CD-1 

mice and cynomolgus monkey displayed very low total plasma clearance (~5% of hepatic 

blood flow), moderate Vss (~1.5 L/kg), and excellent oral bioavailability (F = >80%). In 

addition, compound 10 showed no significant off-target activity in the Eurofins Safety 

47 panel (IC50 > 3 mM against all targets), low cardiovascular toxicity risk (hERG and 

hNaV1.5 IC50 > 10 μM), no significant inhibition of any major CYP enzymes (all IC50 > 25 

μM), no formation of reactive metabolite in a glutathione trapping assay, and no detectable 

genotoxicity in Ames and in vitro micronucleus tests. In in vivo antipsychotic studies 

in a classical psychosis model, compound 10 dose-dependently reduced d-amphetamine 

stimulated hyperlocomotion. Notably, a 3H-labeled version ([3H]-HTL45725) of one of 

the compounds of this series has been used as a radioligand(p52) and HTL45725 as a 

pharmacological tool.(p53)

Only one first-in-class GPR52 agonist, HTL’149 (chemical structure not disclosed), is 

currently under study in phase I human clinical trials.(p54) HTL’149 was developed by Sosei 

Heptares as a once-daily, orally available small-molecule drug candidate for the treatment 

of positive symptoms (e.g., hallucinations, delusions and psychosis), negative symptoms 

(e.g., social withdrawal) and cognitive impairment (e.g., attention, working memory and 

executive function) of schizophrenia without the adverse effects typically associated 

with currently available antipsychotic medications. The phase I trial is a randomized, 

double-blind, placebo-controlled, single- and multiple-ascending dose study to evaluate the 

pharmacokinetics, pharmacodynamics and safety of oral HTL’149 in healthy volunteers 

aged 18–55 years. The trial is being conducted in the United Kingdom and the first data are 

expected in 12–18 months.

GPR52 antagonists

Currently, there is little information on GPR52 inhibitors, and only a few have been 

reported. The sesquiterpene lactone compound 11 (named compound E7 in published 

reports), reversed compound 5 (100 nM)-promoted cAMP accumulation in HEK293 cells 

with an IC50 of 12.0 mM; however, it did not affect forskolin-induced cAMP production, 

suggesting that compound 11 can modulate cAMP concentration by targeting GPR52.(p49) 

When compound 11 was used to treat striatal neurons derived from the iPSCs of patients 

with HD, it significantly decreased the expression of mHTT in these stem cells, reaching 

maximum reduction at 3.75 μM. Moreover, further in vivo studies demonstrated that 

compound 11 reduced mHTT levels and rescued HD-relevant abnormal behaviors in fruit 

fly and mouse models.(p49) However, studies demonstrated that compound 11 was covalently 

linked to an intracellular residue (C156) of GPR52, indicating a unique binding site, but it 

is also likely that the inhibitor displays non-selective covalent linkage to cysteine residues 

at other proteins.(p55) Compound 11 demonstrated a relatively low potency with multiple 

Michael acceptors, which might cause off-target effects.(p56) Therefore, additional validating 

studies of compound 11 activity and selectivity for GPR52 inhibition are needed.
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A series of compounds have been reported as GPR52 antagonists.(p57) Hit F11 [(E)-1,7-

diphenylhept-4-en-3-one] (IC50 = 5 μM) was identified through HTS. Modification of F11 

led to compound 12,(p57) which identified with better GPR52 antagonistic activity (IC50 = 

0.63 μM) than F11 (Figure 4a). Compound 12 dose-dependently decreased mHTT levels 

in mouse primary striatal neurons derived from HD mice and protected against apoptosis 

from mHTT toxicity in primary striatal neurons. Moreover, compound 12 reduced levels 

of soluble mHTT as well as its aggregates in HD mice at a concentration of 0.5 mM 

administered intracerebroventricularly. Compound 12 crossed the blood–brain barrier and 

reached the brain at concentrations of 20–60 nM at 5 mg/kg (iv). When compound 12 at 5 

mg/kg was intraperitoneally injected into HD mice, it reduced motor deficits and lowered 

the levels of both soluble and aggregated mHTT in the striatum, but not in the cortex.

The cannabinoid ligands compound 13 (cannabidiol, CBD) and compound 14 (O-1918) 

were identified by Sosei Heptares as GPR52 inverse agonists with approximate pIC50 of 

5.61 and 5.45, respectively (Figure 4a).(p58) Both compounds antagonize the response of 

the selective GPR52 agonist 4. In addition, they diminished cAMP to below basal levels, 

indicating they are inverse agonists. However, compounds 13, 14 and structurally related 

cannabinoid compounds interact with many GPCRs and ion channels, and more selective 

GPR52 antagonists from this series are needed. It is intriguing to speculate that some of the 

CNS psychoactive or therapeutic actions of CBD might be due to GPR52 antagonism, but 

further investigations are needed.

Concluding remarks and future perspectives

Over the past two decades, significant improvement in the understanding of GPR52 has 

been achieved by both academia and the pharmaceutical industry through the use of 

expression profiling and genetic knockout or knockdown strategies. However, the lack of 

a known endogenous ligand and poor sequence homology to known GPCRs has barricaded 

the full potential for understanding and targeting GPR52. The lack of clearly identified, 

relevant disease biomarkers for evaluating the effects of GPR52 regulators also limits the 

applications of targeting GPR52 in various diseases. Now, the application of sensitive and 

versatile in vitro cAMP assays has accelerated the discovery of potent small-molecule 

GPR52 agonists through HTS, and has provided scalable screening assays to advance 

hit-to-lead studies to create selective GPR52 modulators. GPR52 has been emerging as a 

novel and promising therapeutic target for the treatment of various CNS diseases, including 

schizophrenia, stimulant-use disorders, HD and other human psychiatric and neurological 

diseases. Although traditional HTS is a useful approach for the initial discovery of small-

molecule GPR52 modulators, it is relatively time-consuming, expensive and risky.(p59) 

Luckily, the disclosure of the co-crystal structure of GPR52 protein in complex with a 

tool surrogate agonist is likely to accelerate the identification of more potent and specific 

small-molecule GPR52 ligands through rational structure-based drug design and fragment-

based drug design strategies.(p59),(p60),(p61),(p62),(p63) Moreover, with the GPR52 structure 

in hand, receptor-based virtual screening might also provide an efficient approach for the 

identification of novel GPR52 ligands with the aid of computational methods.(p64),(p65)
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More extensive studies using the available potent and selective drug-like GPR52 agonists 

in various animal models of human diseases are anticipated to expand the potential clinical 

applications of drug candidates targeting GPR52. In addition, the development of potent 

and selective radiolabeled (e.g., fluorine-18-radiolabeled(p66)) GPR52 ligands for positron 

emission tomography imaging will offer great opportunities and insightful approaches for 

potential diagnostic tools and neurotherapeutics.

Novel paradigm-shifting approaches in drug discovery, such as proteolysis targeting 

chimeras (PROTACs),(p67),(p68),(p69) might also be beneficial for the identification of 

efficient GPR52 degraders as pharmacological tools and potential HD therapeutics. Such 

GPR52 degraders could lead to the degradation and reduction of soluble and aggregated 

mHTT protein in the striatum, thereby reducing neuronal loss, promoting neuronal survival 

and improving motor functions in vivo, functionally like the reported GPR52 antagonists.
(p57),(p70) However, achieving good brain penetration with these degraders without off-target 

effects might be challenging.(p71),(p72),(p73)

The currently reported GPR52 antagonists and inverse agonists only show low potency and 

limited drug-like properties with potential off-target effects. The development of potent 

and target-selective GPR52 inhibitors or signaling-biased ligands is an area for future 

drug discovery that could provide powerful pharmacological probes for this emerging 

target. Taken together, a deeper understanding of the function of GPR52 in the brain, the 

identification of more potent and specific GPR52 ligands and the further study of GPR52 

modulation in animal models of CNS diseases using drug-like ligands are anticipated to 

promote the understanding of GPR52 physiological function and further validate this novel 

drug target. Inspired by the successful advancement of one GPR52 agonist into human 

clinical trials, such efforts could soon pave the way for the development of GPR52-targeted 

neurotherapeutics and other potential medications.
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FIGURE 1. 
GPR52 mRNA transcript expression in human tissues and brain, generated from the GTEx 

RNAseq results and online database (GTEx data at: https://www.gtexportal.org/home/gene/

GPR52). (a) The total percentage of GPR52 mRNA expression in human tissues shows 

highly enriched expression in the brain. (b) GPR52 median transcripts per million mRNA 

expression in human brain subregions determined by GTEx.
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FIGURE 2. 
Sequence and structures of GPR52. (a) The sequence of GPR52, colored to represent 

different domains: TM1 (cyan), TM2 (yellow), TM3 (blue), TM4 (orange), TM5 (light 

blue), TM6 (magenta), TM7 (green), ECL2 (red), ICL3 (gray) and H8 (light green). 

(b) The crystal structures of GPR52 [displayed in the same colors as its sequences in 

(a)] and its ICL3 fusion-protein partner (rubredoxin, brown) (PDB code: 6LI2). (c) The 

crystal structures of GPR52 [displayed in the same colors as in (a)] and its ICL3 fusion-

protein partner (flavodoxin, brown) (PDB code: 6LI1). (d) The co-crystal structure of the 

GPR52–mini-Gs–Nb35 complex (GPR52, red; mini-Gαs, blue; Gβ, green; Gγ, purple; Nb35 

nanobody, yellow) (PDB code: 6LI3). (e) The co-crystal structure of GPR52 [displayed in 

the same colors as in (a)] and an agonist c17 (compound 5, purple sphere) in the complex 

(PDB code: 6LI0).
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FIGURE 3. 
A brief schematic of GPR52 signaling pathways in MSNs and potential interactions with 

DAR signaling, such as with D2R/D3R. GPR52 couples to Gs or Golf (Gs/olf proteins 

consist of Gαs or Gαolf, Gβ, and Gγ) and promotes AC conversion of ATP to cAMP. cAMP 

regulates various cellular responses through PKA directly, or PKA can result in further 

phosphorylation of CREB to regulate gene expression and mediate cellular responses. 

Activated GPR52 promotes the accumulation of cAMP, thereby increasing the activity of 

an unknown GEF protein and activating Rab39B protein-mediated cellular functions such as 

HTT expression. In addition, GPR52 can recruit and couple to β-arrestins to activate ERK 

signaling. D2R and D3R couple to Gi (Gi protein consists of Gαi, Gβ and Gγ) to inhibit 

the activity of AC and reduce cAMP signaling. The convergence of the signaling between 

GPR52 and the D2R has supported the general concept that GPR52 agonists could resemble 

D2R antagonists.
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FIGURE 4. 
Small-molecule GPR52 ligands and co-crystal structures (PDB code: 6LI0) of compound 5 

in complex with GPR52. (a) Chemical structures of reported representative small-molecule 

GPR52 regulators. (b) The binding pocket of the co-crystal structure with compound 5 

(purple) and GPR52. Important residues are drawn as sticks, and hydrogen bonds are shown 

as dashed yellow lines. (c) The co-crystal structure of compound 5 and GPR52 in 2D 

binding pocket view. Hydrogen bonds are shown as purple lines and the p-p interaction is 

shown as a green line.
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